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Abstract

This dissertation investigates atomistic mechanisms governing thin-�lm growth under
conditions that either permit or inhibit structural relaxation. Real-time in situ x-ray
scattering is used to probe how relaxation dynamics shape surface morphology, layer
evolution, and internal stress during �lm deposition.

In Pulsed Laser Deposition (PLD) of crystalline strontium titanate, energetic and
thermalized growth modes are compared to reveal the role of relaxation in epitaxial
�lm formation. In the energetic PLD (e-PLD) regime, incident species with kinetic
energies near 100 eV disrupt nascent two-dimensional islands, suppressing lateral
growth and limiting structural relaxation. In contrast, thermalized PLD (th-PLD),
performed in a helium background, enables sub-microsecond interlayer transport and
enhanced relaxation of transient surface features. Time-resolved x-ray scattering
measurements show that islands nucleate immediately after each laser pulse and sub-
sequently ripen through atom detachment and rearrangement. A kinetic Monte Carlo
model reproduces these behaviors and identi�es the detachment energy barrier as the
dominant factor controlling the recovery time between pulses.

In contrast, nanoparticle �lm growth by gas aggregation represents deposition
without relaxation. Here, nanoparticles are generated in the gas phase using a sputter
deposition source operated above a critical pressure, leading to the formation of size-
selected clusters 2-7 nm in diameter. Upon deposition, these pre-formed nanoparticles
retain their individual identities and assemble into highly porous tungsten silicide
�lms. In situ x-ray scattering con�rms that this growth follows the ballistic deposition
model, with a packing fraction near 15% and a tree-like microstructure dominated by
a disordered initial monolayer at the substrate interface.

Together, these studies de�ne how relaxation�or its absence�governs atomistic
pathways of thin-�lm formation, linking kinetic energy, adatom mobility, and aggre-
gation dynamics to the resulting crystalline and nanoporous structures.
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Chapter 1

Introduction

1.1 Relaxation Mechanisms in Thin-Film

Deposition

Relaxation mechanisms are critical in thin �lm deposition because they determine the

structural and mechanical characteristics of the resulting material. In high-energy de-

position techniques, including Pulsed Laser Deposition (PLD) and Sputter Deposition

(SD), these mechanisms control the dissipation of excess energy introduced during �lm

growth, thereby facilitating the formation of a stable structure. Atoms arriving at the

substrate surface during deposition possess hyperthermal kinetic energy, which can

result in non-equilibrium atomic positions or displacement of previously deposited

atoms. This process often leads to elevated internal stress and defect generation.

Relaxation processes such as adatom di�usion, detachment, island chipping, island

breakup, direct insertion, and atomic rearrangements at the surface or within the

bulk enable the system to reduce its free energy by redistributing atoms into more
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thermodynamically stable con�gurations.

In contrast, lower-energy deposition methods may not facilitate e�ective relax-

ation mechanisms, which can result in increased surface roughness, void formation,

or inadequate adhesion to the substrate. However, in certain cases involving nanos-

tructured or nanoporous thin �lms, the presence of voids is advantageous because it

enhances the active surface area and increases the surface area to volume ratio.

Comprehensive understanding and regulation of relaxation mechanisms are neces-

sary to produce high-quality thin �lms with targeted properties. The objective of this

dissertation is to investigate the in�uence of relaxation mechanisms, or their absence,

on thin �lm growth. Approaches such as the use of inert bu�er gases to dissipate ex-

cess energy from depositing species, or to promote nanoparticle nucleation and growth

prior to deposition, are assessed using real-time in situ x-ray scattering during �lm

formation. Simulations of �lm growth that incorporate various relaxation processes

are employed to support the experimental �ndings and to elucidate the manifestation

of these mechanisms.

1.2 Introduction to Thin-Films and De-

position Processes

A thin �lm is a material layer with a thickness between a few nanometers and sev-

eral micrometers. Thin �lms are fundamental to numerous advanced technologies.

For instance, thin-�lm photovoltaics have gained prominence due to the rapidly in-

creasing global energy demand. Key challenges in thin-�lm photovoltaics include

achieving high crystallinity with minimal defects, optimizing band-gap tuning, en-
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hancing interface quality, and maintaining stability and durability under environ-

mental stresses [7,8].

Nanostructured and nanoporous thin �lms play an important role in gas-sensing

applications [9]. These �lms utilize high surface area to volume ratios to enhance sen-

sor performance. Emerging �elds in semiconductor thin-�lms include new quantum

materials, such as ferroelectric materials with applications in memory devices [10�13].

Additionally, integrated photonics is a rapidly advancing �eld enabled by break-

throughs in nanofabrication techniques [14].

Deposition methods for thin �lms include vacuum-based techniques such as physi-

cal vapor deposition (PVD) and chemical vapor deposition (CVD), as well as solution-

based approaches like electrochemical deposition, dip coating, and pen writing, and

novel methods such as the Sol-Gel process [15]. These methodologies provide pre-

cise control over properties including composition, crystallinity, thickness, strain, and

interface quality. Such properties are critical to the performance of thin �lms in

technological applications.

Thin �lms may be amorphous, crystalline, or polycrystalline, depending on the

material and the deposition method. The fabrication of crystalline �lms is particularly

challenging and requires appropriate substrates for lattice matching as well as precise

control of growth conditions. The process of growing crystalline �lms is known as

epitaxy.

1.2.1 Physical Vapor Deposition Techniques

Vapor deposition processes constitute a broad class of thin �lm deposition techniques

that deliver material in the vapor phase, typically under vacuum conditions, to a
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substrate where �lm growth occurs. Two principal categories of vapor deposition

are physical vapor deposition and chemical vapor deposition. In PVD, the solid �lm

forms directly through condensation of vapor onto the substrate. In contrast, CVD

introduces vapor as gaseous precursors that undergo chemical reactions on or above

the substrate, resulting in solid �lm formation. Both PVD and CVD can produce

crystalline, polycrystalline, and amorphous thin �lms.

This dissertation exclusively employs PVD processes to fabricate both crystalline

and nanoporous thin �lms. The most common PVD techniques are evaporation, sput-

ter deposition (SD), and pulsed-laser deposition (PLD). Each method is distinguished

by its vapor generation mechanism and the kinetic energy of the vapor atoms. The

following sections provide an overview of each technique, outlining their respective

advantages and limitations.

Figure 1.1: The three di�erent PVD processes. (left) Evaporation sources use thermal
heating to cause a target material to evaporate or sublimate into the vacuum. Vapor atom
condense on the substrate surface and di�use to �nd stable sites. (center) Sputter deposi-
tion uses ion bombardment of a target knock of vapor atoms. A signi�cant di�erence from
Evaporation is the energy of the vapor atoms. Higher energy deposition can impact the
growing �lm by energy enhanced relaxaion or inducing surface damage. (right) Pulsed laser
deposition di�ers from the other process in that
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1.2.1.1 Evaporation

Evaporation is a simple PVD method that involves heating a material in a high-

vacuum environment until it evaporates or sublimates. The substrate, which serves

as the growth surface for the thin �lm, is positioned near the evaporation source to

collect vaporized atoms. High-vacuum (HV) or, in some cases, ultra-high vacuum

(UHV) conditions are necessary to reduce contamination during �lm growth. Figure

1.1(a) provides a schematic representation of this process.

Evaporation sources may utilize direct heating, in which the material is either

wrapped in a heating element or placed in a crucible that is heated. Indirect heating

methods include electron-beam evaporation (e-beam evaporation), in which an elec-

tron beam is directed onto the target material. The electron beam locally heats the

material to high temperatures and can be manipulated using electrostatic or magnetic

�elds. Rastering the electron beam across the material enhances heating uniformity.

This technique enables rapid heating and precise temperature control, resulting in

consistent deposition rates.

Evaporation processes are well suited for depositing single-element materials such

as metals. In contrast, depositing compound materials, including complex oxides,

presents additional challenges. Evaporation rates depend strongly on the material,

and heating a compound can cause di�erent elements to evaporate at di�erent rates,

complicating stoichiometry control. To address this, separate evaporation sources for

each element are often used, enabling independent adjustment of evaporation rates

to achieve the desired �lm composition. However, any �uctuation in the deposition

rate from individual sources can disrupt the intended stoichiometry.
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1.2.1.2 Molecular Beam Epitaxy (MBE)

Molecular Beam Epitaxy (MBE) is a technique for producing high-quality crystalline

thin �lms with atomic-scale precision. MBE gained signi�cance in the semiconductor

industry in the late 1960s following pioneering research by Alfred Y. Cho and John

R. Arthur at Bell Labs. This work demonstrated the growth of gallium arsenide

(GaAs) with atomic precision. The method enabled controlled deposition of atoms

onto a substrate, forming crystalline layers one atomic layer at a time under ultra-high

vacuum conditions.

MBE operates by evaporating or sublimating ultra-pure elemental or compound

sources within an ultra-high vacuum (UHV) chamber, directing molecular or atomic

beams onto a heated crystalline substrate. To prevent contamination, pressures be-

tween 10�10 and 10�11 torr are maintained. These low pressures minimize background

gas collisions, enabling molecular beams to travel directly from the source to the sub-

strate.

MBE evaporation sources, referred to as Knudsen cells or e�usion cells, are heated

crucibles that contain the source materials. Heating these cells causes the material to

evaporate or sublimate, emitting a molecular or atomic beam through a small aper-

ture. The �ux of each element is precisely regulated by adjusting the temperature

of the e�usion cell, often using a separate heating element at the opening. In con-

trast to conventional vapor deposition, MBE employs molecular or atomic beams that

travel unimpeded in vacuum, enabling atomic layer-by-layer growth. By operating

shutters on individual e�usion cells, speci�c elements can be deposited either sequen-

tially or simultaneously, facilitating the fabrication of complex heterostructures with
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atomic-scale interfaces.

The energy of deposited atoms is kept low to prevent damage to the substrate

surface. The substrate is maintained at a temperature that promotes surface di�usion

of the arriving atoms. This mobility enables atoms to occupy energetically favorable

lattice sites, resulting in epitaxial growth.

1.2.1.3 Sputter Deposition (SD)

Sputter deposition is a plasma-based physical vapor deposition (PVD) technique in

which atoms are ejected from a target material due to energetic bombardment by

ions, typically from an inert gas such as argon. These ejected atoms subsequently

deposit onto a substrate, resulting in the formation of a thin �lm. Sputter deposition

is particularly e�ective for depositing complex compound materials. The sputter rate

and yield exhibit minimal sensitivity to the elemental composition of the target, which

enables stoichiometric mass transfer.

The process commences with the placement of the target material and substrate

within a vacuum chamber. An inert gas, typically argon, is introduced, and a voltage

is applied to the target to generate a plasma. Ions from the plasma collide with the

target, dislodging atoms through momentum transfer, a process referred to as sput-

tering. The dislodged atoms traverse the vacuum and condense onto the substrate,

resulting in thin �lm formation.

In magnetron sputtering, magnetic �elds are applied to the target to con�ne elec-

trons, thereby enhancing ionization e�ciency and increasing the deposition rate. This

technique is widely employed in applications such as the deposition of metallic and

dielectric �lms.
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Interestingly, the origins of sputtering go back all the way back to the mid 19th

century, �rst by William Grove, who discovered the phenomenon in vacuum discharge

tubes, and later with the experiments of Michael Faraday. [16,17].

Variations of sputter deposition include o�-axis sputter deposition, which is par-

ticularly suitable for epitaxial growth. In this con�guration, the target is oriented

away from the substrate. High-energy ions generated during sputtering are acceler-

ated away from the target normal and may impact the developing �lm, potentially

causing disruption. Collisions with the background gas disperse the sputtered vapor

and reduce the kinetic energy of the particles, resulting in a more controlled and

gentle deposition process.

When su�cient energy is removed from the sputtered atoms and the particle

density is adequately high, nucleation and growth of nanoparticles can occur. This

principle underlies the plasma-gas condensation process for nanoparticle synthesis.

Utilizing sputter deposition as a source o�ers the additional advantage of produc-

ing self-ionized nanoparticles. This technique is applied in the second part of this

dissertation.

1.2.1.4 Pulsed Laser Deposition (PLD)

Pulsed-Laser Deposition (PLD) is a contemporary technique that employs laser ab-

lation to remove material from a target. The development of PLD began in the early

1960s, following the invention of the laser. In 1962, researchers �rst demonstrated

laser ablation by using ruby lasers to vaporize atoms from solid surfaces. By the mid-

1960s, investigations into thin �lm deposition via laser ablation commenced [18,19].

PLD functions by directing intense, short-duration laser pulses onto a target mate-
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rial within a vacuum chamber. The laser energy ablates the target surface, generating

a rapidly expanding plume composed of atoms, ions, electrons, and clusters. High-

power pulsed lasers, such as excimer or neodymium-doped yttrium aluminum garnet

(Nd:YAG) lasers, emit pulses ranging from nanoseconds to femtoseconds. Upon im-

pact, the target material absorbs the laser energy, resulting in rapid heating and

vaporization of a localized region and the formation of a plasma plume.

The ablated material forms a plasma plume that travels toward the substrate. This

plume contains species in stoichiometric ratios that mirror the target composition,

enabling accurate replication of complex compounds. The vaporized species condense

onto the substrate, which is typically heated to facilitate �lm crystallization. Key

parameters, including substrate temperature, background gas pressure (often oxygen

for oxide �lms), and laser �uence, determine �lm quality, morphology, and growth

rate. Repeated laser pulses enable incremental layer growth and precise control of

�lm thickness at the atomic scale. As a result, PLD o�ers exceptional control over

�lm composition and structure, and is widely used for fabricating epitaxial �lms,

superlattices, and complex oxides.

1.3 Simple Surface Growth Models

In this section, simple surface growth models are introduced which cover a wide range

of di�erent thin-�lm materials, from amorphous to crystalline.
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1.3.1 Random Deposition

The Random Deposition (RD) model is a fundamental lattice-based deposition model

in which particles are deposited at randomly selected coordinates and adhere at their

landing sites without subsequent movement. In this framework, only particles within

the same lattice column in�uence the resulting column height, and no lateral inter-

actions occur between particles at adjacent sites of equal height. Consequently, each

column grows independently, and lateral correlations do not develop over time. Addi-

tionally, because each particle must be deposited directly atop another, voids cannot

form within the bulk of the �lm. This model is classi�ed as a Solid-on-Solid model.

A primary property of interest in the Random Deposition model is surface rough-

ness. Surface roughness increases over time according to a power law, a phenomenon

known as kinetic roughening [20]. In the RD model, the scaling exponent is � = 1=2.

1.3.2 Ballistic Deposition

The Ballistic Deposition (BD) model was initially developed to describe underwater

sediment formation [21]. Subsequently, as a model for surface growth, it attracted

signi�cant theoretical interest due to its scaling properties. The BD model generalizes

the Random Deposition (RD) model by permitting particles to adhere laterally. In

this �rst-contact model, a depositing particle ceases movement upon contacting a

previously deposited particle. Neighboring columns in�uence the landing position,

enabling lateral correlations to develop over time. The BD model can be implemented

on a lattice or, in contrast to RD, as an o�-lattice model.

Because particles can attach horizontally, voids may form within the bulk of the
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deposited �lm. Packing density is a central property of the BD model. In 2+1

dimensions, the packing fraction is approximately 15 percent [22].

In the context of surface growth, dimensions are typically described by the number

of independent variables. For example, when the surface height is represented as

h(x; y; t), the system is referred to as having 2+1 dimensions. Here, the two denotes

the spatial dimensions, while the one denotes the temporal dimension.

Figure 1.2: Simulation of several layers of Ballistic Deposition. For clarity the deposition
was in 1+1 dimensions. The laterally growing tree like structures are readily apparent.
Below the branches are large voids leading to the low packing density. Particles in red are
the particles in contact with the substrate.

Similar to the RD model, the BD model exhibits surface roughness that increases

over time. The scaling exponent for surface roughness is � = 0:35 [23]. Lateral

correlations cause the roughness to increase until they span the entire system of size

L. At this point, the roughness saturates and ceases to grow. The time required to

reach saturation scales with system size as tsat is proportional to L1:66. The saturated

roughness magnitude also scales with system size, with wsat (L) proportional to L 0:21

[23].

Variants of the BD model incorporate relaxation processes following the initial de-

termination of deposition height. Two primary schemes are commonly implemented.
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In the two-point relaxation process, a particle, after contacting the �rst particle, ro-

tates around it until it contacts a second particle, where it then comes to rest. In

the three-point relaxation process, the particle continues to rotate after the second

contact until it encounters a third particle. These relaxation mechanisms increase the

packing fraction. The packing fractions for the two-point and three-point models are

approximately 38 percent and 58 percent, respectively [24].

1.3.3 Kinetic Roughening and Dynamic Scaling

Both models discussed above demonstrate kinetic roughening and adhere to estab-

lished scaling laws. This section presents the theoretical framework for kinetic rough-

ening by introducing continuum models that exhibit scaling behavior consistent with

discrete growth models.

All kinetic roughening models considered here conform to the principle of dynamic

scaling, in which the scaling exponents are interdependent and governed by a speci�c

scaling law.

The three scaling exponents are summarized as follows:

w(L; t) � t � ; (1.1a)

wsat (L) � t � ; (1.1b)

tsat � t z: (1.1c)

Roughness curves corresponding to various system sizes L are related by a univer-

sal scaling function, denoted as f(u).

12



w(L; t) � L � f
� t

L z

�

: (1.2)

Approaching the saturation crossover point as time increases yields the relation

w(t sat ) � t �
sat . Conversely, considering the process in terms of system size results

in w(t sat ) � L � . These expressions imply t�
sat � L � . Substituting equation (1.1c)

produces the following scaling law:

z =
�
�

: (1.3)

The subsequent section introduces continuum models and presents calculations of

the scaling exponents. All derivations are adapted from Barabasi and Stanley [20].

1.3.3.1 Stochastic Growth Equations

The surface height, h(x; t), in random deposition is governed by the following stochas-

tic di�erential equation.

@h(x; t)
@t

= F + �(x; t): (1.4)

Here, F represents the mean particle arrival rate at the surface, while �(x; t)

denotes the noise term that models stochastic �uctuations in the deposition process.

The noise term is required to satisfy the following conditions.

h�(x; t)i = 0; (1.5a)

h�(x; t)�(x 0; t0)i = 2D� d(x � x 0)�(x � x 0); (1.5b)
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Here, d denotes the spatial dimension and D is a constant parameter. These

constraints ensure that the noise term exhibits no spatial or temporal correlations.

If �(x; t) is sampled from a Gaussian distribution, these conditions are inherently

satis�ed. In numerical simulations, �(x; t) may be implemented as bounded noise,

assuming values of 1 and -1 with equal probability.

The temporal evolution of h(x; t) can be determined by direct integration over

time.

h(x; t) = F t +
Z t

0
dt0 �(x 0; t0) ) hh(x; t)i = F t: (1.6)

By squaring Eq. (1.6), one obtains hh(x; t)2i = F 2t2 = 2Dt, which yields the

following expression for the interface width.

w2(t) = hh 2i � hhi 2 = 2Dt ) w(t) = (2Dt) 1=2: (1.7)

So, w(t) � t � and � = 1=2.

1.3.3.2 Edwards-Wilkinson (EW) Equation

This section presents a model of random deposition with surface relaxation. In-

corporating a surface relaxation term into the random deposition model yields the

Edwards-Wilkinson (EW) equation [25]:

@h(x; t)
@t

= �r 2h(x; t) + �(x; t); (1.8)

Here, � denotes the smoothing parameter. The term �r2h(x; t) smooths the sur-
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face pro�le. In discrete models, this term represents lateral redistribution of deposited

material.

The Edwards-Wilkinson equation is linear and admits an exact solution via Fourier

transform. Alternatively, the scaling exponents can be determined directly. This

method is advantageous because it applies to growth models lacking exact solutions,

including the Kardar-Parisi-Zhang (KPZ) equation discussed in the following section.

The scaling approach is valid because the surface exhibits self-a�nity. Scaling

h(x; t) in space and time directions produces a surface that is statistically indistin-

guishable from the original. The variables are scaled by a factor b as follows:

x ! x 0 = bx; (1.9a)

h ! h 0 = b� h; (1.9b)

t ! t 0 = bzt: (1.9c)

Substituting these scaled variables into equation (1.8) yields:

b��z @h(x; t)
@t

= �b ��2 r 2h(x; t) + b �(d+z)=2 �(x; t): (1.10)

Multiplying both sides of equation (1.10) by bz�� results in:

@h(x; t)
@t

= �b z�2 r 2h(x; t) + b �d=2+z=2�� �(x; t): (1.11)

The Edwards-Wilkinson equation must remain invariant under the transformation

in equation (1.11), requiring each term to be independent of the scaling factor b. This

condition determines the scaling exponents as follows:
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� =
2 � d

2
; � =

2 � d
4

; z = 2: (1.12)

In 2+1 dimensions, the exponents are � = 0, � = 0, and z = 2. These values

di�er from those observed in the ballistic deposition (BD) model. Achieving similar

exponents requires introducing an additional term to the Edwards-Wilkinson equa-

tion.

1.3.3.3 Kardar-Parisi-Zhang (KPZ) Equation

In the ballistic deposition model, particles adhere at their initial point of contact,

resulting in lateral interface growth that is normal to the local surface. Kardar,

Parisi, and Zhang introduced a term involving the gradient of the surface height

to the Edwards-Wilkinson equation [26]. Speci�cally, this term is proportional to

the square of the gradient, (rh) 2, and enforces interface growth normal to the local

surface.

The KPZ equation is:

@h(x; t)
@t

= �r 2h(x; t) +
�
2

(rh(x; t)) 2 + �(x; t): (1.13)

The KPZ equation does not possess an exact analytical solution. However, scaling

analysis can be employed to determine the scaling exponents. This analysis is more

complex than for the Edwards-Wilkinson equation. Therefore, only the results for

the 2+1 dimensional case are presented here. The complete derivation is available in

Barab€•si and Stanley [20].

In 2+1 dimensions, the KPZ scaling exponents are:
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� = 0:38; � = 0:24; z = 1:58; (1.14)

These exponents demonstrate strong agreement with those observed in the ballistic

deposition model.

1.3.4 Epitaxial Growth

The term "epitaxy" refers to the growth of a crystalline layer on a crystalline substrate,

in which the layer adopts the crystallographic orientation of the underlying material.

The following section outlines various modes of growth for epitaxial layers.

1.3.4.1 Layer-by-Layer Growth

Layer-by-layer (LBL) growth, also referred to as two-dimensional or Frank-van der

Merwe growth, is a mode of epitaxial growth in which atoms or molecules are se-

quentially incorporated to form complete monolayers prior to the initiation of subse-

quent layers. This controlled process is essential for producing atomically smooth and

uniform �lms, especially in the fabrication of complex oxide and semiconductor het-

erostructures. LBL growth is generally realized under conditions that enhance surface

di�usion and suppress island nucleation, including optimized substrate temperature

and deposition rate.

The submonolayer growth regime in layer-by-layer growth denotes the initial phase

of �lm deposition, characterized by surface coverage below one complete atomic or

molecular layer. In this stage, adatoms nucleate and form discrete islands on the

substrate surface. These islands subsequently grow and merge, ultimately resulting
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in a continuous monolayer. Figure 1.3 presents the evolution of island and monomer

densities during the submonolayer regime.

Figure 1.3: Island density in the submonolayer regime. Reproduced from Amar et al. [1]

The preceding discussion outlines ideal LBL growth, where each layer is completed

before nucleation of the subsequent layer. However, in practical applications, the next

layer often begins to grow before the underlying layer is fully completed. A frequent

phenomenon in LBL epitaxy is interlayer coarsening, in which islands increase in size

with each successive layer. This process causes each new layer to nucleate at a lower

underlying coverage, resulting in increased surface roughness.

A distinct growth mode observed in pulsed laser deposition (PLD) is termed quasi-

layer-by-layer (quasi-LBL) growth. In quasi-LBL growth, the subsequent layer nucle-

ates before the underlying layer is fully completed; however, the coverage at which

nucleation occurs remains constant for each new layer. This mechanism establishes a

steady-state growth regime without additional surface roughening. Unlike ideal LBL
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growth, quasi-LBL allows for the simultaneous growth of two layers.

1.3.4.2 Island Growth

Volmer-Weber growth, also referred to as island growth or mounded growth, is an

epitaxial growth mode de�ned by the formation of three-dimensional islands on the

substrate surface during the initial stages of thin �lm deposition. This phenomenon

occurs when the atoms or molecules of the deposited material exhibit stronger mutual

interactions than interactions with the substrate, resulting in limited wetting. Con-

sequently, adatoms aggregate to form discrete clusters rather than a continuous �lm.

Volmer-Weber growth typically arises in systems with substantial lattice mismatch

or weak chemical bonding between the �lm and substrate, such as the deposition of

metals onto oxide surfaces.

1.3.4.3 Layer-plus-Island Growth

The Stranski-Krastanov (SK) growth mode, which integrates features of both layer-

by-layer (LBL) and island growth, is an epitaxial growth mechanism. In this process,

�lm deposition initially occurs in a two-dimensional, layer-by-layer manner for one

or several monolayers, resulting in the formation of a wetting layer. Upon reaching a

critical thickness, continued deposition induces the development of three-dimensional

islands atop the wetting layer, driven by strain accumulation from lattice mismatch

between the �lm and substrate. This transition enables the system to minimize total

energy by relieving strain through island formation. Stranski-Krastanov growth is

frequently observed in heteroepitaxial systems such as germanium on silicon [27] or
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indium arsenide on gallium arsenide [28], where lattice mismatch prompts the shift

from two-dimensional to three-dimensional growth.

1.4 Epitaxy of Metal-Oxide Perovskites

Metal oxide perovskites are an important class of highly tunable materials that exhibit

diverse properties, such as high-temperature superconductivity [29], colossal magne-

toresistance [30], ferroelectricity [31,32], and multiferroics [33]. These properties form

the basis for their application use in oxide electronics [34�36].

1.4.1 Strontium Titanate (SrT iO 3) Substrates

Strontium titanate (SrT iO 3) adopts a cubic perovskite crystal structure, as illustrated

in Figure 1(a). The SrT iO3 surface can be prepared in several crystallographic orien-

tations, most commonly [0 0 1], [0 1 1], and [1 1 1]. In the [0 0 1] orientation, SrT iO3

consists of alternating SrO and T iO2 layers, resulting in two possible surface termi-

nations. The T iO2-terminated surface is more prevalent and is typically achieved by

selectively etching SrO using a weak acid such as bu�ered hydro�uoric acid [37].

Ideally, the surface is cleaved precisely along a crystallographic plane. However, in

practice, a slight miscut often occurs. Subsequent polishing and annealing produce a

stepped structure with terraces one unit cell in height. Miscut angles are generally less

than 0.1 degrees, resulting in terrace lengths of several hundred nanometers. Figure 2

presents an atomic force microscopy (AFM) image of a vicinal SrT iO3 [0 0 1] surface.
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Figure 1.4: (a) Perovskite Crystal Structure. (b) SrT iO 3 unit cell. (c) Two unit cell side
by side. Reproduced from Willmott et al. [2]

1.4.2 Energetic Growth mechanism in PLD of

STO homoepitaxy

Homoepitaxial growth of SrT iO3 on SrT iO3 substrates via PLD is widely regarded

as a benchmark system for studying fundamental growth kinetics in complex oxides.

Previous research has hypothesized that the high kinetic energy of incoming species

acts as a smoothing mechanism, resulting in higher quality epitaxial thin �lms. Mul-

tiple studies have employed time-resolved x-ray scattering to monitor in situ PLD

growth of SrT iO3.

Tischler et al. [38] conducted a real-time in situ synchrotron x-ray investigation of

SrT iO3 homoepitaxy. By employing a high-speed detector to monitor specular x-ray
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Figure 1.5: AFM image of SrT iO3 [1 0 0] surface. The miscut of the surface to the crystal
plane creates a series of terraces. The terrace height is one unit cell, or 0.3905 nm.

intensity, the researchers identi�ed two distinct time scales for interlayer mass trans-

port following plume arrival. The �rst, a rapid process occurring on sub-microsecond

time scales, was followed by a signi�cantly slower process lasting from tenths of a sec-

ond to several seconds. The authors attributed the rapid process to energy-enhanced

surface di�usion, referred to as transient mobility, while the slower process was as-

cribed to thermal surface di�usion.

Willmott et al. [2] conducted a related study on the heteroepitaxy of lanthanum

strontium manganite (La1�x SrxMnO 3) and analyzed x-ray specular intensity between

deposition pulses. The recovery was modeled using a simple exponential function,
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revealing that the time constant at low coverages was signi�cantly shorter than at

higher coverages. The authors attributed these �ndings to two distinct energetic

processes. At low coverages, where smaller islands are present, energetic species

were proposed to fragment islands into smaller daughter islands, facilitating rapid

downward di�usion of deposited material. As islands coalesced into larger structures,

the time constant increased, re�ecting the slower di�usion required for material to

move o� larger islands. The observed di�usion rate exceeded expectations based on

the experimental temperature, leading to the conclusion that surface di�usion was

enhanced by energetic e�ects.

Fergusson et al. [39] also investigated SrT iO3 homoepitaxy but reached a di�erent

interpretation regarding the fast and slow surface processes. Through systematic

temperature-dependent experiments, the authors determined both the energy barrier

and prefactor for surface di�usion. Notably, the measured prefactor was several orders

of magnitude lower than anticipated. This observation led to the hypothesis that most

surface di�usion occurs via small oxide clusters, and that the fast component reported

by other groups may correspond to conventional surface di�usion of atomic species.

Additional investigations into energetic mechanisms include simulations by Jacob-

sen [40] and Pomeroy [41]. These studies utilized a hybrid approach combining molec-

ular dynamics and kinetic Monte Carlo (kMC) simulations to capture a broad range

of time scales in PLD. The simulations focused on copper (111) surfaces. Molecular

dynamics simulated the deposition of energetic copper atoms, while kMC modeled the

system's evolution via thermal mechanisms between deposition pulses. The results

identi�ed several mechanisms, such as direct insertion of atoms into island step edges

and island chipping, where particles at step edges were ejected and became freely
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di�using adatoms.

Signi�cant questions persist regarding the mechanisms underlying these energetic

processes. Direct experimental comparisons between energetic and non-energetic PLD

processes remain limited. Removing the energetic component in PLD presents sub-

stantial challenges. Aziz et al. [42] demonstrated that introducing a helium bu�er

gas in PLD can reduce the kinetic energy of the plume as it travels toward the sub-

strate. This dissertation employs a similar approach, utilizing a helium background

gas to achieve a thermalized PLD process, which is then compared to the conventional

energetic PLD process in SrT iO3 homoepitaxy.

1.4.3 Thermal Processes in PLD growth

The literature raises questions regarding the slow relaxation process during the dwell

time between pulses in PLD. Multiple research groups have identi�ed relaxation pro-

cesses occurring on di�erent timescales during PLD of SrT iO3 homoepitaxy. Eres et

al. [43] observed slow relaxation of the specular x-ray intensity and modeled the data

using a double exponential function. The early recovery exhibited a time constant

in the tenths of seconds, while the slower recovery occurred on the order of seconds.

The authors did not identify speci�c mechanisms responsible for this behavior and

only speculated that di�erent thermal processes may be involved.

Fleet et al. [44] cautioned that the presence of multiple time constants does not

necessarily indicate distinct thermal processes. They presented an analytical model

describing surface di�usion on circular islands and into circular holes. The resulting

relaxation was demonstrated to be a sum of exponential recoveries, with the di�erent

time constants arising from a single surface di�usion process.
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Woo et al. [45] conducted kinetic Monte Carlo simulations to investigate atomic

clusters as a potential explanation for the observed timescales. Cluster di�usion was

de�ned as collective movement of small clusters, with the surface di�usion energy

barrier scaled according to the number of atoms in each cluster. This approach

reproduced relaxation behavior similar to experimental observations.

Eres et al. [46] investigated layer-by-layer LBL growth of SrT iO3, focusing on

di�use x-ray scattering and the coarsening of in-plane features that develop with

each successive layer. Using dynamic scaling arguments, they proposed a transition

from di�usion-limited growth to attachment-limited growth after the initial layers.

The second part of this dissertation examines the slow relaxation occurring be-

tween pulses in PLD and investigates the thermal processes that may govern this be-

havior. A central research question is whether these relaxation processes are di�usion-

limited or attachment-limited, as suggested by Eres et al.

1.5 Plasma-Gas Condensation of Nano-

particles

Nanoparticles are integral to thin �lm deposition, providing distinct advantages for

tailoring �lm properties and enabling advanced functionalities. Their high surface-to-

volume ratio and adjustable physical and chemical characteristics allow nanoparticles

to function as foundational components for nanostructured �lms. This incorporation

enhances catalytic activity, electrical conductivity, and optical absorption. Precise

integration of nanoparticles facilitates the fabrication of �lms containing embedded

nanophases, which is essential for applications in photovoltaics, sensors, and nano-
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electronics. Additionally, nanoparticle-assisted seeding improves nucleation during

epitaxial growth, resulting in uniform �lm formation on substrates with challenging

surface properties. Comprehensive understanding and control of nanoparticle behav-

ior during thin-�lm deposition are critical for progress in nanoscale materials design.

1.5.1 Nanoparticles in Sputter Deposition

Research conducted by our group on the sputter deposition of tungsten disilicide

(WSi2) thin �lms revealed that, at pressures as low as 6 mTorr, small nanoparticles

were deposited onto the substrate. Real-time x-ray scattering measurements indicated

a sharp roughening transition when the background pressure exceeded 6 mTorr [47].

An additional observation was an instantaneous peak in the scattering pro�le at the

onset of deposition, which was attributed to the deposition of small nanoparticles.

As deposition progressed, this peak disappeared and the surface exhibited typical

Gaussian roughness.

A second key �nding was that this transition occurs at the same pressure where

the intrinsic stress in the �lm shifts from compressive to tensile. Changes in intrinsic

stress as a function of background pressure have been widely observed in sputter

deposition. This phenomenon is often attributed to a reduction in the kinetic energy

of depositing species and the formation of less dense �lms. However, the abruptness of

the observed transition is not fully explained by this mechanism. The hypothesis that

a transition from atomic deposition to small nanoparticle deposition occurs provides

a more plausible explanation for the sudden change in stress. The rapid appearance

of nanoparticles and their incomplete coalescence can generate voids within the �lm,

resulting in tensile stress.
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Two primary questions remain: whether direct measurement of nanoparticle for-

mation during sputter deposition of tungsten-silicide is feasible, and whether thin

�lms with comparable properties can be produced by depositing pre-formed tungsten-

silicide nanoparticles. Addressing these questions motivates the �nal section of this

dissertation, which focuses on the growth of thin �lms from nanoparticles.

1.5.2 Plasma-Gas Condensation Process

To determine whether nanoparticles are produced under the speci�ed conditions, an

inert-gas condensation source was employed. This technology was �rst introduced

in the 1990s by the Haberland group using an evaporation source [48]. The process

involves using an inert background gas to thermalize a vapor of material generated by

evaporation. When the vapor reaches a supersaturated monomer density, nanoparticle

nucleation and growth occur. The resulting nanoparticles are transported out of the

source by the inert gas. Nanoparticles can be characterized by ionization followed by

mass spectrometry, or by deposition onto a substrate for real-time x-ray analysis.

When sputter deposition is used as the vapor source, the resulting nanoparticles

are self-ionized. Magnetron sputtering, a plasma-based process, enables the use of a

cluster source known as Plasma Gas Condensation (PGC). The PGC method closely

aligns with standard sputter deposition procedures. The PGC source can be coupled

to a quadrupole mass spectrometer to determine whether nanoparticles are produced.
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1.6 Outline of Thesis

This section provides an outline of the remaining chapters of the dissertation. Chap-

ter 1 introduced the two research projects, o�ering background information and the

motivation for the research questions addressed.

Chapter 2 provides a detailed explanation of the experimental methods employed.

The primary technique is real-time synchrotron x-ray scattering. Additional methods

include mass spectrometry, time-of-�ight ion measurements, and various microscopy

techniques.

Chapter 3 describes the simulations conducted to support the analysis of exper-

imental data. The chapter �rst discusses the kinetic Monte Carlo method, followed

by an examination of the Ballistic Deposition model.

Chapter 4 presents the �ndings from the project on PLD of complex oxides, focus-

ing on the roles of energetic and rapid non-thermal processes in SrT iO3 homoepitaxy.

Energetic-PLD suppresses lateral island growth, resulting in delayed coalescence and

postponed nucleation of subsequent layers. Both energetic-PLD and thermal-PLD

exhibit comparable levels of interlayer transport.

Chapter 5 examines interlayer transport mechanisms in SrT iO3 homoepitaxy.

Experimental data and kinetic Monte Carlo simulations demonstrate the signi�cant

in�uence of the detachment process in PLD.

Chapter 6 addresses the project involving nanoparticles in sputter deposition.

The chapter presents experimental data from thin-�lm deposition from nanoparticle

of tungesten silicide. A Ballistic Deposition simulation is included to support the

experimental �ndings.
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Chapter 7 concludes the dissertation by summarizing the key results and outlining

directions for future research.
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Chapter 2

Experimental Methods

This chapter introduces the experimental methods used in this dissertation. The main

experimental method is synchrotron x-ray scattering. Support methods include Lang-

muir probe measurements, quadrupole mass spectrometry, and microscopy methods.

2.1 Synchrotron X-ray Scattering

Synchrotron x-ray scattering is a group of analytical techniques used to investigate

the structural and physical properties of materials at atomic and molecular scales.

This method directs highly intense, focused x-ray beams, produced by synchrotron

light sources, onto material samples. Synchrotrons are large-scale research facilities

in which electrons are accelerated to velocities approaching the speed of light and

guided along circular trajectories by strong magnetic �elds. As electrons traverse

these magnetic �elds, they emit x-ray radiation that is both highly collimated and

tunable over a broad energy spectrum. These properties render synchrotron x-rays

signi�cantly superior to laboratory-based x-ray sources in terms of brightness, coher-
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ence, and energy resolution.

When synchrotron x-rays interact with a sample, the x-rays are scattered by elec-

trons within the material. Measurement of the angles and intensities of the scat-

tered x-rays enables determination of the sample's structure across length scales from

angstroms, corresponding to atomic dimensions, to nanometers for nanostructures,

and up to microns for larger-scale features.

Figure 2.1 shows a simple diagram of a synchrotron light source.

Figure 2.1: Schematic of a 3rd-gen synchrotron source. Figure reproduced from Als-Nielsen
et al.(2011) [3]

Although the diagram depicts the storage ring as a circle, it is actually a polygon

made up of straight sections joined by bending magnets. These magnets curve the

electron path, producing bursts of broadband synchrotron light. Beamlines are typi-

cally positioned at each bending magnet to utilize this light. In the straight sections,
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electrons do not accelerate and therefore do not generate light. Instead, Insertion

Devices are installed in these areas. They use magnets to oscillate the electron beam,

producing much brighter light than the bending magnets. A notable type of Insertion

Device is the Undulator. By adjusting the distance between its magnet poles, speci�c

x-ray wavelengths can be made to add coherently, resulting in a signi�cant increase

in brilliance compared to bending magnets.

2.1.1 Theoretical Background

The theory of x-ray scattering is introduced by deriving the Born Series for a general

scattering potential. This derivation is based on the detailed treatments provided by

Renaud [49] and Jackson [50]. A simpli�ed version is presented below.

In classical electrodynamics, a wave function  (r) propagating in a medium with

refractive index n(r) satis�es the homogeneous Helmholtz equation:

(r 2 � k 2n2(r)) 0(r) = 0; (2.1)

where k denotes the wave number, de�ned as k = !=c. Variations in the refractive

index generate a scattering potential, V (r), which produces a scattered wave,  s(r).

For x-rays, the refractive index deviates from unity by approximately one part in

10�6 . This index can be expressed as n � 1 � �(r), where �(r) is proportional to �(r),

the electron density of the medium.

Expanding n2(r) � 1 � 2�(r) and substituting this expression into Eq.(2.1) yields

the inhomogeneous Helmholtz equation:
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(r 2 � k 2) (r) = �2k 2�(r) (r) = V (r) (r); (2.2)

where V (r) denotes the scattering potential, which is proportional to the electron

density �(r). The total wave function is expressed as the sum of the incident wave

and the scattered wave:  (r) =  0(r) +  s(r).

Perturbation theory is employed to solve the inhomogeneous Helmholtz equation.

The Green's function G(r; r0) satis�es the following relation:

(r 2 � k 2)G(r; r 0) = �(r � r 0): (2.3)

The Green's function G(r; r0) for an outgoing spherical wave is expressed as follows.

G(r; r 0) =
eikjr�r 0j

4�jr � r 0j
: (2.4)

G(r; r 0) provides the solution to Eq.(2.2).

 (r) =  0(r) +
Z

G(r; r 0)V (r 0) (r 0)d3r 0: (2.5)

Here,  0(r) = e ik�r denotes the incident wave, while the integral term represents

the scattered wave. Equation (2.5) serves as a classical analogue to the Lippmann-

Schwinger equation in quantum mechanics. This integral equation features the wave

function on both sides. The solution is obtained iteratively, beginning with the zeroth-

order term, corresponding to the incident wave  0(~r).

 (0) (r) =  0(r) = e ik�r : (2.6)
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The �rst-order term is obtained by substituting this expression into Eq.(2.5):

 (1) (r) =  0(r) +
Z eikjr�r 0j

4�jr � r 0j
V (r0) (r 0)d3r 0: (2.7)

The second-order term is derived by substituting the �rst-order result as follows:

 (2) (r) =  0(r) +
Z eikjr�r 0j

4�jr � r 0j
V (r0)

"

 0(r 0) +
eikjr 0�r 00j

4�jr 0 � r 00j
V (r00) (r 00)d3r 00

#

d3r 0: (2.8)

This procedure can be iteratively applied to obtain all higher-order terms. The

complete solution is expressed as the sum of these contributions:

 (r) =  (0) (r) +
1X

n=1

 (n) (r): (2.9)

This expansion is referred to as the Born Series and constitutes the complete

solution for wave scattering from a potential. Each term in the series corresponds

to a speci�c order of scattering event. The zeroth term describes the incident wave

without scattering, while the �rst-order term represents a single scattering event.

Higher-order terms correspond to multiple successive scattering events.

2.1.1.1 The Born Approximation

In the limit of weak scattering, only the �rst-order term of the Born Series is typically

considered. This approach is referred to as the �rst Born Approximation, also known

as the Born Approximation or the Kinematic approximation, and is expressed in

Eq.(2.7).
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To obtain a simpli�ed expression, the analysis considers the scattered wave at a

distance much greater than the extent of the source potential. In this limit, jrj � jr 0j,

the following approximation applies:

jr � r 0j �
p

r 2 � 2r � r 0+ r 02 � r �
r � r 0

jrj
= r � k̂s � r 0; (2.10)

Here,k̂s denotes the unit vector in the direction of the scattered wave, and r = jrj.

Thus, ~ks = k k̂x . Substituting this result into Eq.(2.7) yields:

 (1) (r) �
Z eik(r� k̂s �r 0)

4�r
V (r0)eik i �r 0

d3r 0 �
eikr

4�r

Z
V (r0)e�i(k s �k i )�r 0

d3r 0: (2.11)

The integral term is referred to as the scattering amplitude. The quantity~ks � ~ki

is a fundamental parameter in scattering theory and is de�ned as follows:

~Q � ~ks � ~ki ; (2.12)

This quantity is known as the wave vector transfer, or simply Q. The scatter-

ing potential is proportional to the electron density, V (~r) / �(~r). Therefore, the

scattering amplitude can be expressed as:

A( ~Q) /
Z

�(~r)e �i ~Q�~r d3r; (2.13)

The scattering amplitude is the Fourier transform of the electron density, �(~r), and

constitutes a fundamental result in x-ray scattering theory. The scattering amplitude

corresponds to the magnitude of the electric �eld of the scattered wave. Detectors
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measure the intensity, de�ned as the square of the electric �eld, rather than the electric

�eld itself. Therefore, the scattered intensity is obtained by taking the absolute value

squared of the scattering amplitude.

The scattering vector, or Q-vector, is a critical parameter in scattering theory.

The calculation of Q incorporates the x-ray wavelength, ensuring that scattering

from samples at di�erent energies, which would otherwise occur at di�erent angles,

corresponds to the same Q value in Q-space. The units of Q are inverse distance, and

the transformation between Q-space and real space is given by Q = 2�=d. This inverse

relationship between distance and Q is the basis for the alternate term 'Reciprocal

Space.'

I( ~Q) /
�
�
�A( ~Q

�
�
�
2

(2.14)

The Born approximation applies when the scattered wave is signi�cantly weaker

than the incident wave. For hard x-rays, this condition is generally satis�ed. Excep-

tions include cases where the incident x-ray energy approaches an absorption band

of the medium, scattering occurs from a surface at or below the critical angle result-

ing in total external re�ection, or Bragg scattering from a crystal produces strong

constructive interference. These exceptions will be discussed in subsequent sections.

2.1.2 Scattering Geometry

X-ray scattering experiments can be conducted using either transmission geometry

or re�ection geometry. In transmission geometry, x-rays pass through the sample

and the resulting scattered waves originate from the bulk material. This approach is
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commonly applied in crystallography. In re�ection geometry, x-rays strike the sample

surface at a shallow angle, producing scattered waves primarily from the near-surface

region. The enhanced surface sensitivity of re�ection geometry is advantageous for

investigating surface processes and thin-�lm structures. The present study employs

only the re�ection geometry.

Figure 2.2 presents a schematic of a typical re�ection geometry. Incident x-rays

arrive at an angle, � i , and interact with the sample, generating scattered x-rays in

both the in-plane (� f ) and out-of-plane (� f ) directions. The scattered waves are

detected using area detectors. The Dectris Pilatus and Eiger1M models, which are

silicon-based detectors capable of single-photon counting, are utilized for data collec-

tion.

Analysis is conducted in reciprocal space (Q-space) rather than using scattering

angles. Here,~Q = ~kf � ~ki , where~ki and ~kf denote the wave vectors of the incident

and scattered x-rays, respectively. Only elastic scattering events are considered, such

that:

k = j ~ki j = j ~kf j =
2�
�

; (2.15)

where � is the wavelength of the x-rays.

The Q-vector is decomposed into components using a coordinate system de�ned

relative to the sample surface. The z-axis is oriented normal to the surface, while the

x- and y-axes are parallel to the surface, as illustrated in Figure 2.2. The y-axis is

aligned parallel to the incident x-ray beam. The incident angle is denoted as �i , the

exit angle of the scattered wave as �f , and the in-plane scattering angle as �f .
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Figure 2.2: Scattering in the re�ectivity geometry.

~ki = k iy ŷ + k iz ẑ = k 0[cos � i ŷ � sin � i ẑ]; (2.16)

~kf = k fx x̂ + k fy ŷ + k fz ẑ = k 0[sin � f cos � f x̂ + cos � f cos � f ŷ + sin � f ẑ]; (2.17)

~Q = ~kf � ~ki = k 0[sin � f cos � f x̂ + (cos � f cos � f � cos � i )ŷ + sin � f ẑ]: (2.18)
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The vector ~Q can be decomposed into the following components.

Qx =
2�
�

sin � f cos � f ; (2.19a)

Qy =
2�
�

(cos �f cos � f � cos � i ); (2.19b)

Qz =
2�
�

(sin � f + sin � i ): (2.19c)

During scattering experiments, an area detector records the scattering pattern.

Each pixel represents speci�c in-plane and out-of-plane scattering angles. Equations

(2.19a, 2.19b, 2.19c) are applied to each pixel to generate a Q-map array.

2.1.2.1 Footprint Correction

At grazing incidence angles, the x-ray beam footprint can exceed the sample dimen-

sions, resulting in reduced scattered intensity. This e�ect appears in the raw intensity

data as an apparent increase in intensity with increasing angle up to the critical angle.

To address this, a footprint correction is applied to the measured re�ectivity intensity.

Figure 2.3 presents a schematic of an x-ray beam with width d incident on a

substrate of length L. The illuminated length on the substrate is given by D = d= sin �.

The angle at which the illuminated length matches the substrate length is de�ned by

sin � B = d=L. The footprint correction factor, applied for angles below �B , is de�ned

as follows:

B =
sin �

sin � B
=

L sin �
d

: (2.20)

In these experiments, the substrate length ranged from 10 to 11 mm and the x-ray
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Figure 2.3: Footprint correction.

beam width was 1 mm, resulting in �B values between 5.22� and 5.74� .

2.1.3 Scattering from Crystalline Materials

This section introduces Bragg's law, a fundamental equation in x-ray scattering.

Bragg's law de�nes the conditions for constructive interference of waves re�ected

from crystal planes, resulting in complete re�ection of the incident beam. Figure2.4

presents a schematic of the scattering process involving successive crystal planes.

These planes are idealized constructs representing orientations where all lattice sites

align, producing a sharp peak in electron density along the normal direction. The sep-

aration between planes is de�ned as the lattice constant, d. When two waves scatter

from adjacent layers, the re�ected waves superimpose upon exiting the crystal.

The additional path length traversed by the lower wave is 2d sin �. Constructive

interference occurs when this distance equals an integer multiple of the wavelength,

n�. Combining these terms yields Bragg's law:

40



Figure 2.4: Bragg's Law.

n� = 2d sin �: (2.21)

The condition for destructive interference is known as the Anti-Bragg condition,

expressed as n� = d sin �.

In general, the total scattering from a crystal is constructed by summing the

scattering amplitudes from each atom. The lattice vector speci�es the positions of all

atoms within the crystal and is de�ned as:

~R = n 1~a1 + n 2~a2 + n 3~a3; (2.22)

where ni are integers and ~ai represent the primitive translation vectors of the lattice.

The atomic form factor quanti�es the scattering from individual atoms and is

obtained by summing the scattering amplitudes from all electrons within the atom.

Each electron is described by a probability charge density, �el(~r). Integration over

this charge density yields:
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f atom ( ~Q) =
Z

V
� el(~r)ei ~Q�~r d3~r: (2.23)

The charge density is proportional to the number of electrons in the atom, Ze,

where Z denotes the atomic number and e is the elementary charge.

A site in the primitive lattice may contain a basis of atoms. For example, STO,

the primitive lattice is simple cubic with a �ve-atom basis at each site. The scattering

from the set of basis atoms is given by:

FUnit cell ( ~Q) =
X

j

f j ei ~Q�~r j ; (2.24)

where fj denotes the atomic form factor for the jth atom in the basis.

The total scattering amplitude from the entire crystal is obtained by summing

over all lattice sites:

FCrystal ( ~Q) = F Unit cell ( ~Q)
X

n
ei ~Q� ~Rn : (2.25)

2.1.3.1 Anti-Bragg X-ray Reflectivity

The derivation begins with the scattering amplitude for a semi-in�nite crystal. The

crystal is assumed to be simple cubic with an atomic basis and Miller indices of [0 0

1].

The scattering amplitude is:

A( ~Q) =
X

j

f j ei ~Q�~r j ; (2.26)
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where fj is the atomic form factor for the jth atom and ~rj is the position of the jth

atom. The position vector to the jth atom is:

~rj = ~Rn + ~r � with ~Rn = n 1~a1 + n 2~a2 + n 3~a3: (2.27)

where ~r� is the basis vector. The full scattering amplitude is therefore:

A( ~Q) =
X

n

X

�
f � ei ~Q�( ~Rn +~r � ); (2.28)

The basis term is:

F (Qz) =
X

�
f � ei ~Q�~r � ; (2.29)

For the [0 0 1] orientation, ~a1 and ~a2 lie in the xy-plane, while ~a3 is aligned with

the z-axis. Focusing on specular re�ectivity,~Q reduces to Qz, and ~Q � ~Rn simpli�es

to Qzan. The subscripts for a and n are omitted because the lattice constant is

uniform in all directions and the summation is performed over a single direction. The

scattering amplitude is therefore:

A(Q z) = F (Q z)
1X

0

(eiQ z a)n ; (2.30)

This expression represents a geometric series. In its current form, the series does

not converge. To ensure convergence, an absorption term e��n is introduced. This

term models physical absorption, causing the scattering contribution from each unit

cell beneath the surface to decrease with depth. With this modi�cation, the conver-

gent series allows for the calculation of the scattering amplitude:
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A(Q z) = F (Q)
1X

0

(eiQ z a)ne��n = f u:c:
1

1 � e iQ z ae��
: (2.31)

Taking the limit as � approaches zero yields the scattering amplitude for the

substrate.

Asub(Qz) = F (Q z)
1

1 � e iQ z a
: (2.32)

Next, we consider the homoepitaxial process, employing a coarse-grained model

where the smallest deposited particle is a complete unit cell. The scattering amplitude

from a submonolayer is de�ned in terms of the layer coverage �n .

A layer;1 (Qz; t) = F (Q)� 1(t)e �iQ z a: (2.33)

This formulation generalizes to n layers as follows:

A f ilm (Qz; t) = F (Q)
X

n
� n (t)e �inQ z a: (2.34)

The total scattering amplitude for both substrate and �lm is given by

A(Q z; t) = F (Q z)

"
1

1 � e iQ z a
+

X

n
� n (t)e �inQ z a

#

: (2.35)

At the anti-Bragg condition, Qza = � and Eq.(2.35) reduces to:

A(Q z; t) = F (Q z)

�
�
�
�
�
1
2

�
X

odd n

� n (t) +
X

even n
� n (t)

�
�
�
�
�

2

for0 � � � 1 (2.36)

This result demonstrates that successive deposited layers are out of phase. The

substrate term contributes half the intensity of a complete layer. When the �rst layer
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reaches half coverage, it cancels the substrate term, resulting in zero intensity. As the

�rst layer achieves full coverage, the intensity returns to its initial value. In a layer-

by-layer (LBL) growth mode, the specular intensity is therefore expected to oscillate

between the initial intensity and zero with a period corresponding to the deposition

time of a single layer.

2.1.3.2 Crystal Truncation Rods

A semi-in�nite crystal exhibits distinct scattering features. In the in-plane directions,

where the crystal extends in�nitely, sharp Bragg peaks appear in reciprocal space.

In contrast, truncation along the out-of-plane direction produces crystal truncation

rods [51], which are streaks of scattering extending from the Bragg peaks along the

z-direction. The formation of these streaks is explained by the Born approximation,

which states that the scattering amplitude is the Fourier transform of the electron

density. A sharp interface between the crystal and vacuum along the z-axis corre-

sponds to a broad distribution in reciprocal space. Increased sharpness of the real-

space interface results in broader scattering, while surface roughness that broadens

the interface leads to narrower scattering features in reciprocal space.

A vicinal substrate is formed when the crystal surface is miscut relative to the

primary crystal plane. In this case, the surface normal is rotated with respect to

the reciprocal lattice by the miscut angle. As a result, the truncation rods are dis-

tributed along the direction of the surface normal and do not overlap. The detector

plane, which represents a spherical section through reciprocal space, intersects mul-

tiple truncation rods simultaneously. The spacing between these rods corresponds to

a characteristic length scale on the surface, speci�cally the average step spacing [4].
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Figure 2.5: Crystal truncation rods are observed for a vicinal substrate. The miscut angle
alters the orientation of the surface normal with respect to the reciprocal lattice. Conse-
quently, the truncation rods align along the surface normal. When the detector plane in-
tersects reciprocal space, it simultaneously intersects multiple truncation rods. The distance
between the resulting di�raction peaks determines a characteristic length scale, speci�cally
the average step spacing. Reproduced from Petrach et al.(2017) [4]

2.1.3.3 Diffuse Scattering

During layer-by-layer growth, submonolayer deposition begins with the nucleation of

small islands. These islands increase in size, merge, and coalesce to form a complete

layer. In the initial stages, correlated islands with a characteristic average separation

are typically observed.

For a perfect crystal, the in-plane component of the scattering will consist of
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strong Bragg peaks at the correct in-plane angles that meet the Bragg conditions.

If we introduce some disorder to the surface, such as surface roughness, a di�use

scattering component will arise. Following Brock et al. [52], we derive a formula for

the di�use scattering within the Born approximation.

The scattering intensity takes the following form as the square of the scattering

amplitude:

I( ~Q) / F ( ~Q)hjA( ~Qj2i: (2.37)

The angle brackets indicate an ensemble average. The total scattering amplitude

includes contributions from both the bulk substrate and the surface, which corre-

sponds to the growing �lm. Di�use scattering originates exclusively from the surface

term. This surface term can be separated into an average density component and a

�uctuation component representing deviations from the average density.

� surface (~r) = �� s + �� s(~r) (2.38)

The �uctuation term gives rise to the di�use scattering:

Adif f ( ~Q =
Z

surface
�� s(~r)ei ~Q�~r d2~r (2.39)

Plugging into the intensity formula gives:

I dif f ( ~Q / h
Z

S
d2d2~r1

Z

S
d2d2~r2�� s(~r1)�� s(~r2)ei ~Q�(~r 1 �~r 2 ) i (2.40)

This expression demonstrates that di�use scattering results from correlations in
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the �uctuations around the average density. The formula can be further simpli�ed as

follows:

I dif f ( ~Q) =
Z

d~rei ~Q�~r G(~r) (2.41)

The function G(r) represents the pair-correlation function for surface features. It

quanti�es the probability of �nding a feature at a distance r from another feature.

This result demonstrates that the di�use intensity is the Fourier transform of the pair-

correlation function. Consequently, the pair-correlation function can be obtained by

applying the inverse Fourier transform to the di�use intensity. Therefore, G(r) can

be directly calculated from experimental data.

Figure 2.6: Experimental scattering data at the half layer deposition of STO on STO. The
specular scattering is bright peak near the center of the image. Surrounding is a broad ring
of di�use scattering. A cross section of the ring shows the scattering has a Lorentzian shape

Figure2.6 presents di�use scattering from islands at half coverage. The specular

intensity appears as a bright spot at the center of the image. Multiple spots are

observed as a result of the surface miscut relative to the crystal plane.

To better understand the shape of the resulting di�use scattering, di�erent pair-

correlation functions can be evaluated. The Lorentzian pro�le arises from the Fourier
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transform of exponentially decaying correlations [52].

G(~r;~r0) = e~r=� ; (2.42)

Here, � denotes the correlation length.

For an isotropic distribution of islands, Eq.(2.41) can be evaluated in polar coor-

dinates, where~Q � ~r = Qr cos �:

I dif f ( ~Q) =
Z 2�

0

Z 1

0
e�r=� eiQr cos � rdrd� (2.43)

The angular component of the integral can be evaluated analytically.

Z 2�

0
eiQr cos � d� = 2�J 0(Qr); (2.44)

In this context, J0(Qr) denotes a Bessel function of the �rst kind. The radial

integral is then 2�
R1

0 rJ 0(Qr)e �r=� dr. This standard integral is tabulated in reference

[53]:

Z 1

0
rJ 0(kr)e �r=� dr =

�
(� 2 + k 2)3=2

: (2.45)

Plugging in our parameters and rearranging terms, we arrive at:

I dif f ( ~Q) =
2��

(1 + � 2Q2)3=2
: (2.46)

This result corresponds to the expected Lorentzian pro�le. Exponential decay

in correlations produces a Lorentzian-shaped peak in reciprocal space. However,

the peak is centered at Q = 0, while the experimentally observed di�use scattering
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peak occurs at a non-zero value. The chosen correlation function describes randomly

distributed islands, but short-range correlations in island spacing are anticipated.

The e�ect of having short-range correlated islands is a shift in the peak of the

Lorentzian [52].

I dif f ( ~Q) =
2��

(1 + � 2(Q � Q 0)2)3=2
; (2.47)

Here, Q0 = 2�=a corresponds to the average island spacing a. This Lorentzian

functional form provides an excellent �t to the experimental data.

2.1.4 Scattering from Amorphous Surfaces

Now we turn to extending the scattering theory to the case of amorphous materials.

Here, we assume that the material is isotropic in the plane of the surface.

2.1.4.1 Fresnel Reflectivity

Re�ectivity from a smooth surface is determined using the classical wave optics ap-

proach. The analysis begins with the re�ectivity of an ideal smooth surface.

n = 1 � � + i�; (2.48)

where the parameters � and� are given by:

� =
2�� er0

k2
and � =

�
2k

: (2.49)

r0 = e2=mc2 = 2:82 � 10 �6 nm is the classical electron radius, also known as the
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Thomson scattering length. �0 is the electron density of the material, and � is the

absorption coe�cient.

Figure 2.7: Re�ectivity and Transmission from a smooth surface. Reproduced from Als-
Nielsen [3]

Figure 2.7 presents a diagram illustrating a wave re�ected from a surface. The

re�ectivity condition is � i = � f = �. Boundary conditions at the interface require

continuity of both the wave and its derivative.

aI + a R = a T ; (2.50a)

aI j ~kI j + a R j ~kR j = a T j ~kT j: (2.50b)

The magnitude of the wave vector in the material is j~kT j = nk, while in vacuum

it is j ~kI j = j ~kR j = k. By considering the components parallel and perpendicular to

the surface, the following expressions are obtained:

aI k cos � + a Rk cos � = a T nk cos � 0: (2.51a)
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(aI � a R)k sin � = a T nk sin � 0: (2.51b)

Equation (2.51a) in conjunction with Equation (2.50a) yields Snell's law:

cos � = n cos � 0 (2.52)

Equation (2.51b) together with Equation (2.50a) results in the following relation-

ship:

aI � a R

aI + a R
= n

sin � 0

sin �
�

� 0

�
(2.53)

where the small-angle approximation is applied. Combining this result with Snell's

law yields the Fresnel equations:

r =
aR

aI
=

� � � 0

� + � 0
: (2.54a)

t =
aT

aI
=

2�
� + � 0

: (2.54b)

The Fresnel equations provide the re�ected and transmitted amplitudes. Fresnel

re�ectivity is de�ned as the modulus squared of the re�ected amplitude, RF = jrj 2.

For x-rays, the index of refraction is slightly less than one, which leads Snell's

law to predict total external re�ection. The critical angle corresponds to the incident

angle at which the transmitted amplitude becomes zero. Substituting this condition

into Snell's law and setting � = 0 for simplicity yields:

cos � c = 1 � � ) � c =
p

2� =
p

4�� er0

k
(2.55)
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The perpendicular component of the scattering vector Q simpli�es to the following

expression:

Qz =
4�
�

sin �: (2.56)

Since the incident and exit angles are equal, conversion from angular units to Q

can be performed using Equation (2.56) and Equations (2.54a,2.54b):

r =
Qz � Q 0

z

Qz + Q 0
z

and t =
2Qz

Qz + Q 0
z
; (2.57)

where Q0
z = 2k

p
n2 � cos 2 �

Figure 2.8: Diagram of re�ections and transmissions in a thin �lm on a substrate.

For a thin �lm deposited on a substrate, the Fresnel equations are applied at

both the vacuum-�lm and �lm-substrate interfaces. Multiple re�ections at each in-

terface must be considered. A wave transmitted into the �lm partially re�ects at

the �lm-substrate boundary and propagates back toward the vacuum-�lm interface,

where partial transmission into the vacuum occurs. Figure 2.8 illustrates the initial

re�ections. This process requires summing contributions from an in�nite series of
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re�ections.

Indices 0, 1, and 2 are assigned to the vacuum, �lm, and substrate, respectively.

The Fresnel equations are then applied using these indices to systematically track

re�ection and transmission events. The total re�ected amplitude is given by:

r f ilm = r 01 + t 01r12t10p2 + t 01r12r10r12t10p4 + � � �

= r 01 + t 01r12t10p2(1 + r 10r12p2 + � � � )

= r 01 + t 01r12t10p2
1X

m=0

(r 10r12p2)m

(2.58)

Here, p2 denotes a phase factor, p2 = e iQ z;1 d, which arises from the �lm thickness

d. The term Qz;1 represents the wave vector transfer within the �lm, de�ned as

Qz;1 = 2k
q

n2
1 � cos 2 �.

Equation (2.58) forms a geometric series. By applying the geometric series sum-

mation formula, the following expression is obtained:

r f ilm =
r01 + t 01r12t10p2

1 � r 10r12p2
(2.59)

The Fresnel equations are subsequently applied as follows:

r01 =
Qz;0 � Q z;1

Qz;0 + Q z;1
and t01 =

2Qz;0

Qz;0 + Q z;1
: (2.60)

Substituting these expressions yields r2
01 + t 01t10 = 1, and thus:

r f ilm =
r01 + r 12p2

1 � r 10r12p2
(2.61)
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The re�ectivity from the �lm incorporates a phase factor, resulting in oscillatory

behavior in the re�ected intensity. These oscillations, termed Kiessig fringes, have a

wavelength inversely proportional to the �lm thickness d. A primary feature of x-ray

re�ectivity experiments is the precise measurement of �lm thickness. Because the

refractive index is close to unity, the measured thickness corresponds to the actual

physical thickness rather than the optical thickness.

An asymptotic form of the Fresnel re�ectivity is known as Porod's Law [54]. The

re�ected intensity above the critical angle falls o� as a power law in Q:

I(Q z) /
1

Q4
z
: (2.62)

2.1.4.2 Parratt Method

The Parratt method [55] extends the single-slab approach to strati�ed media com-

posed of N layers, each characterized by distinct densities and thicknesses. This

technique enables the modeling of a �lm with smoothly varying density by repre-

senting it as a series of discrete, uniform-density layers. For instance, an interface

exhibiting Gaussian roughness can be approximated by a smooth substrate overlaid

with N layers of thickness d, where each successive layer possesses a lower density,

approaching zero in the uppermost layer.

A primary advantage of the Parratt method is its comprehensive treatment of all

re�ections at each interface, providing a complete dynamical solution. This capability

is essential for accurately determining the re�ectivity curve, particularly near and

below the critical angle.

To generalize the single-slab result, a stack of N layers is constructed, where the
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Nth layer is adjacent to the substrate and the �rst layer is the topmost. Each layer is

de�ned by its refractive index nj = 1 � � j + i� j and thickness dj . The z-component of

the wave vector in the jth layer is determined by the conservation of the x-component

across all layers, such that kx;j = k x for all j. The incident wave's z-component is

denoted as kz;0 = k z. Substituting these values yields the following expression:

kz;j =
q

(n j k)2 � k 2
x;j �

q
k2

z � 2� j k2 � 2i� j k2: (2.63)

The quantity Q z;j is then de�ned as Qz;j = 2k j sin � j = 2k z;j , leading to the

following result:

Qz;j =
q

Q2 � 8� j k2 � 8i� j k2: (2.64)

The Fresnel re�ected amplitude at the interface between layers j and j+1 is given

by:

r 0
j;j+1 =

Qj � Q j+1

Qj + Q j+1
; (2.65)

Here, the prime symbol indicates that the term represents a single re�ection, as

opposed to a multiple re�ection contribution.

The Parratt method employs a recursive approach, beginning with the evaluation

of terms at the substrate and Nth layer. The resulting values are subsequently used

to compute the re�ectivity at each successive interface, proceeding upward to the

topmost layer.

The initial step involves evaluating the re�ectivity at the interface between the

substrate and the Nth layer, as described by the Fresnel term:
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r 0
N;sub =

QN � Q sub

QN + Q sub
: (2.66)

Because the substrate is considered in�nitely deep, multiple re�ections within it

are neglected. The calculated re�ectivity term is then substituted into the thin-�lm

formula, Eq.(2.61):

rN�1;N =
r 0

N�1;N + r 0
N;subp2

N

1 � r 0
N�1;N r 0

N;subp2
N

(2.67)

This expression accounts for multiple scattering events within the Nth layer, as

indicated by the absence of the prime symbol. The general formula for the subsequent

layer in the stack is:

r j�2;j�1 =
r 0

j�2;j�1 + r 0
j�1;j p2

j

1 � r 0
j�2;j�1 r 0

j�1;j p2
j
; (2.68)

Here, the phase factor is de�ned as p2
j = e iQ j dj . This recursive formula is applied

iteratively until the calculation reaches the 0th layer.

2.1.4.3 The Master Formula

Actual surfaces deviate from ideal atomically smooth conditions as a result of surface

roughness, which increases the width of the interface along the surface normal. Als-

Nielsen derived a formula, referred to as the Master Formula, to describe re�ectivity

from non-ideal surfaces [3]. This method accounts for minor deviations from the ideal

interface within the Born approximation.
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R(Qz)
RF (Qz)

=

�
�
�
�
�

Z 1

�1

d�(z)
dz

eiQ z zdz

�
�
�
�
�

2

: (2.69)

This formula demonstrates that the ratio of the measured re�ectivity to the Fresnel

re�ectivity equals the square of the Fourier transform of the electron density gradient

along the surface normal.

The Master Formula can be applied to interfaces exhibiting Gaussian roughness,

where the interface pro�le is represented by an error function and its derivative yields

a Gaussian distribution.

�(z) = erf

 
z

p
2�

!

(2.70a)

d�(z)
dz

=
1

p
2�� 2

e� 1
2 ( z

� )2
(2.70b)

Substituting into Eq. (2.69) yields the following result.

R(Qz) = R F (Qz)e�Q 2
z � 2

(2.71)

This result is consistent with the roughness formula previously derived by Névot

and Croce [56].

2.1.4.4 Grazing-Incidence Small-Angle X-Ray Scat-

tering

Grazing-incidence small-angle x-ray scattering (GISAXS) is a re�ection geometry

technique that employs x-rays at a grazing-incidence angle to enhance surface sensi-
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tivity. Scattered waves are measured in the small-angle regime, enabling the investi-

gation of nanometer-scale and larger structures. This method does not resolve atomic

spacings and is particularly e�ective for characterizing nanoparticles on surfaces.

Figure 2.9: The scattering geometry for the GISAXS measurements utilizes an entrance
angle approximately three times the critical angle of the substrate. The exit angle is set
equal to the critical angle. In this con�guration, the specular re�ection, indicated as a red
spot, is positioned above the di�use scattering and is e�ectively blocked from the detector by
guard slits.

The scattering geometry for GISAXS is illustrated in Figure2.9.

Within the Born approximation, the scattering amplitude from an individual

nanoparticle corresponds to the Fourier transform of its shape. For a spherical
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nanoparticle, this amplitude is referred to as the single particle form factor, which is

analogous to the atomic form factor.

Fsp( ~Q) =
Z

V
�(~r)e i ~Q�~r d3~r: (2.72)

For a spherical nanoparticle with radius R and uniform density �0, the integral

simpli�es to:

Fsphere( ~Q; R) = � 0

Z 2�

0

Z �

0

Z R

0
eiQr cos � drd�d�: (2.73)

This integral can be evaluated analytically, resulting in the following expression:

Fsphere( ~Q; R) = 4�� 0R3

"
sin QR � QR cos QR

(QR) 3

#

: (2.74)

The scattered intensity is proportional to the square of the form factor and exhibits

spherical symmetry in reciprocal space. Figure2.10 presents a pro�le along a Q axis.

The Born approximation remains applicable in this geometry because the incident

angle is well above critical angle. Maximum intensity is achieved when both the

incident and exit angles are set to the critical angle; however, under these conditions,

the specular intensity overlaps with the di�use scattering and is signi�cantly brighter.

This overlap can obscure the di�use scattering signal. Additionally, the high intensity

of the specular re�ection necessitates the use of attenuators to protect the detector.

Increasing the incident angle shifts the specular re�ectivity upward on the detector,

allowing it to be e�ectively blocked by a guard slit.
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Figure 2.10: The GISAXS pro�le for a spherical particle with an 8 nanometer diameter
exhibits characteristic fringes, with fringe spacing given by �Q = 2�=d. In the asymptotic
limit, the scattering intensity decreases according to a power law proportional to Q�4 .

2.2 Langmuir Probe

A Langmuir probe is a diagnostic instrument designed to measure plasma properties,

including electron temperature, electron density, and plasma potential [57�59]. Typi-

cally, the probe consists of a thin wire or small metal tip positioned within the plasma

environment. A voltage is applied to the probe relative to a reference electrode, which

is often the chamber wall or another electrode. The applied voltage is systematically

varied from negative to positive values. For each voltage, the current collected by the

probe is recorded. This current results from charged particles, speci�cally electrons

and ions, striking the probe. The relationship between the probe current and the ap-

plied voltage generates an I-V curve, which exhibits distinct regions associated with

ion and electron collection [60].
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When the probe is biased to su�ciently negative values, it repels electrons and

primarily collects ions. The resulting current reaches saturation because all incident

ions are collected. At intermediate voltages, partial repulsion of electrons occurs,

causing the current to change exponentially with voltage. This region enables the de-

termination of electron temperature. When the probe is biased to su�ciently positive

values, it attracts electrons, and the current again saturates as all nearby electrons

are collected.

Figure 2.11: (a) A schematic il lustrates the Langmuir probe measurement setup. The probe
is positioned at a de�ned distance, D, from the target surface. Laser activation initiates
data acquisition.(b) A circuit diagram depicts the bias circuit, which applies a variable DC
voltage to the probe. Applying a negative voltage suppresses the electron current, enabling
measurement of the ion current. The ion current passes through a 50-ohm load resistor,
generating a voltage that is recorded by a National Instruments 5112 Digitizer.

The Langmuir probe was employed to measure the time-of-�ight of ions during

each pulsed laser deposition (PLD) process to characterize ion energy distributions.

A cylindrical probe con�guration was utilized, as illustrated in Figure 2.11(a). The

probe measured 1 mm in diameter and 4 mm in length. It was mounted on a linear

translation stage, allowing the distance from the target to the probe to be varied

between 6 cm and 11 cm. The probe was biased at -30 V to ensure operation within the

ion-saturation regime. Data collection was performed using a National Instruments
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5112 Digitizer. The initiation of data acquisition was triggered by the �ring of the

laser. Figure 2.11(b) presents a schematic of the bias circuit, which supplies a constant

direct current (DC) voltage. As the ion current passes through a 50-ohm load resistor,

a voltage is developed. The inclusion of a 10 kilo-ohm bias resistor ensures that only

a minimal fraction of the ion current is dissipated in the voltage supply.

2.3 Quadrupole Mass Spectrometer

Quadrupole mass spectrometers (QMS) are analytical instruments that separate ions

according to their mass-to-charge ratio, enabling precise identi�cation and quanti�-

cation of chemical compounds. In vacuum technology, a common application is the

Residual Gas Analyzer (RGA), which monitors gases in high-vacuum and ultra-high

vacuum environments.

The following theoretical description is based on Miller (1986) [61]. In practices,

the poles are constructed from cylindrical rods, although the theoretical model begins

with hyperbolic-shaped poles aligned parallel to the z-axis. Both a direct current �eld

(U) and a radio frequency �eld (V) are applied to the poles, with adjacent poles having

opposite polarity. Figure 2.12(a) presents a schematic diagram of a QMS.

The electric potential in the region between the poles is described by the following

equation.

�(x; y; z) = [U = V cos !t]
x2 � y 2

2r2
0

(2.75)

Figure 2.12(b) illustrates an example of this potential. The classical equations of

motion are solved for a particle with charge e subjected to this �eld.
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Figure 2.12: (a) Diagram of a quadrupole mass spectrometer. (b) The potential �eld
between hyberbolic electrodes. The lines are equipotential surfaces. Reproduced from Douglas
(2009) [5]

d2x
dt2

+
ex

mr 2
0
[U + V cos !t] = 0 (2.76a)

d2y
dt2

+
ey

mr 2
0
[U + V cos !t] = 0 (2.76b)

d2z
dt2

= 0 (2.76c)

The parameters a and q are commonly de�ned as follows:
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a =
4eU

! 2r 2
0m

and q =
2eV

! 2r 2
0m

(2.77)

Substituting these parameters into Equations (2.76a) and (2.76b) yields the fol-

lowing expressions:

d2x
dt2

+
! 2

4
[a + 2q cos !t]x = 0 (2.78a)

d2y
dt2

+
! 2

4
[a + 2q cos !t]y = 0 (2.78b)

A change of variable, � = !t=2, is introduced and substituted into Equations

(2.78a) and (2.78b), resulting in the following form:

d2x
d� 2

+ [a x + 2qx cos 2�]x = 0 (2.79a)

d2y
d� 2

+ 4[ay + 2qy cos 2�]y = 0 (2.79b)

Equations (2.79a) and (2.79b) are known as Mathieu's equations. Solutions to

these equations are either bounded or unbounded, corresponding to stable or unstable

ion trajectories, respectively, and depend on the parameters U, V, e, m, r0, and !.

These solutions are typically represented using stability diagrams, where stability

depends solely on the parameters a and q de�ned previously.

An example of a stability diagram in shown in in Fig.2.13. The shaded area under

the curves represents stable trajectories. The area outside this region are unstable

trajectories. The slope of the mass scan line is set by a=q = 2U=V . The region of the

line crossing through the stable region is the width of the mass �lter. Changing the

ratio adjusts the slope allowing a wider or narrower mass window. Opening the mass
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Figure 2.13: Stability diagram for a mass spectrometer. The shaded area is stable trajecto-
ryies. The mass scan line Reproduced from Douglas (2009) [5]

window would increase the signal, but at the expense of mass resolution.

To scan the mass spectrum, the amplitudes of U and V are adjusted while main-

taining a constant ratio. Doubling both amplitudes results in a corresponding dou-

bling of the mass at the same a-q coordinates in the diagram. Therefore, varying

the voltage amplitudes enables mass scanning. Alternatively, the radio frequency

(RF) omega can be varied, although this approach does not produce a linear rela-

tionship [62].
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2.4 Scanning Electron Microscopy

A Scanning Electron Microscope (SEM) operates by directing a focused beam of

high-energy electrons across the sample surface. Interactions between the electron

beam and sample atoms generate signals including secondary electrons, back-scattered

electrons, and x-rays. Detectors collect these signals to produce detailed images of

surface topography and composition. Figure2.14 presents a diagram of electron beam

interaction with a sample. Secondary electrons emitted from the near-surface region

are primarily used to generate surface images.

SEM operation requires a vacuum environment and conductive samples. For in-

sulating materials, a conductive �lm is typically deposited onto the sample surface to

enable imaging.

The SEM utilized in this dissertation is a JEOL 6060 instrument located at the

University of Vermont Microscopy Imaging Center. This microscope is equipped with

an Oxford Instruments EDS system and the INCA Energy 350 software package.

Figure2.15 presents representative surface images of nanoporous thin �lms. The

�lms were fabricated with nanoparticle diameters of 2 nanometers and 8 nanometers,

and each �lm was approximately 1 micron thick. Increased �lm thickness leads to

surface roughness characterized by larger length scales.

In addition to real-space imaging via secondary electron emission, most SEMs are

equipped with an Energy-Dispersive X-ray Spectroscopy (EDS) detector. EDS en-

ables quantitative measurement of elemental concentrations. This technique is based

on x-ray �uorescence, where primary beam electrons are absorbed within the sample,

typically up to a depth of 1 micron. The absorbed energy excites bound electrons to
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Figure 2.14: Working principle of an SEM. Reproduced from Zhang(2018) [6]

Figure 2.15: SEM image of a nanoporous thin �lm. This is a top down view of samples
grown for EDS measurements. Film thickness was 1 micron for each sample (a) Process
I - Small Nanoparticles 2 nm (b) Process III - Large Nanparticles 8 nm

higher energy states; as these electrons return to the ground state, they emit x-ray

photons. The energies of these x-rays are element-speci�c, allowing determination of

elemental concentrations within the sample. Figure2.16 displays an EDS spectrum
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for a nanoporous tungsten silicide thin �lm.

Figure 2.16: EDS spectra from Nanoparticle sample with an electron beam energy of 15
keV

The accuracy of energy-dispersive X-ray spectroscopy (EDS) measurements varies

signi�cantly based on sample conditions and the use of reference standards. When

reference standards are employed, the relative error is typically less than �2%, al-

though a more conservative estimate is approximately �5% [63]. In the absence of

reference standards, measurement uncertainty may reach �10%. Additional factors,

including surface roughness, can increase uncertainty to as much as 50% [64].

69



2.5 Experimental Details

This section describes the experimental details and process parameters used in the

experiments.

2.5.1 PLD Processes

Two processes were developed to investigate the impact of energetic deposition in

pulsed laser deposition. The energetic process (e-PLD) is the standard approach

commonly employed in PLD studies. The low energy process (th-PLD) utilizes similar

parameters, with the addition of a Helium bu�er gas to thermalize the energetic

species ablated from the target.

Figure 2.17: (a) and (b) shows views of the Langmuir probe installed on PLD target stage.
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The energies associated with each process were characterized using a Langmuir

probe. Figure 2.17 (a) and (b) present views of the probe set-up. The probe consisted

of a 1 mm diameter tungsten wire connected to an electrical feed-through. It was

mounted on a linear translation stage, enabling the probe-to-target distance to be

adjusted from 6.5 mm to 10 mm.

Substrate temperature was measured using an optical pyrometer directed at the

strontium titanate sample. The pyrometer's emissivity setting was calibrated exter-

nally with an STO sample placed in an oven and equilibrated at temperatures between

500 and 900 °C. An emissivity value of 0.4 provided the closest agreement with the

oven temperature. An additional veri�cation of temperature consistency between the

two processes was performed during the x-ray experiments. The anti-Bragg scattering

angle shifted, due to lattice expansion, as the sample was heated from room tempera-

ture to growth temperature. The observed shift in the anti-Bragg position, measured

in pixels, was consistent between the two processes, indicating that the bulk lattice

expansion was equivalent in both cases.

For the real-time x-ray experiments, the Langmuir probe was removed from the

PLD target stage and replaced with a deposition shutter. The PLD target stage was

subsequently installed on the deposition chamber at the ISR beamline at NSLS-II.

Figure 2.18 illustrates the experimental set-up. The ThinFilm Star excimer laser

was mounted on a shelf, and the 248 nm ultraviolet laser pulse was directed to the

deposition chamber using a series of 90 degree mirrors and a single 45 degree mirror.

The laser beam was directed down at the center of rotation of the deposition chamber,

allowing the chamber to be oriented at any angle relative to the x-ray beam.

Table 2.1 summarizes the process parameters for the e-PLD and th-PLD processes.
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Figure 2.18: Picture of the real-time PLD x-ray scattering setup at the ISR beamline.

Table 2.1: PLD Process Parameters

Parameter e-PLD th-PLD
Target to Substrate (mm) 87 87

Substrate Temperature (°C 600 600
Pulses per layer (average) 18 25

Coverage per Pulse 0.055 0.04
Pulse Width (seconds) 10�5 10�3

Dwell Time (seconds) 0.2-6.0 0.2-6.0
O2 Pressure (mTorr) 2 2
He Pressure (mTorr) 0 300

2.5.2 Nanoparticle Processes

The nanoparticle source consisted of a custom-built vacuum chamber located within

a di�erential pumping chamber. The �rst aperture, with a diameter of 3.75 mm,
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determined the pressure ratio between the interior and exterior of the source. The

wall of the inner chamber was water cooled. When set up in mass spectrometry mode,

a second aperture with a diameter of 8 mm enabled additional di�erential pumping

for the quadrupole mass spectrometer. A 2-inch diameter magnetron sputter source

was installed within the nanoparticle source. This sputter source featured a linear

translation mechanism that allowed adjustment of the target-to-aperture distance

over a range of 0 to 200 mm. Argon and helium process gases were introduced into

the inner chamber.

Figure 2.19: Nanoparticle system images (a) Mantis Deposition Meso-Q mass spectrometer.
(b) Nanoparticle source set up in mass spec mode. (c) View of nanoparticle source inside
di�erential pumping chamber. (d) Nanoparticle source installed on deposition chamber at
NSLS beamline X21.

A MesoQ quadrupole mass spectrometer, manufactured by Mantis Deposition
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Ltd, was utilized in this dissertation. Figure 2.19a presents an image of the mass

spectrometer. The system con�gured in mass spectrometry mode is depicted in Figure

2.19b. A detailed view of the nanoparticle source within the di�erential pumping

chamber is provided in Figure 2.19c. For real-time x-ray experiments, the nanoparticle

source was installed on a custom deposition chamber at the Synchrotron facilities, as

shown in Figure 2.19d.

Three processes were developed to produce a wide range of WSix nanoparticle

sizes for the experiments. An additional process was established for the synthesis of

copper nanoparticles. The process parameters used to control the size distributions in-

cluded argon and helium pressure, magnetron power, and the target-to-�rst-aperture

distance.

Table 2.2 summarizes the process parameters.

Table 2.2: Nanoparticle Process Parameters

Parameter WSix - I WSix - II WSi x - III Copper
L, Target to Aperture (mm) 150 150 150 200

Ar Pressure (mTorr) 243 550 550 1000
He Pressure (mTorr) 394 0 0 0

Power (W) 25 50 25 100
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Chapter 3

Simulation Methods

3.1 Kinetic Monte Carlo

The Kinetic Monte Carlo (kMC) simulation method is a computational technique

for studying the time evolution of systems governed by stochastic processes. This

approach is particularly e�ective for modeling phenomena over extended time scales

that are not accessible to other methods, such as molecular dynamics (MD). The

following section introduces the conventional Monte Carlo method to provide a basis

for comparison with kMC.

3.1.1 Conventional Monte Carlo

Monte Carlo (MC) simulations are computational algorithms that employ random

sampling to model and analyze complex systems or processes. These methods are

applicable to systems that cannot be solved analytically due to their complexity.

A simple example of the Monte Carlo method is the numerical estimation of the

75



mathematical constant �. In this approach, a random uniform distribution of points

is generated within a square of side length L. The number of points that fall within

an inscribed circle of radius L/2 is counted. The ratio of the area of the circle to the

area of the square, which equals �/4, corresponds to the ratio of points inside the

circle to the total number of points. Thus, random sampling enables the estimation

of �, with accuracy improving as the number of sampled points increases.

The most widely used Monte Carlo (MC) algorithm is the Metropolis algorithm

[65]. This method is frequently presented in the context of the Ising Model, which

is a simple model of magnetism involving an array of spins. During each simulation

step, a spin is selected at random and the change in energy, denoted as �E, resulting

from �ipping the spin is calculated. If �E is less than zero, the spin �ip is accepted

and the simulation proceeds. If �E is greater than zero, a random number between

zero and one is generated and compared to the probability P = exp(�E=kB T). If

the random number is less than P, the spin �ip is accepted; otherwise, it is rejected.

The probability P incorporates temperature e�ects into the simulation and models

thermal �uctuations.

The simulation begins from an initial con�guration and continues until the sys-

tem reaches equilibrium. At equilibrium, system properties such as magnetization

and speci�c heat are measured. Monte Carlo simulations of the Ising model have

successfully identi�ed phase transitions.

The Metropolis algorithm is also applicable to models of surface growth. Although

a growing surface is not in equilibrium due to continuous particle deposition, the

algorithm remains useful for extracting relevant information. Akutsu et al. applied

the Metropolis algorithm to investigate crystal growth on [0 0 1] surfaces and kinetic
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roughening. During steady-state growth, surface roughness properties were measured

and scaling exponents were calculated. Distinct scaling regimes were observed [66].

The Metropolis algorithm enables simulations of systems in equilibrium and facili-

tates the extraction of equilibrium properties or steady-state characteristics. However,

because the simulation step does not correspond to a physical time increment, this

method cannot model the time evolution of a system.

3.1.2 KMC Theory

The kinetic Monte Carlo (kMC) method is based on a Markov process, in which

the system transitions between discrete states through a sequence of probabilistically

determined events. In a Markov process, the probability of each transition event

depends solely on the state reached in the preceding event [67]. Each transition is

characterized by a rate constant that quanti�es the likelihood of the event per unit

time. In contrast to traditional Monte Carlo methods, which emphasize equilibrium

sampling, kMC is inherently dynamic and is designed to simulate the time evolution

of systems dominated by thermally activated, infrequent events.

As an example, consider surface di�usion of an adatom on a crystal surface. Typ-

ically, the adatom vibrates near its equilibrium lattice site and exchanges energy

with the surrounding environment. Occasionally, the adatom acquires su�cient en-

ergy to surpass the potential energy barrier separating lattice sites, as illustrated in

Fig.3.1(a). The trajectory of the adatom can be simulated using molecular dynam-

ics methods, which require very small time steps to achieve accurate results and are

therefore computationally demanding. At a coarse-grained scale, the adatom is con-

sidered to reside at a lattice site and only infrequently transitions to a neighboring
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site. This coarse-grained representation is depicted in Fig.3.1(b).

Figure 3.1: (a) A schematic il lustration depicts a potential energy surface. The trajectory
indicates a hypothetical path of a particle. Typically, the particle remains near the mini-
mum of the potential well, with infrequent transitions between adjacent wells. (b) The spatial
domain is discretized into bins, il lustrating coarse-grained particle motion as discrete tran-
sitions between de�ned lattice sites.(c) A hypothetical potential energy diagram illustrates
two states, labeled i and j. Energy barriers for transitions from state i to j and from j to i
are indicated.

The master equation is central to the kMC method [68�70], and describes the

time evolution of the probability P(�, t) that the system occupies state � at time t:

dP (�; t)
dt

=
X

�

[W(�j�)P (�; t) � W(�j�)P (�; t)] (3.1)

where W(�j�) denotes the transition rate from state � to �. The summation accounts

for all possible transitions into and out of state �.

This equation governs a continuous-time Markov chain, in which the future evo-

lution depends solely on the current state. Directly solving the master equation for

complex systems is generally infeasible because the number of possible states increases
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exponentially. The kinetic Monte Carlo (kMC) method addresses this challenge by

simulating the system's trajectory over time through Monte Carlo sampling of events.

Transition rates ki for each event i are calculated using transition state theory

(TST), which is particularly applicable to thermally activated processes. In TST,

rates are determined by the di�erence between the potential energy of the lattice site

and the potential energy at the saddle point separating lattice sites, as de�ned by the

equilibrium potential energy surface [71]. In the simplest case, the rate is given by

the Arrhenius equation:

ki = � 0e�E i =kB T ; (3.2)

In this equation, � 0 represents the attempt frequency, Ei is the activation energy

for event i, kB is the Boltzmann constant, and T is the temperature. These rates are

typically considered time-independent and are determined by static energy barriers,

although certain kMC variants permit dynamic updates. The attempt frequency �0 is

commonly expressed as kB T=h [68,72], which yields a value of approximately 1013s�1

at 600 degrees Celsius. This value corresponds to the vibrational frequency of the

crystal lattice.

System evolution is modeled by selecting and executing discrete events based on

their relative probabilities. If there are N possible events with corresponding rates

kN , the total system rate K is de�ned as:

K =
NX

i

ki (3.3)

The waiting time between events is determined by the Poisson process, which
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speci�es the probability of a number of events occurring within a �xed time inter-

val. The time between events follows an exponential distribution. The total event

rate de�nes the likelihood of any event occurring within a short time interval. The

probability distribution for the waiting time is:

P (t) = Ke �Kt : (3.4)

This expression provides the probability that the next event occurs after a time

t. To sample from this distribution, the natural logarithm of a random number r,

uniformly distributed between 0 and 1 (excluding 0), is used. The resulting time step

for an event is [73]:

�t = �
ln r
K

: (3.5)

An event i is selected randomly from the list of all possible events, with selection

probability proportional to k i =K. This is achieved by calculating the cumulative

rates ci for each event and drawing a random number r between 0 and K. The event

is chosen such that ci � r < c i+1 . Once the event is selected, the system state is

updated and the simulation time advances by �t.

This process generates a stochastic trajectory of the system over time, reproducing

the correct kinetics of the underlying process governed by the master equation.

3.1.3 General Algorithm

Kinetic Monte Carlo (KMC) simulations were employed to model layer-by-layer growth

during Pulsed Laser Deposition (PLD). The simulation code was primarily developed
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in Python, with performance-critical components implemented in auto-generated

C++ via the Cython module. The C++ code is compiled into Python extension

�les and interfaced with Python scripts. This structure enables modi�cation of the

Python code without recompiling the C++ components, providing signi�cant �exi-

bility for adapting the simulation to various deposition scenarios. Although the base

code is optimized for PLD layer growth, it is also suitable for modeling continuous

deposition and surface di�usion processes.

The code is publicly available on GitHub, see Appendix A.

Figure 3.2: The �owchart il lustrates the kinetic Monte Carlo (kMC) algorithm. Events are
categorized as either deposition or thermal di�usion (surface di�usion, detachment, edge
di�usion, etc.)

Figure 3.2 presents a �owchart of the KMC algorithm. Deposition times are
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selected to generate a uniform pulse, de�ned by a speci�ed pulse width and a dwell

time during which deposition is paused. The pulse width is set to 10�10 seconds,

and the dwell time is typically 6 seconds to replicate experimental conditions. The

deposition rate is de�ned as a fractional coverage per pulse, commonly 0.05 coverage

per pulse. The number of monomers deposited per pulse is calculated based on the

substrate dimensions, Lx and Ly. Deposition coordinates and times are determined

using a uniform random number generator. Deposition times are established prior to

the start of the simulation. When the simulation time reaches a scheduled deposition

time, a monomer is deposited and the simulation time is updated.

Following monomer deposition, the system state is updated. A neighborhood

region, de�ned as one unit cell in all directions around the deposition site, is identi�ed.

All sites within this neighborhood are examined for the presence of monomers. If a

monomer is detected, its potential processes are evaluated and compared with the

relevant process lists. Processes that are no longer feasible are removed, and newly

available processes are added. After all sites are checked and process lists updated,

the length of each process list is determined.

In the conventional kMC algorithm, a complete list of every possible event is

compiled into a master list, contributing a rate determined by its activation energy,

Ea, calculated using Eq. 3.2. After compiling the complete list, a cumulative rate

array is generated by summing the rates from each possible event. The total rate, K,

is the sum of all individual rates. To select an event, a random number between 0

and K is drawn, and the event with a cumulative rate closest to this random number

is designated as the next event. The corresponding time for that event to occur is set

by choosing a random number, r1, between 0 and 1, and applying Eq 3.5
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If the time to the next event is less than the time to the next deposition event, the

thermal event is executed and the system is updated. As with deposition events, a

neighborhood is de�ned within one unit cell in each direction from both the starting

and ending sites of the moving monomer. All sites in this neighborhood are examined.

If a site is occupied, all possible processes are reviewed and the process lists are

updated. If the time to the next event exceeds the time to the next deposition event,

a new monomer is deposited and the simulation loop repeats until completion.

The process list can become extensive, which negatively impacts simulation per-

formance. To improve e�ciency, several optimizations were implemented. The order

of events in the process list does not a�ect event selection, so events are sorted by

process. The list is then divided into sub-lists, one for each process. The rate for each

event within a process list remains constant, enabling calculation of a partial rate for

each process as the product of the list size and the elementary event rate. Figure

3.3 illustrates this approach. An array of all partial rates is computed, along with a

cumulative sum array. The total rate, K, is the sum of all partial rates. A random

number, r2, between 0 and K selects the process. Since the elementary rate is iden-

tical for all particles in a process, any particle can be selected with equal probability

using another random number, r3.

Further reduction of process lists is achieved by treating each process direction as a

unique event. For example, surface di�usion can occur in four directions, so a particle

may appear up to four times in the surface di�usion process list. By categorizing each

direction as a separate process, the surface di�usion process list is replaced with four

distinct sub-lists, one for each direction. Each particle appears only once in each

sub-list, reducing the maximum process list size to one-quarter of its original value,
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Figure 3.3: Process lists and rate arrays are used to determine the selection of thermal
events. Each process list includes all particles within the simulation capable of executing
the corresponding process. For each process list, the partial rate is obtained by multiplying
the number of particles in the list by the elementary rate associated with that process. The
cumulative rate array is constructed sequentially, starting from zero and increasing to the
total rate.

corresponding to the number of surface sites on the substrate.

The �nal optimization leverages the fact that each particle can appear only once in

each process list. Each particle is assigned a unique integer label based on deposition

order, enabling the process lists to be sorted in ascending order. Insertion or deletion

of particles from the list is then performed using a binary search to e�ciently locate

the correct position within the array.

Regarding optimization schemes, the simulation code performs e�ciently for small
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systems (fewer than 500 by 500 lattice sites). However, performance degrades with

increasing system size, scaling as O(N2), where N is the number of surface lattice

sites. This limitation arises because the average process list size increases with the

number of possible lattice sites. Additional optimization can be achieved by dividing

the surface into subregions, each with its own process lists. This approach is described

by Maksym [74], Blue et al. [75], and Schulze [76].

3.1.3.1 Pseudo Random Number Generator

Random numbers are essential for the implementation of Monte Carlo simulations.

Reliable pseudo-random number generators are required to ensure accurate simulation

outcomes.

Within the Python component of the simulation code, random numbers determine

deposition coordinates and deposition times. The NumPy package's uniform random

number generator is employed for this purpose. Deposition coordinates and times for

each pulse are generated collectively prior to simulating the pulse, as the required

quantity of random numbers is predetermined.

In the C++ component of the code, the kinetic Monte Carlo (kMC) algorithm

utilizes random numbers to select processes from lists and to calculate time steps.

Because the number of steps is not predetermined, it is not feasible to generate and

transfer a list of random numbers from NumPy in advance. Invoking Python at each

step would signi�cantly increase computational overhead and reduce simulation e�-

ciency. Although C++ provides a built-in random number generator, it is not readily

accessible through the Cython module. Consequently, a custom pseudo-random num-

ber generator was implemented.
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The pseudo-random number generator was chosen from Numerical Recipes 3rd

Edition [77]. The code was outlined in section 7.1. The code in the book was trans-

lated into a Cython Extension class which can be imported into any Cython module

that needs fast random numbers.

3.1.4 Solid-on-Solid Growth Model

The growth model utilized in the kinetic Monte Carlo (kMC) simulation is a Solid-

on-Solid Bond-Counting model. In this context, the Solid-on-Solid condition requires

that each particle is positioned directly above another particle, thereby eliminating the

possibility of overhanging particles and preventing the formation of voids or vacancies

within the bulk layers. The bond-counting approach determines the detachment rate

by considering bonds formed through nearest-neighbor interactions. Only in-plane

bonds are included in the calculation, as the bond with the underlying surface is

consistently present.

Figure 3.4 presents the complete list of processes, comprising 18 distinct types.

These processes are categorized according to their respective process types. Each

process is paired with a corresponding reverse process to ensure compliance with the

detailed balance principle.

3.1.4.1 Surface Diffusion

The primary thermal process considered is surface di�usion, in which adatoms migrate

to adjacent lattice sites. Only nearest-neighbor sites are included, corresponding to

four directions on a two-dimensional surface: north, south, east, and west, as labeled
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Figure 3.4: The schematic il lustrates the processes implemented in the kinetic Monte Carlo
(kMC) code. Eighteen independent processes are represented. Adatoms are color coded ac-
cording to the number of bonds that must be broken for each process to occur. The �gure
displays the color scheme and corresponding bond numbers at the bottom. (a) Surface Di�u-
sion. (b) Detachment Processes. Adatoms dissociating from islands. (c) Downhill Di�usion.
(d) Uphill Di�usion. (e) Edge Di�usion. (f) Corner Di�usion.

in the simulation code.

E i = E dif f (3.6)

Figure3.5 presents a schematic representation of surface di�usion and the asso-

ciated potential energy surface. The activation energy is de�ned as the di�erence

between the energy minimum at a lattice site and the maximum between lattice sites.
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Figure 3.5: Schematic il lustration of surface di�usion energy barriers on a highly corrugated
potential energy surface.

3.1.4.2 Detachment

When two adatoms occupy adjacent lattice sites, they are considered bonded, re-

sulting in a reduction of the system's energy. This bond lowers the potential energy

minimum at the site. To detach and di�use to a neighboring site, an adatom must

overcome this energy di�erence, referred to as the detachment barrier. The corre-

sponding activation energy is:

E i = E dif f + n�E det (3.7)

Here, n denotes the number of in-plane bonds formed by the adatom, with a

maximum value of four. For example, n = 1 corresponds to an adatom attached to
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the side of a step edge on a vicinal substrate. When n = 2, the adatom occupies the

corner site of a small square island. The case n = 3 describes an adatom embedded

within a step edge. For n = 4, the adatom is fully surrounded, precluding any possible

di�usion to neighboring sites.

3.1.4.3 Downhill Diffusion

When an adatom approaches a step edge, a vacancy exists at the site beyond the edge.

Di�usion to this vacancy is less favorable because the adatom does not experience

the attractive interaction of a neighboring atom. This results in the formation of a

potential energy barrier, known as the Ehrlich-Schwoebel (ES) barrier [78,79], which

reduces the rate of downhill di�usion. The corresponding activation energy is:

E i = E dif f + n�E det + �E es (3.8)

Figure3.6 illustrates the downhill di�usion process. The ES barrier appears as an

additional energy maximum that the di�using particle must overcome. The �gure

also depicts the potential well created by the step edge. After di�using downward,

the particle becomes bonded to the step edge.

The �nal term in the activation energy equation represents the detachment barrier.

This term is relevant when an adatom located on top of a step edge is also bonded to

other adatoms on the same level. For downhill di�usion, n ranges from zero to three.
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Figure 3.6: Schematic il lustration of energy barriers at a step edge.

3.1.4.4 Uphill Diffusion

Uphill di�usion, the reverse process of downhill di�usion, occurs when an adatom

detaches from a step edge and migrates onto the top of an island. This process is

required to maintain detailed balance. Since the adatom must detach from the island,

the activation energy includes a detachment barrier term.

E i = E dif f + n�E det + �E es: (3.9)

For uphill di�usion, an adatom is always bonded to at least one step edge, so n

ranges from one to four.
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3.1.4.5 Edge Diffusion

Edge di�usion refers to the migration of adatoms along a step edge and introduces

an additional energy barrier, the edge di�usion barrier. The value of �Eedge is not

inherently restricted and may be negative if edge di�usion occurs more rapidly than

standard surface di�usion. The activation energy is:

E i = E dif f + n�E det + �E edge: (3.10)

The activation energy for edge di�usion also includes a detachment term, relevant

when an adatom detaches from a kink site. As illustrated in Fig.3.6(e), only two kink

con�gurations exist, corresponding to n = 1 or n = 2.

3.1.4.6 Corner Diffusion

Corner di�usion refers to a next-nearest neighbor movement that occurs within the

surface plane, analogous to downhill or uphill di�usion. The most basic scenario

involves an isolated monomer approaching and traversing the corner of an island.

The corresponding activation energy is given by:

E i = E dif f + n�E det + �E corner : (3.11)

A detachment term is included for transitions that originate from a kink site, as

illustrated in Fig. 3.6(f).

Corner di�usion represents a speci�c case of edge di�usion, analogous to down-

hill di�usion, characterized by the presence of an additional Ehrlich-Schwoebel (ES)
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barrier. The corner di�usion barrier term can be reformulated as follows:

�E coner = �E edge + �E corner;es : (3.12)

The corner ES barrier is distinct from the downhill ES barrier and may assume a

di�erent value. The simulation code implements the corner di�usion barrier in this

manner.

3.1.5 Detailed Balance

The principle of detailed balance is incorporated into the simulation by ensuring

that each event includes its corresponding reverse process. The rates of forward and

reverse processes are not necessarily identical but are determined by the potential

energy surface. For instance, when a monomer di�uses downhill, it must overcome

both the surface di�usion barrier and the Ehrlich-Schwoebel barrier. After descending

from the island, the monomer forms a bond with the island. In contrast, for uphill

di�usion, the monomer must �rst dissociate from the island and then surmount both

the surface di�usion barrier and the Ehrlich-Schwoebel barrier. Consequently, the

rate of uphill di�usion is lower than that of downhill di�usion.

3.1.6 Analysis

In addition to storing the real-space con�guration of the simulation lattice, several

analysis functions are integrated into the kinetic Monte Carlo (kMC) code. These

functions enable calculation of key quantities, including surface roughness, island size

distribution, and x-ray specular and di�use scattering intensities.
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The simulation generates real-space surface con�gurations at �xed time intervals.

These data may be saved to output �les for subsequent analysis, or the simulation

may pause at each interval to perform on-the-�y analysis. On-the-�y analysis reduces

memory requirements because real-space data do not need to be stored.

The x-ray scattering analysis is currently limited to specular and di�use inten-

sities at the anti-Bragg condition, which corresponds to the conditions under which

experimental data are collected for real-time epitaxial growth studies. Future devel-

opments may include more general x-ray scattering analyses to support additional

experimental techniques, such as x-ray photon correlation spectroscopy (XPCS).

3.1.6.1 Coverage and Surface Roughness

Surface coverage is calculated as the initial step in the analysis. Coverage values

for all growing layers are stored in an array and updated at each simulation pause.

Coverage values range from 0 to 1.

Surface roughness is de�ned as the root-mean-square (RMS) deviation of the in-

terface. It is calculated by determining the di�erence between the average surface

height and the actual surface height at each point. These di�erences are squared,

averaged, and the square root of the mean is taken to yield a value in distance units.

3.1.6.2 Anti-Bragg Reflectivity

The Anti-Bragg re�ected intensity is determined using the theoretical framework

presented in Chapter2.1.3.1. The corresponding mathematical expression is provided

below.
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I A:B: (t) = I 0
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: (3.13)

I 0 represents the scattering intensity from an ideal �at surface, and n=1 corre-

sponds to the �rst deposited layer. At each analysis time step, the calculated layer

coverages are input into Eq.3.13. The resulting re�ectivity values are then recorded

in the output �le.

3.1.6.3 Anti-Bragg Diffuse Scattering

The di�use scattering is calculated using the formula for scattering from discrete

crystals derived in Evans et al. [80].
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: (3.14)

The exponential with the Qz component is:

H(~r) = e iQ z h(~r) : (3.15)

Equation (3.14) is the square of the discrete Fourier transform of the function

H(~r). At the anti-Bragg condition, Q zh = �, and this function reduces to values of 1

and -1 for even and odd layers respectively.

The code utilizes the Fast Fourier Transform (FFT) algorithm implemented in

the Numpy module at the Python level. Because analysis is performed only at a

limited number of time points during the simulation, executing this calculation in

Python does not signi�cantly a�ect performance. This approach eliminates the need
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to implement an FFT algorithm in Cython.

The �nal step for the di�use scattering is doing a circular average of the square of

the FFT of the function H(~r), resulting in the di�use intensity as a function of Q r .

3.1.6.4 Island Size Distribution

An important quantity in LBL growth is the island size distribution. The analysis

code employs an algorithm proposed by Hoshen and Copelman [81] to identify and

calculate the number and size of islands in each layer over time. This algorithm

requires two passes through the surface lattice array, which reduces computational

e�ciency. The �rst pass identi�es individual islands, while the second pass labels

them in order.

A limitation of the current implementation of the Hoshen and Copelman (HC)

algorithm is that each simulation analysis step is initiated independently, without

reference to previous steps. As a result, tracking islands over time is challenging

because islands may be relabeled as they grow, coarsen, or merge. Addressing this

limitation is a priority for future versions of the code.

3.1.7 Validation Simulations

Prior to conducting surface growth simulations, validation simulations were per-

formed. The simulation results were compared with established analytical models.

95



3.1.7.1 Surface Diffusion off Circular Islands

Fleet et al. [44] developed analytical models describing surface di�usion on circular

islands and within circular holes. Their model determines time-dependent layer cov-

erages for an initial monomer density on a circular island or an annular region above

a circular hole. The study also evaluates the anti-Bragg specular re�ectivity.

Appendix C.1 presents the derivation of the analytical model. The resulting

monomer density atop the island is expressed as a Fourier-Bessel series with time-

dependent exponential decay terms. Each term possesses a time constant determined

by the surface di�usion coe�cient, D. Integration of the monomer density yields time-

dependent fractional layer coverages. The total layer coverage is obtained by summing

these fractional coverages and is subsequently substituted into the Anti-Bragg re�ec-

tivity formula (Eq 3.13).

The model was evaluated using kinetic Monte Carlo (kMC) simulations. Fixed

circular islands were created by pre-depositing monomers into layer 1 as circular is-

lands and deactivating their mobility, preventing di�usion or detachment. During the

simulation, newly deposited monomers could land on these islands, di�use laterally,

and move downhill upon reaching an edge. The step edge detachment barrier was set

to zero to prevent the formation of new islands by di�using particles. Uphill di�usion

was deactivated to enforce the boundary condition that monomer density approaches

zero at the step edge, ensuring that monomers di�using to layer 1 cannot return to

higher layers.

Except for the speci�c conditions speci�ed above, simulations employed standard

parameters as detailed in Appendix G. The island radius, R, was set to 44 unit cells,
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with an attempt frequency, �0, of 1013 s�1 , and a di�usion activation energy, Edif f , of

1.8 eV (corresponding to an e�ective di�usion rate, D0, of 407.83 s�1 ). The substrate

size, L, was adjusted to achieve an initial layer 1 coverage of �0.6. For L = 200 unit

cells, four islands were positioned on a 2 by 2 grid, resulting in a coverage of 0.6073.

To approximate a continuous monomer density, 10,000 simulations were conducted

and their results averaged. Additionally, the four islands in each simulation were aver-

aged, yielding a total of 40,000 data points. Figure 3.7 presents both a representative

single simulation and the time evolution of the averaged simulation.

Figure 3.7: Top-down view of simulation for a single simulation with a step-edge detach-
ment barrier of 0 eV (a)-(e), and an average of 40,000 equivalent simulations (f)-(j).

The two-dimensional monomer density was circularly averaged to obtain the monomer

density as a function of island radius, as presented in Figure 3.8(a). Results are pro-

vided for three distinct simulation times. Data points represent simulation results,

while the lines correspond to a Fourier-Bessel analysis utilizing 100 terms. Figure

3.8(b) presents the time-dependent amplitudes for the �rst four Bessel terms.

Figure 3.9 provides a direct comparison between kinetic Monte Carlo (kMC) sim-
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Figure 3.8: a) Total particle density (points) and a Fourier-Bessel �t using 100 terms
(lines). (b) Time-dependent amplitudes for the �rst 4 terms. (c) Partial layer coverages of
the �rst four terms and the Total Coverage in Layer 2. Each term is a simple exponential
decay. (d)-(e) are the coverages of Layer 1 and Layer 2. (f) is the simulated Anti-Bragg
Intensity with a stretched exponential �t. The Beta value of 0.82 shows that it is close to a
simple exponential recovery.

ulations and the analytical model. In Figure 3.9 (a), radial monomer density curves

are displayed for multiple simulation times, with data points representing simulation

results and lines indicating the analytical model solution. A minor discrepancy is

observed between the simulation and analytical results, attributable to monomer in-

teractions present in the simulation. The analytical model assumes non-interacting

di�using particles, whereas the kMC simulation prohibits monomers from passing

through each other. This constraint reduces the total rate constant K, thereby in-

creasing the e�ective time step. Figure 3.9 (b) compares simulated Anti-Bragg inten-
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sity, further illustrating that the kMC simulation exhibits a slight delay relative to

the analytical solution.

Figure 3.9: (a) Comparison between kMC simulations (points) and Analytical Solution
(lines). The simulation lags behind the analytical solution by a small amount. This is due
to the interaction between monomers in the kMC simulation (not present in the analytical
model). (b) show simulated Anti-Bragg intensity (points) compared with the Analytical So-
lution (solid line).

3.2 Ballistic Deposition

A Ballistic Deposition Model (BD) simulation was developed to facilitate data analysis

for the Nanoparticle Deposition project. The simulation was implemented in Python
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to for simplicity and ease of use. This section provides a detailed description of the

algorithm and outlines the analytical methods applied to the simulation results.

3.2.1 Ballistic Deposition Algorithm

The BD algorithm applied in this dissertation utilizes an o�-lattice model without re-

structuring. The algorithm determines the height at which a particle initially contacts

either the substrate or a previously deposited particle. Simulations are conducted in

both two-dimensional (1+1) and three-dimensional (2+1) con�gurations. The model

accommodates both mono-disperse simulations, with a �xed particle diameter, and

poly-disperse simulations, with variable particle diameters. In poly-disperse cases,

particle sizes are assigned according to a log-normal distribution, consistent with

experimental observations. The log-normal distribution is de�ned as follows:

�(R; �; �) =
1

�
p

2�
exp

"

�
(ln R � ln �) 2

2� 2

#

; R > 0 (3.16)

where � is the size of the peak value, that is, the mode of the distribution. The shape

parameter, �, determines how broad the distribution is.

The deposition trajectory of incoming particles is assumed to be perpendicular

to the substrate surface. The x and y coordinates of each landing site are selected

randomly, representing the center-of-mass of the particle. Because the model is o�-

lattice, these coordinates are represented as �oating-point values. The contact point

between two particles is determined by formulating an equation for the center-of-

mass coordinates of two contacting spheres, based on the Pythagorean Theorem, and

solving for the z coordinate. The resulting quadratic equation is presented below:
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z = Z �
q

(r + R) 2 � (x � X) 2 � (y � Y ) 2 (3.17)

Equation 3.17 yields two solutions. The higher value is selected, representing the

initial contact point for a particle depositing vertically. If the distance between the

landing sites of two particles exceeds the sum of their radii, the resulting solution is

a complex number, indicating that contact is not possible. In such cases, the particle

is considered to land directly on the substrate.

Each newly depositing particle must be evaluated against all previously deposited

particles, which increases computational demands. Most particles are located too far

away to interact with the depositing particle. To optimize calculations, the simulation

surface is partitioned into bins, each with an edge length equal to the average particle

diameter. Particles are assigned to bins based on their center-of-mass coordinates.

Each bin maintains a list of the coordinates of its particles. When depositing a

new particle, the relevant bin is identi�ed, and the particle is tested against those

within the same bin and neighboring bins within interaction range. For each bin, the

maximum height is determined, and the highest value among these is selected as the

actual landing site.

A signi�cant challenge in the simulation is the memory required to store all parti-

cle coordinates, as these are represented by 64-bit �oating-point numbers in Python.

Reducing precision would decrease memory usage but compromise coordinate ac-

curacy. To maintain precision, a memory management strategy was implemented.

Rather than depositing all particles simultaneously, the simulation divides particles

into groups, each corresponding to a layer of deposited particles. Once several groups

are deposited, they provide su�cient coverage to prevent new particles from passing
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through. Groups below this coverage are saved to the output �le and removed from

active memory. It is essential to ensure that groups are su�ciently large and that

enough groups remain in memory to prevent particles from bypassing the deposited

layers.

Figure 3.10: Example of a 2D Ballistic Deposition simulation. Layers are plotted in dif-
ferent colors to demonstrate how the layer code works.
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3.2.2 Simulated Electron Density

The simulation output �le contains a list of center-of-mass (CoM) coordinates for

each particle and, for poly-disperse simulations, the corresponding particle radius.

The list is ordered by particle deposition sequence, enabling retrieval of deposited

particles at any speci�ed simulation time.

The objective is to construct the electron density as a function of height above the

substrate. This is achieved by evaluating each particle in the system and calculating

its electron density as a function of the vertical coordinate z through integration

over the x-y plane. Particles are modeled as perfectly spherical objects with constant

density � 0. In two-dimensional simulations, particles are modeled as perfectly circular.

� sphere(z) = � 0�(R 2 � (z � z 0)2); z 2 fz 0 � R; z 0+ Rg: (3.18a)

� circle (z) = 2� 0

q
2R(z � z 0) � (z � z 0)2; z 2 fz 0 � R; z 0+ Rg: (3.18b)

The total electron density as a function of z is obtained by summing the contri-

butions from all deposited particles:

�(z) =
� 0

Asub

X

i

� sphere;i (z); (3.19)

where Asubs is the substrate area.

3.2.2.1 Accounting for Surface Roughness

The simulation assumes a �at substrate surface. However, actual substrates typically

exhibit surface roughness. When the roughness is comparable to the particle size,
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particle heights on the substrate are o�set by the roughness amplitude. To account

for this during electron density evaluation, the centers of mass should be randomly

displaced according to a Gaussian distribution with a standard deviation equal to

the root mean square (rms) roughness. Alternatively, this e�ect can be incorporated

after electron density calculation by convolving the electron density pro�le with a

Gaussian function characterized by the same standard deviation.

FigureJ.1 illustrates the impact of this convolution on the electron density pro�le.

3.2.3 Simulated X-ray Reflectivity

Simulated X-ray re�ectivity (XRR) is computed directly from the electron density

pro�le, �(z; t). To obtain the complete re�ectivity curve, including the region near

the critical angle, the Parratt formalism is applied. This approach involves discretiz-

ing the electron density into a series of thin slabs with constant density. FigureJ.2

provides an example of this discretization. The model includes a �at substrate term,

followed by a stack of thin slabs representing the substrate interface, and then a layer

stack corresponding to the �lm. In regions where layers overlap, their densities are

summed to yield the total density for that layer.

The simulated XRR pro�le remained sharper than the experimental data, pri-

marily due to instrumental limitations. The X-ray beam exhibits a �nite angular

divergence, resulting in a slight broadening of the measured re�ectivity. To address

this, the re�ectivity curve was convolved with a Gaussian function with a standard

deviation of � = 0:07 nm �1 . FigureJ.4 demonstrates the e�ect of this convolution.
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Chapter 4

Fast non-thermal processes in

pulsed laser deposition

Material from this chapter was published in Physical Review B Rapid Communica-

tions. [82] We acknowledge Professor Randall Headrick and Dr. Xiaozhi Zhang for

contribution to this work. We also acknowledge our collaborators from Stony Brook

University, Professor Matthew Dawber and Dr.Rui Liu. We also acknowledge ISR

beamline scientist Dr. Kenneth Evans-Lutterodt.

4.1 Abstract

Pulsed laser deposition (PLD) is widely used to grow epitaxial thin �lms of quantum

materials. Here, we use in situ x-ray scattering to study homoepitaxy of SrTiO3 by

energetic deposition (e-PLD) versus PLD thermalized by a He background gas (th-

PLD). Energetic PLD suppresses the lateral growth of two-dimensional islands, which

suggests that particles with kinetic energies of �100 eV break up smaller islands. Fast
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interlayer transport occurs for th-PLD as well as e-PLD, implying a process operating

on submicrosecond time scales for incident particles with kinetic energies below 10

eV.

4.2 Introduction

Pulsed Laser Deposition (PLD) is a versatile method for homoepitaxial growth of

ultra-smooth crystalline surfaces, [83] heteroepitaxial interfaces, [29, 84, 85] and su-

perlattices. [86] Understanding and controlling the growth processes occurring in PLD

and other energetic deposition methods presents an important challenge for the syn-

thesis of thin layers with controllable properties.

PLD employs microsecond-scale pulses that occur as the laser plume reaches the

growth surface, resulting in instantaneous deposition rates orders of magnitude higher

than in continuous deposition methods such as Molecular beam Epitaxy (MBE). De-

posited particles cannot di�use a signi�cant lateral distance on the surface while the

rest of the plume is arriving. This is generally true over a wide range of deposition

temperatures in the layer-by-layer growth regime, which is most relevant to epitaxial

growth. Thus it becomes possible to study fast microscopic crystallization mech-

anisms separately from slower thermal relaxation e�ects by studying the evolving

x-ray scattering intensity on the relevant timescales.

Here, we show the e�ects of varying the energy distribution of the particles in the

laser plume produced by a 248 nm excimer laser. At low background gas pressures,

the ablated particles reach the growth surface with high kinetic energies, a process

which we call e-PLD. The kinetic energies of arriving particles can be greatly reduced
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by introducing an additional background gas to thermalize the plume, which we call

th-PLD (Fig. 4.1). The energetic process uses parameters similar to previous studies

of the homoepitaxy of SrTiO3 [43]. A background gas of 2 mTorr O2 is used to

ensure proper oxidation of the growing surface. The substrate temperature is 600

degC, resulting in extended layer-by-layer growth. For the thermalized process [87],

300 mTorr of helium bu�er gas is added along with the oxygen. Helium thermalizes

the plume without inducing the production of nanoparticles. Time-of-�ight curves

obtained with a Langmuir probe for each process are shown in Figs. 4.1(c) and

4.1(d) [57]. For these measurements, the sample was replaced by a probe that can

be placed at various target-to-probe distances. At high helium background pressure,

the fast component shown in Fig. 4.1(c) is completely replaced with a much slower

component, as shown in Fig. 4.1(d). As a result, particle kinetic energies are reduced

from � 100 eV/atom for e-PLD to � 0.2 eV/atom for th-PLD. However, we note

that the pulse intensity � is the same for e-PLD and th-PLD within 20% across all

deposition runs.

Real-time x-ray scattering with a photon energy of 11.35 keV is performed during

the growth to extract in-plane and out-of-plane structural information about the

growing �lms, as shown in Figs. 4.1(a) and 4.1(b). The measurements are done at

the [0 0 1/2] anti-Bragg position to maximize sensitivity to single unit cell height

features. A broad component of di�use scattering is visible, corresponding to unit

cell height islands on the surface. This image corresponds to 5 ML of deposition

with a dwell time of 6 s, which results in a relatively coarse array of islands. The

scattering forms a nearly perfect circle with a radius of �0.2 nm�1 , indicating that

islands are isotropically arranged on the surface with a mean spacing of �30 nm. In
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Figure 4.1: (a) Schematic of the x-ray scattering experiment and th-PLD process. The
th-PLD process di�ers from e-PLD only in that partial thermalization of the laser plume is
accomplished by introducing 300 mTorr of helium into the growth chamber. (b) A portion of
the scattering pattern transformed into Q coordinates. (c) Time-of-�ight (TOF) spectra for
positive ions in the e-PLD process at several target-to-probe distances. (d) The corresponding
TOF for th-PLD. The insets in (c) and (d) show the arrival times of the leading edge of
the laser plume versus distance. The slope of the curve at the target-to-sample distance of
8.7 cm gives the laser plume velocity when it reaches the sample.
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our experiments, we are sensitive to in-plane di�use scattering intensity out to about

3 nm�1 , corresponding to length scales on the order of 2 nm. That is, we can access

the whole range of length scales over which the two-dimensional islands form, from

the scale of newly arrived particles in individual laser pulses through the aggregation,

coarsening, and coalescence stages of monolayer growth as they occur.

Previous research on atomic-scale mechanisms has focused on the possibility that

arriving particles with hyperthermal kinetic energies in the range of tens to hundreds

of electron volts typical of PLD produce energetic surface smoothening e�ects, includ-

ing energetic-particle island breakup and non-thermal transient enhanced mobility.

Transient enhanced mobility is thought to involve conversion of hyperthermal kinetic

energy into ballistic motion of deposited species [38, 88, 89]. The motion can be in-

plane-like enhanced surface di�usion-or it can involve material transferring between

layers, such as when material lands on top of a unit-cell height island and then hops

over the step edge to the next lower terrace. For example, it was observed in several

experimental x-ray scattering studies of SrTiO3 homoepitaxy that interlayer transport

occurs on two di�erent time scales separated by orders of magnitude [38,88].

An additional energetic mechanism was suggested by Willmott et al. [2] for PLD

growth of La1�x SrxMnO 3 on SrTiO3, in which the energetic species in the laser

plume breaks up islands into smaller daughter islands. Island breakup is expected to

delay the average island size from reaching the critical size at which the next layer

begins to nucleate. This delay should lead to a relatively smoother growth surface.

These results seem to con�rm computational predictions of a breakup e�ect in which

adatoms are "chipped" from the edges of larger islands [41]. Supporting evidence

has also been found in an experimental study of platinum homoepitaxy by PLD,
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in which deposited particles with energies above 200 eV result in a higher island

nucleation density, attributed to an increase of adatoms pushed out of the surface

by the impinging energetic particles [90]. On the other hand, later studies of SrTiO3

homoepitaxy utilizing x-ray scattering measurements sensitive to in-plane structure

have shown that the surface in-plane length scale increases signi�cantly during the

growth [39,46]. This was interpreted as evidence that signi�cant island breakup does

not occur.

As we have mentioned above, we de�ne the PLD regime as being the case where all

the material in the laser plume is deposited before it di�uses signi�cantly or nucleates

islands, so that in the absence of fast nonthermal processes the instantaneous pulse

(impulse) approximation is valid. This has important implications for the length scale

of the islands, particularly during the initial stages of recovery after a deposition pulse.

In continuous deposition, the peak island density scales as F� where F is the deposition

�ux and � is an exponent that depends on the size of the critical nucleus [91]. On

the other hand, in PLD the nucleation density in the impulse approximation is set

by the pulse intensity �, with a length scale of ` � a/� 1=2, where a is the lattice

constant [92]. The arrival time for the main part of the plume is �t < 10 �4 s for

PLD, so that ` depends on � rather than on the �ux during the pulse, Fpulse = �/�t.

4.3 Results

Here, we present in situ x-ray scattering measurements of homoepitaxial growth of

SrTiO3, by comparing the standard energetic deposition process (e-PLD) with a

nearly thermalized version of PLD (th-PLD), as described above. We report two
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principal results. (i) The length scale is reduced and the nucleation density is greatly

increased in e-PLD relative to th-PLD. We observe, for a pulse intensity � � 1/20

ML, the in-plane length scale ` in e-PLD can approach the limiting value deduced

above, which for a = 0.3905 nm is � 2 nm. Coarsening is also limited during e-PLD,

consistent with island breakup. (ii) We �nd that fast interlayer transport occurs dur-

ing both processes. This result is remarkable since the kinetic energy of particles in

th-PLD is reduced by more than two orders of magnitude compared to e-PLD, yet

the amount of fast interlayer transport is estimated to be the same in both processes.

Moreover, by result (i) th-PLD also produces larger island sizes, which implies that

deposited particles have to migrate signi�cantly longer distances to reach the nearest

step edge.

Surface x-ray scattering can be divided into two contributions: (i) the specular

re�ection, which is only sensitive to the layer coverages, and (ii) the di�use intensity,

which is additionally sensitive to in-plane structure. Figure 4.2(a) shows both specular

and di�use data during e-PLD growth up to a thickness of 9 unit cells. The top panel

is the specular intensity, which oscillates with each layer, indicating layer-by-layer

growth. A de�ning characteristic of PLD is that the jumps in the specular intensity

coincide with the arrival of the plume due to a sudden change in the layer coverages.

After each pulse, there is a slow evolution of the intensity as monomers descend and

attach to step edges from above. Comparable results for th-PLD are shown in Fig.

4.2(b). The specular intensity is similar aside from a slightly reduced intensity at the

peaks of the oscillations. The lower panels in Figs. 4.2(a) and 4.2(b) show di�use

scattering pro�les versus deposited thickness. They reveal an interesting di�erence

that e-PLD exhibits a broad distribution centered at � 1 nm �1 that recurs during
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each deposited layer without coarsening, which is absent from the th-PLD pro�les.

This peak position corresponds to a length scale of � 5 nm. As we discuss below,

the length scale of this pro�le can be as small as 2.5 nm for shorter dwell times.

The multimonolayer regime is more complex since preexisting islands play a role. A

di�use peak appears at 0.5 nm�1 in e-PLD during the growth of the second ML, and

gradually coarsens during subsequent growth. A similar peak occurs in th-PLD, but

it appears earlier, and it is shifted to lower Qr throughout the growth.

Figure 4.2: Total specular and di�use scattering comparison between the energetic process
(a) and the thermalized process (b) for a 6 s dwell time. The top panels in (a) and (b) show
the evolution of the total specular intensity and the bottom panels show the corresponding
di�use scattering as a function of Qr . The insets in (a) and (b) show the thermal recovery
of the specular intensity for a single pulse near 0.8 ML coverage. Note that the time axis
has been converted to layer coverage for convenience, although coverage increases in discrete
steps at each laser pulse.

In order to gain further insight into this di�erence and its origin, Figs. 3(a) and

3(b) show di�use scattering pro�les for various dwell times at the same coverage of �

= 0.4 ML. For these plots, we performed a circular average of the di�use intensity at

each Qr , where Qr =
q

Q2
x + Q 2

y. Background corresponding to scattering from the

substrate before the deposition was also subtracted, as described in the Appendix B.

112



There is a clear di�erence in the di�use scattering pro�les, both as a function of the

dwell time and also between e-PLD and th-PLD. In Fig. 4.3(c), we plot the length

scale ` derived from the peak position of the di�use scattering, Qr;max . Comparison of

the curves for energetic and thermalized deposition reveals the remarkable result that

the thermal coarsening e�ect is inhibited in e-PLD, which implies that the nucleation

density is greatly increased by energetic e�ects. For example, comparing the curves

for 6 s dwell time in Fig. 4.3(c), we see that the length scale for e-PLD is about a factor

of three smaller than for th-PLD over the entire range of coverages. For shorter dwell

times, where surface di�usion and relaxation are less dominant, we observe that the

length scales become progressively smaller, even approaching the di�usionless limit

of ` � 2 nm that we deduced from the pulse intensity.

Figure 4.3: Di�use scattering pro�les averaged over a single pulse at 0.4 ML coverage
during the �rst monolayer of growth for (a) the energetic process and (b) the thermalized
process. (c) Average length scale during the �rst monolayer of deposition. The triangles are
for e-PLD and the circles are for th-PLD.

Based on the discussion above, the �rst main conclusion of this study is that the

reduced in-plane length scales and coarsening rates for e-PLD are consistent with the

island break-up mechanism. [2, 41] This process signi�cantly counteracts the e�ects
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of thermal surface di�usion, aggregation, and ripening, leading to an island density

that can be an order of magnitude higher for e-PLD compared to th-PLD for long

dwell times. However, a net coarsening still occurs for e-PLD, albeit at a slower rate,

as shown in Fig. 4.3(c), and it continues during the �rst few monolayers of growth,

as observed in Fig. 4.2(a).

The specular intensity can be expressed as a simple function of the layer coverages.

Assuming layer coverages �n (t) for layers n = 1 - N,

I(t) / jF (Q)j 2

�
�
�
�
�

1
1 � e iQa

+
NX

n=1

� n (t)e �iQna

�
�
�
�
�

2

; (4.1)

where F (Q) is the scattering amplitude of a single unit-cell high layer and Q is the

magnitude of the scattering vector, which is oriented along the surface normal for the

specular re�ection.

Eq. 4.1 can be used to formulate several simple growth models for the intensity at

the anti-Bragg position. In one model called the impulse approximation, it is assumed

that monomers arrive at random positions on the surface during the pulse and then

remain in the same layer. This model predicts a drop in specular intensity I following

each laser pulse given by �I=I = �4�(1 � �). [88] The opposite limiting case is for

perfect layer-by-layer (LBL) growth, which is described by �I=I = �4�((1 � �) �

2�)=(1 �2�) 2. Note that the impulse model predicts that the intensity jump is always

negative, so that in the absence of any relaxation the intensity should continuously

decrease. This is clearly inconsistent with experimental observations of an oscillating

intensity during growth. Therefore, interlayer transport must occur following each

laser pulse, and so the interesting question becomes: on what time scale does it

occur? In order to address this question, Fig. 4.4 shows plots of the experimental
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fast intensity jump along with the total change in the intensity after the dwell time

(labelled �jump + recovery�) for each pulse during the �rst monolayer of deposition.

The results show that the fast jump amplitude signi�cantly deviates from the impulse

model. This is evidence that there must be a fast relaxation component, a result that

was previously deduced for e-PLD. [88] Interestingly, the fast jump amplitudes (blue

symbols in Fig. 4.4) are almost the same for th-PLD and e-PLD, which is remarkable

since previous work emphasized the possible role of high kinetic energies (Ek & 10

eV) in promoting interlayer transport. [38,88] In contrast, our results show that the

high kinetic energy of the incident particles in e-PLD does not enhance interlayer

transport relative to the more modest energies present in th-PLD. The data for the

intensity change after the dwell time is observed to be closer to the LBL model. Thus

thermal relaxation also plays a signi�cant role although it occurs on a much slower

time scale.

The second main conclusion of this study is that fast interlayer transport occurs

for th-PLD as well as e-PLD. We note that based on our Langmuir probe time-of-

�ight studies the temperature of incident particles in th-PLD may be as high as

1500 K. In this range, "hot" particles incident in normal incidence can scatter nearly

elastically from surface atoms, leading to a signi�cant velocity in the plane of the

surface. For example, computational results by Gao et al. for Pd deposition on MgO

showed that Pd arriving near Mg surface atoms can recoil with a signi�cant lateral

velocity without desorbing [93]. Particles incident with 0.4 eV kinetic energy were

found to travel up to 2 nm from their impact site. Our results indicate that partially

thermalized particles in SrTiO3 th-PLD travel up to � 5 nm during growth.

In conclusion, our results suggest that incident particles with kinetic energies
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Figure 4.4: Analysis of the transient jump in the specular intensity following each laser
pulse for (a) e-PLD and (b) th-PLD. Blue symbols labeled �Jump� represent the immediate
normalized intensity change, while the red symbols labeled �Jump + recovery� represent the
total normalized intensity change at the end of the 6 s dwell time. The lines are the two
limiting cases of random deposition with no interlayer relaxation (blue) and perfect layer-
by-layer relaxation (orange).

0:1 < Ek < 10 eV can migrate via transient-enhanced surface di�usion. Higher kinetic

energies can break chemical bonds, leading to phenomena such as island breakup.

These mechanisms should be included in models of epitaxial growth by hyperthermal

and energetic deposition methods, and they can be exploited to engineer thin �lms

and multilayers with improved properties.
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Chapter 5

Detachment - limited interlayer

transport processes during stron-

tium titanate pulsed laser epitaxy

Material from this chapter was published in Physical Review Materials [94]. We

acknowledge Professor Randall Headrick and Dr. Xiaozhi Zhang for their contribution

to this work.

5.1 Abstract

Pulsed laser epitaxial growth is characterized by high instantaneous deposition rates

that lead to the nucleation of transient islands, both on surface terraces and on

top of stable islands formed during previous deposition pulses. We report results

from combined in-situ x-ray re�ectivity and kinetic Monte Carlo (kMC) simulations.

Specular re�ectivity monitors interlayer transport, while di�use scattering reveals the
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evolution of in-plane length scales, both during the recovery time between individual

laser pulses and over multiple deposited layers. The initial stage after each laser pulse

is faster than the temporal resolution of the experiment, while subsequent recovery

occurs over seconds. The results suggest that transient islands on top of stable two-

dimensional islands form immediately after the deposition pulse and then ripen via

detachment and di�usion, leading to the slower component. kMC simulations show

that the detachment energy barrier plays a dominant role in determining the recovery

time constant.

5.2 Introduction

Pulsed laser deposition (PLD) is a versatile technique for the epitaxial growth of

complex oxides such as SrT iO3. Its inherently high instantaneous deposition rates

enable the formation of unique thin-�lm structures and the stabilization of complex

oxide phases that are often inaccessible by other methods, establishing PLD as a

powerful method for advancing materials discovery and exploring emergent physical

phenomena [95]. Notable examples include the formation of a high-mobility electron

gas at the LaAlO3=SrT iO3 heterointerface [84] and superconductivity in nominally

insulating oxide heterostructures [96]. The PLD process encompasses both extremely

fast (possibly submicrosecond scale) nonthermal relaxation events and slower (mil-

lisecond to second scale), thermally driven relaxation processes that govern interlayer

transport and intralayer rearrangements.

Time-resolved x-ray di�raction studies by Tischler et al. revealed that fast,

nonequilibrium interlayer transport can dominate during plume arrival, preceding
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slower thermal processes [38]. Fleet et al. [44] further demonstrated that step-edge

density in�uences surface smoothing by facilitating incorporation of energetic species.

Simulations by Vasco and Sacedon suggest that hot clusters may exhibit ballistic mo-

bility due to nonthermal kinetic energies [89]. This regime is labeled (0) in Fig. 5.1.

Thermal relaxation dynamics in PLD share similarities with those observed in con-

tinuous deposition techniques like molecular beam epitaxy. Kaganer et al. demon-

strated that postgrowth annealing of GaAs involves two distinct recovery stages:

thermally driven interlayer transport that �lls ad-vacancies, and a slower in-plane

coarsening of two-dimensional islands [97]. In SrT iO3 PLD, analogous mechanisms

are at work, although the coarsening dynamics can be signi�cantly suppressed or vary

with island size [46].

In this work we focus on the high nucleation density of unit-cell-height islands that

form immediately upon plume arrival [98]. During the dwell period following each

deposition pulse, these transient islands undergo a form of two-dimensional Ostwald

ripening; smaller islands tend to shrink as their material detaches and di�uses, while

larger islands grow via step-edge attachment [99]. However, we note that classic

Ostwald ripening occurs in a closed system where mass is conserved within a �xed

ensemble of particles [100, 101]. In contrast, the PLD growth surface is an open

system with continuous downward interlayer transport that dynamically alters the

island size distribution. Although nonthermal processes may be important at very

early times, we focus on thermally driven processes that dominate on millisecond and

later timescales.

Our experimental results reveal two overlapping components of thermally driven

interlayer relaxation labeled (1-a) and (1-b) in Fig.5.1. The �rst, occurring on a
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�0.1s timescale, arises from particles (either atoms or few-atom clusters) that directly

di�use to step edges without becoming trapped in transient islands. The second,

slower component�on the order of seconds�is associated with particles that initially

attach to transient islands and later detach before reaching lower-terrace step edges.

Notably, the combined process deviates from simple exponential relaxation kinetics.

Figure 5.1 presents a schematic of the specular anti-Bragg x-ray re�ectivity re-

covery following a laser pulse. The main panel shows two regimes of relaxation: a

fast nonthermal component characterized by time constant �0, and a slower compo-

nent described by a stretched exponential with a time constant �1 and stretching

exponent �1. Insets illustrate three conceptual stages: (0) fast interlayer transport

of monomers; (1-a) thermally driven interlayer transport of atoms or small clusters;

and (1-b) detachment from transient islands, where higher detachment barriers can

delay relaxation. These processes de�ne the distinct temporal regimes. Stage 0 is at-

tributed to nonthermal motion immediately following the deposition pulse [38,44,82].

Monomers landing near island edges can hop down via nonthermal pathways, while

those near the interior become thermalized. Stage 1 encompasses two overlapping

subprocesses: 1-a, in which newly deposited particles or small clusters di�use directly

to step edges; and 1-b, in which particles that become trapped on transient islands

are subsequently re-emitted on longer timescales. The relaxation pro�le may be de-

scribed by a single stretched exponential when detachment barriers are modest but

diverges into two distinct timescales when the barrier is large. Stretched exponential

kinetics are common in systems with multiple competing pathways and a distribution

of relaxation processes [102]. For coverages exceeding 0.5 monolayers, islands may

evolve into holes, re�ecting the interplay between island coalescence and thermally
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activated coarsening.

Figure 5.1: Schematic of the x-ray specular re�ectivity recovery pro�le following a laser
pulse. There are two regimes, one fast regime characterized by time constant �0, and the
other a slow regime characterized by a stretched exponential function with time constant
� 1 and stretching exponent �1. The insets show trajectories of deposited monomers on
underlying two-dimensional crystalline islands, from left to right: (0) nonthermal interlayer
transport of monomers, (1-a) detachment from small transient islands and di�usion of
monomers or several-atom clusters, and (1-b) detachment from larger transient islands.

The solid-on-solid model [103] provides a useful framework for describing these

complex processes by incorporating mechanisms such as surface di�usion, step-edge

di�usion, corner di�usion, and step-edge detachment. We implement the solid-on-

solid (SOS) model in a computationally e�cient kinetic Monte Carlo (kMC) algorithm

that explicitly includes atomistic processes such as surface di�usion, attachment, and

detachment. This allows us to simulate the formation and dissolution of transient

islands and the resulting interlayer transport. To support the kMC results, we also
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consider continuum models that capture some features of the relaxation behavior but

neglect the transient attachment mechanism.

Several rate-equation models have been proposed to describe the evolution of sur-

face roughness and island size distributions during pulsed epitaxial growth. Among

them, the model introduced by Vasco, Polop, and Sacedon (VPS) incorporates Ost-

wald ripening by distinguishing between subcritical two-dimensional clusters�which

permit perfect interlayer transport�and supercritical islands, where interlayer trans-

port is blocked by strong step-edge barriers [83]. Although VPS captures coarsening

behavior, it fails to account for the recovery of specular x-ray re�ectivity in PLD due

to its omission of interlayer mass transfer from material deposited atop larger islands.

As a result, thermally driven disintegration of transient islands�a key mechanism

in our work�is entirely absent. Instead, clusters atop stable islands evolve through

conventional Ostwald ripening, leading to coarsening without dissolution, thermally

driven interlayer transport, or recovery of the specular intensity between deposition

pulses.

Other rate-based models, such as that proposed by Xu et al., include deposi-

tion, intralayer di�usion, interlayer transport, and island dissolution driven by Gibbs�

Thomson and Ostwald ripening e�ects [104]. In this formulation, an empirical param-

eter � governs the rate at which upper-layer islands disintegrate when the underlying

terrace is incompletely �lled. While this model captures the transient nature of clus-

ters atop stable islands, it assumes a constant dissolution probability, resulting in

predictions of simple exponential relaxation that are inconsistent with experimental

data for layer-by-layer growth during PLD [44].

In contrast, our kMC simulations explicitly resolve thermally activated detach-
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ment from transient islands and naturally reproduce the stretched exponential relax-

ation observed in specular x-ray re�ectivity. We �nd that it is essential to include the

formation and decay of transient clusters to accurately model the associated interlayer

transport process. The simulations also predict di�use scattering features that agree

well with experiment, con�rming the role of detachment-limited interlayer transport

in shaping PLD growth dynamics.

While kMC methods o�er detailed insights into surface growth dynamics, they are

computationally intensive, particularly when simulating thermally activated processes

over experimentally relevant time and length scales. As a result, previous studies

have frequently focused on submonolayer growth regimes [92, 98, 105, 106] or have

introduced physical approximations to accelerate simulation times [107]. In this work

we implement a full kinetic Monte Carlo approach based on the SOS approximation

using a conventional bond-counting scheme [108], without further assumptions. This

allows us to model not only specular re�ectivity recovery but also the x-ray di�use

scattering�an essential capability largely absent in previous computational studies.

5.3 Methods

5.3.1 Sample preparation and PLD conditions

SrT iO3 (STO) substrates were obtained from CrysTec GmbH and prepared by etch-

ing in bu�ered NH 4F � HF to produce a T iO 2-terminated surface, followed by high

temperature annealing to form atomically smooth terraces. PLD was carried out

using a 248-nm excimer laser under an oxygen partial pressure of 2 mTorr to ensure
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proper oxidation during growth. The deposition rate was approximately 18 pulses

per unit cell, with a dwell time of 6 s between pulses.

Figure 5.2: Schematic of the energy barriers used in the kMC study. (a) A visualization
of the potential energy surface for di�usion of admolecules. When the particles reach a step
edge, the di�usion barrier is increased by an amount �E ES . (b-f) Important processes for
intralayer particle di�usion, including surface, edge, and corner di�usion (b-d), as well as
step edge (e) and kink detachment (f).

5.3.2 In situ x-ray scattering

Real-time x-ray scattering measurements were performed at the integrated in situ

and resonant hard x-ray (ISR) beamline at the National Synchrotron Light Source II.

Scattering was recorded both on and o� the specular condition using 11.3-keV photons
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to obtain in-plane and out-of-plane structural information during �lm growth. Data

were collected at the [0 0 1/2] anti-Bragg position to maximize sensitivity to single-

unit-cell-height features.

Scattering patterns were captured using an Eiger 1M fast area detector operating

at 10 Hz. A broad di�use component associated with unit-cell-height islands was

consistently observed during �lm deposition. The specular re�ection was split into

multiple peaks due to the stepped substrate morphology; these were integrated to

obtain the total specular intensity.

The setup was sensitive to in-plane di�use scattering out to �3 nm�1 , correspond-

ing to lateral length scales down to �2 nm. This enabled detection across the full

range of island evolution�from initial nucleation and aggregation through coarsening

and coalescence within each monolayer. The di�use intensity formed nearly circular

patterns in reciprocal space, indicating that islands were isotropically distributed

across the surface. Additional experimental details are available in a previous publi-

cation [82].

5.3.3 Kinetic Monte Carlo modeling

Our kinetic Monte Carlo (kMC) approach simulates surface morphology evolution

during pulsed laser deposition (PLD) by tracking atomic-scale processes. Each process

is assigned an energy barrier Ei and a corresponding rate ki , de�ned by the Arrhenius

relation:

ki = � 0 exp
�

�
E i

kB T

�

; (5.1)
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where �0 is the attempt frequency, kB is Boltzmann's constant, and T is the absolute

temperature. For atomic species, �0 is typically 1012-1013 Hz, although clusters of

several atoms may also act as dominant di�using species [89], exhibiting lower attempt

frequencies.

All energy barriers are de�ned relative to the surface di�usion barrier Edif f (Fig.

5.2), and simulations are performed at a �xed temperature of 600� C. The surface

hopping rate rhop sets the timescale for di�usion, and we use it to constrain the choices

of � 0 and Edif f . For example, with k1 � r hop = 407.84 s�1 and a chosen attempt

frequency �0 = 1013 Hz, Edif f corresponds to 1.8 eV [Eq. 5.1]. This hopping rate was

chosen to match experimental lateral length scales based on preliminary simulation

results and is used consistently throughout the study. In the �nal analysis (Fig. 5.7)

we adopted a revised hopping rate of 1251.8 s�1 and an attempt frequency of �107 Hz,

consistent with the experimental results of Ferguson et al. [39]. The Erlich-Schwoebel

barrier �E ES was set to 0 for all simulations.

Each computational cycle selects a process�either deposition or one of the surface

processes illustrated in Fig. 5.2 using a probability weighted by its rate. Time is

incremented using the Bortz-Kalos-Lebowitz (BKL) rejection-free algorithm [109]:

�t =
� ln (r)

P
i ki

; (5.2)

where r is a uniformly distributed random number in (0,1), and the sum is over all

active processes. A sorting scheme similar to that of Schulze is used to group identical

processes and accelerate updates [76]. PLD is modeled as bursts of deposition followed

by dwell periods during which only surface processes occur.

To maintain detailed balance, monomers attached to step edges are allowed to
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detach upward with an appropriate energy barrier, Edet;up = E dif f + �E det + �E ES .

Even in the absence of an Ehrlich-Schwoebel barrier, the detachment rates to upper

and lower terraces are still not equal, since in the upward process monomers have to

break the bond with the terrace.

We studied di�erent initial con�gurations. For circular island simulations, radii

ranged from 8 to 33 lattice units (Figs. 5.6 and 5.7). Recovery after a single deposition

pulse was simulated for detachment barrier �EDet ranging from 0 and 0.4 eV with at

least 800 simulations averaged for each case. Other parameters were �xed at �EES

= 0, and �E edge = �E corner = 10 eV. For circular islands, upward detachment was

disabled to allow better comparison with continuum models. To generate smooth

adatom density maps (e.g., Figs.5.6(f)�5.6(j) with �E Det = 0.3 eV), 1000 simulations

were used. Additional simulations with varying �E Det are described in AppendixD.

We also employed a hybrid approach to investigate adatom transport on noncir-

cular island morphologies: a single growth simulation from a smooth starting surface

with �E Det = 0.3 eV was stopped at 0.6-ML coverage and used as an initial con�g-

uration. This was followed by 10,000 single-shot simulations�resetting to the initial

surface each time�to produce a density map and specular recovery curve [Figs.5.8(a)

and 5.8(b)]. For Fig.5.9, growth was simulated from an initially �at surface with

20 monolayers subsequently deposited. To compute the di�use scattering pro�les

shown in Fig.5.9, 100 equivalent simulations were averaged. Scattering calculations

are described in the next section.

Additional simulation details are provided in Chapter3 and AppendixE. A similar

kMC implementation was described by Lucas and Moskovkin [72]. The code used for

this work is available via a public repository A.

128



5.3.4 Simulated x-ray scattering intensities

Both specular and o�-specular x-ray scattering patterns were calculated from simu-

lated surfaces represented as height arrays. The specular recovery can be understood

in terms of the specular intensity:

I spec � jF (Q z)j

�
�
�
�
�

1
1 � e iQ z a

+
NX

n=1

� n (t)e �iQ z na

�
�
�
�
�

2

: (5.3)

Note that at the (0 0 1/2), which is known as the specular anti-Bragg position,

we have Qza = �, making the scattering from each layer out of phase with the one

beneath it. Typically, only two incomplete layers are present. Then Eq.5.3 simpli�es

to a form involving only the layer coverages �1 and � 2: I spec � j1 � 2� 1 + 2� 2j2.

This expression is used to track the specular intensity during simulated �lm growth.

Individual layer coverages �n evolve with time, so that as material from layer 2 moves

to layer 1, the specular intensity increases or decreases for �1 coverages greater or less

than 0.5, respectively.

The di�use scattering intensity is computed from the height correlations of the

simulated surface. The scalar product of~Q and ~r is ~Q �~r = Q zh(x; y) + (Q xx + Q yy),

where the second term can be expressed more compactly as~Qxy � ~r. The di�use

scattering intensity is written as:

I dif f �

�
�
�
�
�

X

~r

ei ~Qxy �~r eiQ z h(~r)

�
�
�
�
�

2

: (5.4)

Since we are mainly interested in the radial pro�le rather than the two-dimensional

scattering pattern, the expression in Eq. 5.4 is circularly averaged to produce Idif f (Qr ).
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Additional details of the x-ray scattering formalism can be found in Sinha et al., Als-

Nielsen and McMorrow, and Evans et al. [3,54,80].

5.3.5 Continuum modeling of ad-molecule den-

sity evolution

To benchmark the kMC simulations, we solved a continuum model assuming non-

interacting particles with a concentration represented by the density �(r; t). The

radially symmetric two-dimensional di�usion equation is:

@�(r; t)
@t

= Dr 2�(r; t): (5.5)

This was solved within a circular domain of radius R, using the initial condition

�(r; t) = � 0 and boundary condition �(R)) = 0. As shown in AppendixC.1, depletion

occurs �rst near the edge and then more slowly near the center. Comparison with

kMC simulations (for �E det = 0 and �E ES = 0) shows good agreement, with slight

di�erences due to the kMC constraint that prohibits multiple occupancy of lattice

sites, leading to a minor delay in particle depletion.

Following Fleet et al. [44], we also modeled di�usion within an annular domain,

with a central hole at radius Ra where monomers can drop down, and an outer

boundary at Rb representing the average distance between holes. Specular intensity

recovery was calculated by integrating the radial concentration pro�le and applying

the kinematical scattering formula. In both cases�circular and annular�the stretch-

ing exponent was close to 1.0, indicating that the fundamental mode dominates the

relaxation dynamics, despite the presence of multiple exponential components. These
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results are shown as star symbols in Fig. 7(b). Further details are reported in Ap-

pendixC.2.

5.4 Experimental Results

Figure 5.3 shows experimental results capturing the evolution of the �lm during

growth at 600 � C with a 6 s dwell time. In Fig. 5.3(a), the specular anti-Bragg

intensity is shown over the deposition of 64.5 monolayers, with approximately 18

laser pulses per layer. The data, acquired at 10 Hz, reveal extended layer-by-layer

growth, marked by sharp intensity jumps at each pulse. Figure 5.3(b) presents the

circularly averaged di�use scattering around the (0 0 1/2) anti-Bragg re�ection. In

the �rst deposited layer, the di�use scattering is peaked near Qr = 1.0 nm�1 , cor-

responding to an in-plane length scale of about 6 nm. Assuming a unit-cell spacing

of �0.4 nm, and each pulse deposits 1/18 ML, the mean spacing between monomers

is about 1.7 nm. However, the very weak signal at higher Qr (& 2.0 nm�1 ) suggests

that individual monomers contribute minimally to the di�use intensity. The domi-

nant peak near 1.0 nm�1 arises instead from small islands spaced by approximately

6.3 nm, consistent with the schematic shown in Fig. 5.1. Taking the pulse inten-

sity into account, we estimate they are formed by the aggregation of �14 unit cells,

corresponding to a linear island size of �1.5 nm. In subsequent layers, a broader

peak near Qr = 0.5nm�1 emerges and shifts with increasing layer number, while the

persistent peak at 1.0 nm�1 indicates continued nucleation of small islands during

each monolayer cycle.

Figure 5.4 provides a closer view of both specular and di�use signals. Figure 5.4(a)

131



Figure 5.3: (a) Experimental specular anti-Bragg intensity and (b) circularly averaged
di�use intensity over full deposition of 64.5 layers. The horizontal axis has been converted
from time to monolayer coverage using 6 s per laser shot and 18 laser pulses per monolayer.

shows the specular intensity during deposition of a single monolayer (layer 16), with

the inset highlighting the region near 0.6 coverage. Red points correspond to frames

where deposition pulses occurred. Figure 5.4(b) displays a single averaged growth

oscillation compiled from 60 consecutive layers during the steady-state regime, show-

ing signi�cantly improved statistics. Its inset again zooms in at around 0.6 coverage.

The specular recovery exhibits a noticeable asymmetry between lower coverages <0.5

ML and higher coverages; we consider this e�ect in the Discussion section. Figure

5.4(c) shows the di�use intensity averaged over layer 16, �tted with Lorentzian peaks.

A broad, high-Qr shoulder (green dashed line) suggests scattering from small clus-

ters or unresolved features. Figure 5.4(d) shows the di�use intensity over one full

layer oscillation, averaged over 60 layers. Curves are binned by Qr , corresponding

approximately to island size. The blue trace, representing larger islands, increases
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between pulses as material relaxes downward. In contrast, the green curves represent

scattering from smaller clusters, which increase abruptly during deposition and decay

between pulses as material transfers to larger islands. This behavior con�rms that

small islands serve as intermediates in the interlayer transport process.

Figure 5.4: Close-up views of the experimental specular and di�use data. (a) One complete
monolayer oscil lation of the specular intensity. (b) The specular intensity averaged over
60 monolayers. (c) The di�use intensity averaged over one monolayer. (d) The di�use
scattering averaged over 60 monolayers and further binned over the ranges of Qr speci�ed
in the �gure. Details of these curves are discussed in the main text.

Figure 5.5 shows how the x-ray signal recovers after each laser pulse by �tting the

data with a stretched exponential function [as shown in Eq. (5.6)] that captures the
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broad range of relaxation times in the system:

I spec � I f + (I 0 � I f ) exp

"

�
� t

� 1

� � 1
#

: (5.6)

Figures 5.5(a)-5.5(d) provide representative �ts at di�erent time intervals, while

Figs.5.5(e) and 5.5(f) show how the key parameters evolve as the �lm grows. The

relaxation time � 1 increases with layer coverage, indicating slower relaxation as the

layer approaches completion. This e�ect arises from the increasing in�uence of longer

di�usion distances and longer-lasting transient islands as the underlying layer begins

to coalesce. The stretching exponent �1 remains close to 0.5 in the intermediate

regime, re�ecting a wide distribution of kinetic pathways.

Figure 5.5: Stretched exponential �ts to specular anti-Bragg intensity recovery during the
second half of each monolayer. Panels (a)-(d) show example �ts; panels (e) and (f) plot the
extracted parameters. The time constant �1 increases with coverage, while the exponent �1

rises slightly as islands coalesce and the layer morphology transitions from discrete islands
to holes. This trend re�ects cancellation e�ects in the x-ray intensity due to out-of-phase
scattering, as described in Eq. (3).
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5.5 Computational Results

The kinetic Monte Carlo method has been widely used to model thin-�lm growth

processes, including simulations of PLD and applications to oxide perovskite thin �lms

[70,107,110�115]. Our implementation is based on an SOS model in which the surface

is represented by a lattice of discrete height values corresponding to monolayers. This

approach coarse-grains over individual atomic bonds, treating the mobile species as

atoms or small clusters�such as complete SrTiO3 molecular units.

A central strength of kMC is its ability to span a wide range of timescales, enabling

the simulation of rapid processes such as surface di�usion and interlayer hopping,

alongside slower dynamics like detachment from step edges and island coarsening.

Growth conditions�including pulse rate and recovery time�can also be realistically

modeled. Each process in the simulation is governed by an activation barrier Ei ,

which determines its probability of occurring. Details of our kMC implementation

are described in the Chapter3.1 and AppendixE.

Figure 5.2 summarizes the energy landscape used in the simulations. Figure 5.2(a)

visualizes the potential energy surface for surface di�usion, showing that the barrier

increases by an amount �EES when particles reach a step edge. Figures 5.2(b)-5.2(f)

illustrate key di�usion mechanisms included in the model: surface, edge, and corner

di�usion (b-d), as well as step-edge hopping (e) and kink-site detachment (f). In

this study, the Ehrlich-Schwoebel barrier for downward hopping is assumed to be

negligible (�E ES � 0), consistent with prior results for SrTiO3. We focus instead on

the detachment barrier �E det, which is found to control the recovery behavior of both

specular and di�use x-ray scattering during the dwell period after each deposition
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pulse. The total activation energy for detachment is given by Edet = E dif f + n�E det

, where n is the number of lateral bonds that must be broken. Other processes�such

as step-edge and corner di�usion, and kink detachment�are disabled in this study

(i.e., barriers set to a high value, 10 eV). We comment on the expected e�ects of

choosing lower values of these parameters in the Discussion section.

To probe the dynamics of transient island formation and dissolution, we �rst

simulated deposition onto prefabricated circular islands. Figure 5.6 shows the time

evolution for islands with a radius of 22 lattice units at 600� C and a detachment

barrier of 0.3 eV. Initially, small clusters form on top of the circular island following

a single deposition pulse, but these clusters gradually dissolve due to thermally ac-

tivated detachment. As time progresses, the number of transient islands decreases,

and eventually, only one remains�although it, too, dissolves if the simulation runs

long enough. The top row [Figs. 5.6(a)-5.6(e)] shows a single simulation, while the

bottom row [Figs. 5.6(f)-5.6(j)] presents an average over 1000 equivalent simulations.

The widening denuded zone near the island edge highlights the role of step edges as

e�cient sinks when �E ES is small. In this study we focus instead on the e�ect of a

nonzero detachment barrier �Edet, which signi�cantly slows the dissolution of tran-

sient islands while allowing freely di�using ad-particles to reach step edges unimpeded.

This energy separation�between the higher detachment barrier and the lower barri-

ers for di�usion and interlayer transport�leads to the stretched exponential behavior

observed in both simulations and experiment. Simulations equivalent to Fig.5.6 but

with varying detachment barriers are shown in Chapter3.1.7 and AppendixD.

Figure 5.7 quanti�es how the detachment barrier �E det in�uences the recovery

of specular intensity. Figure 5.7(a) shows normalized recovery curves plotted against
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Figure 5.6: Kinetic Monte Carlo study of circular islands with a diameter of 44 lattice units
and 0.3 eV detachment barrier. The top row (a)-(e) is for a single simulation, showing the
behavior of transient islands as a function of time after a single deposition pulse with�� =
0.05 ML, and the bottom row (f)-(j) is an average over 1000 equivalent simulations. The
color scale corresponds to the average height above the base layer, where 0.00 corresponds to
the island layer and 0.05 corresponds to 5% coverage on top of the island layer. In (a)-(f)
the transient islands are colored yellow, and the circular lower island is blue on a darker
base layer.

reduced time t/� , where all curves intersect near unity�consistent with stretched

exponential kinetics. As �E det increases from 0 to 0.4 eV, the characteristic relaxation

time � increases by more than a factor of 50, demonstrating the dramatic slow-down

caused by even modest detachment barriers. Figure 5.7(b) shows the corresponding

stretching exponent �, which decreases to values near 0.5 with increasing �Edet,

indicating a broader distribution of relaxation times. The experimental range for �1

is matched when �E det � 0.3 eV, supporting the conclusion that detachment-limited

dynamics govern the observed behavior. Figure5.7(b) also shows results for analytical

models for circular holes or islands (star symbols); see AppendixC.

In Fig.5.7(c) we convert � into an e�ective di�usion constant, D ef f = L 2=4� , and
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compare the results with extrapolated experimental data from Ferguson et al. at 600

� C [39]. The simulation data align well with this prior work for larger island sizes

when �E det � 0.3 eV. The dashed line in Fig. 5.7(c) represents a crude model based

on Arrhenius behavior, given by Eq. 5.7:

Def f (�E det) = D 0 exp

 

�
Edif f + �E det

kB T

!

= D ef f (0)e�
�E det
k B T ; (5.7)

which assumes a constant base activation energy Edif f for di�usion and isolates the

e�ect of increasing detachment energy. Note that Def f (0) = D 0exp(�E dif f =kB T) is

simply the monomer di�usion rate on the free surface, neglecting the e�ect of at-

tachment/detachment kinetics. This model captures the overall trend and highlights

the exponential sensitivity of recovery kinetics to even small increases in �Edet. Fig-

ure 5.7(d) further illustrates the relationship between activation energy, attempt fre-

quency, and hopping rate. The experimentally derived point corresponds to a surface

di�usion barrier of E dif f = 0.75 eV (see the Discussion section for details of the cal-

culation). A reference curve (yellow dashed line) that covers a wide range of attempt

frequencies for rhop = 1251 s�1 is shown. The other reference curve corresponds to a

constant hopping rate of 407.8 s�1 , which we have used in our kMC simulations.

To test how these results extend to more realistic island morphologies, we per-

formed simulations on a surface with 0.6-ML initial coverage and applied a 0.05-ML

pulse. Figure 5.8(a) shows the ad-molecule density at 0.171 s after the pulse. The

initial morphology was generated by standard PLD growth over a 1000 � 1000 lattice

with 6-s relaxation after each pulse and a 200 � 200 subregion was analyzed. Aver-

aging over 10,000 simulations shows that the denuded zone follows island contours,

just as it did for the case of circular islands.
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Figure 5.7: Characterization of interlayer transport on circular islands. (a) Recovery of
the specular intensity as a function of reduced time for islands with a radius of 16 lattice
units for several detachment energy barriers. (b) Results from �tting the recovery curves for
several island radii as a function of the detachment energy barrier. (c) Estimated e�ective
di�usion parameter D ef f derived from the recovery time constant �1 and the island radius
R. (d) Plot of the surface di�usion hopping rate used in this study. The line shows the
di�usion energy barrier and the attempted frequency combinations that result in a hopping
rate of r = 407.8 s�1 . The data point is an experimentally derived value, as explained in
the main text.

Figure 5.8(b) shows the specular intensity recovery, which exhibits a stretched

exponential shape with � = 0.48, matching experimental observations. The time

constant is signi�cantly longer than would be expected in the absence of a detach-

ment barrier, con�rming the dominant role of transient island dissolution. These
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results demonstrate that detachment-limited relaxation is largely independent of is-

land morphology, except in extreme cases where clusters cannot form or coalesce.

Figure 5.8: Simulated relaxation of a single pulse with �EDet = 0.3 eV. (a) Ad-molecule
density map with a starting coverage of 0.6- and 0.05-ML pulse. 0.00 on the color scale
represents the island layer. (b) Specular intensity recovery after the pulse.

Finally, Fig.5.9 shows the simulated di�use x-ray scattering from kMC simulations

of ten-layer PLD growth using 0.05-ML pulses and 6-s dwell time. In Fig. 5.9(a) the

di�use scattering is circularly averaged in Qr to obtain the radial dependence. The

results closely match the experimental patterns shown in Fig. 5.2. Notably, the

initial layers show a dominant short length-scale component (peaked at high Qr ) that
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gradually evolves into a longer length-scale feature as layer coalescence progresses.

Figure 5.9(b) highlights this evolution by comparing the di�use scattering integrated

over full monolayers for layers 1, 6, 12, and 18. A shoulder at high Qr persists

across layers, indicating continued nucleation of small features atop the growing �lm.

Note that if we convert the Qr scale in Fig. 5.4(c) using the conversion 1 nm�1 =

0.39 inverse lattice units (ilu), we see that the scales are similar and the high Qr

shoulder is at a similar position. Figure 5.9(c) illustrates the recovery behavior after

each pulse of a full monolayer deposition (layer 11). The statistics are much better

than the experimental data in Fig. 5.4(d), particularly at high Qr . Notably, we

see that the high Qr component decays downward immediately after each deposition

pulse, consistent with the dissolution of transient islands. In contrast, the lower Qr

intensities recover upward during each recovery interval as material is added to larger

islands. This e�ect is described in more detail in the Discussion section. The overall

di�use intensity gradually diminishes at the end of each monolayer growth cycle as

the larger islands coalesce and the surface returns to a relatively smooth state. These

trends capture the in�uence of the underlying morphology on the development of each

layer. Additional results, including showing the e�ect of varying detachment barriers,

are given in AppendixE andG.1.

5.6 Discussion

Our kMC simulations reveal that the e�ective surface di�usion coe�cient extracted

from x-ray scattering, Def f , is systematically lower than the true monomer di�usion

coe�cient D. This discrepancy arises because transient island formation temporarily
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Figure 5.9: Simulated x-ray di�use scattering for PLD growth. (a) Di�use scattering vs
time of deposition over 20 monolayers. (b) Time slices integrated over a complete monolayer
of growth for layers 1, 6, 12, and 18. (c) Time slices at di�erent Qr highlighting the di�erent
relaxation behavior for high and low Qr . High Qr corresponds to smaller features.

traps monomers, delaying interlayer relaxation. Attachment and detachment kinet-

ics introduce an intermediate timescale in specular recovery, reducing the apparent

di�usivity extracted from time-resolved data. In this section we place our �ndings in

the context of prior SrT iO3 PLD studies and demonstrate quantitative consistency
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by comparing kMC stretched exponential with biexponential analyses.

5.6.1 Biexponential analysis

Although our stretched exponential �ts require one fewer free parameter and generally

yield superior statistics for �E Det < 0.5 eV, a biexponential �t provides a transparent

method for extracting two relaxation times, �1a and �1b, directly from the experimen-

tal recovery curves (see AppendixF) [26]. As in Fig. 5.1, �1a re�ects the (mostly)

unimpeded monomer di�usion timescale, while �1b is strongly a�ected by detachment

kinetics. Following Gabriel et al. [107], we model these times with simple Arrhenius

expressions:

� �1
1a = � 0 exp

�

�
Edif f

kB T

�

; (5.8a)

� �1
1b = � 0 exp

 

�
Edif f + �E Det

kB T

!

; (5.8b)

Using a conventional attempt frequency �0 = 1011 s�1 , Eq. (5.8a) yields Edif f �

2.03 eV, nearly identical to the 2.05 eV reported by Gabriel et al. [107]. However, this

approach neglects the di�usion length, Ld , that deposited particles must traverse

before reaching a step edge. Since D0 = 1
4a2� 0 in two dimensions [116], and D �

L2d=4�1a, the left side of Eq. (5.8a) should be rescaled by (Ld2=a2), yielding an

estimate of the monomer hopping rate:

rhop = � 0 exp
�

�
Edif f

kB T

�

�
L2

d

a2� 1a
: (5.9)

Estimating L d from the peak position for layer 2 in Fig.5.3(b) (Qpeak � 0.50 nm �1 )
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gives Ld � �=Qpeak � 6.3 nm or �16 lattice constants. Independent temperature-

dependent measurements by Ferguson et al. [39] yield D0 � 10 �8 cm2=s, which cor-

responds to �0 � 2.67 � 10 7 s�1 for a = 3.926 Å. Using our experimental �1a � 0.20

s, we obtain rhop � 1:25 � 10 3 s�1 , Edif f � 0.75 � 0.15 eV.

This value of Edif f , directly extracted from experiment, agrees well with our

kMC-derived estimate based on stretched exponential �ts (see below). It is, however,

signi�cantly lower than the uncorrected value of 2.03 eV, highlighting the critical role

of transient trapping and detachment. Even with �0 = 1011 s�1 , the di�usion barrier

estimated from Eq. 5.8a(a) is 1.37 eV, still well below the uncorrected estimate.

5.6.2 Consistency with kMC

Our kMC simulations were run with a �xed hopping rate rhop = 407.8 s�1 , equivalent

to Ed = 0.83 eV for � 0 = 2.67 � 10 7 s�1 at 600 � C. Although we did not �ne-tune r hop

to match the experiments perfectly, the model demonstrates internal consistency. For

example, Fig. 5.7(c) demonstrates that when �Edet = 0, data for di�erent circular

island sizes collapse onto a single L2=4� point, con�rming that the kMC simulations

correctly capture the e�ective di�usion length.

As an additional benchmark, a detailed comparison of circular island results for

the kMC model vs a continuum model is provided in Chapter3.1.7 and AppendixC.1.

The good agreement between simulation results (Fig.5.9 and FigE.3) and exper-

iment Fig. 5.4 is particularly notable, given the coarse-grained nature of the kMC

model. The simulations assume that deposition results in complete unit cells, ef-

fectively neglecting local variations such as half-unit-cell growth (e.g., T iO2 or SrO

termination) or amorphous deposits. This approximation is justi�ed if crystallization
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occurs on a timescale faster than surface di�usion to step edges and interlayer trans-

port. The agreement with experiment suggests that more complex crystallization

pathways either play a negligible role or occur at length and time scales not resolved

in the measurements.

5.6.3 Extracting �E det from experiment

A more direct determination of the detachment barrier follows from the ratio of Eqs.

(5.8a) and (5.8b):

� 1b

� 1a
= exp

 

�
�E Det

kB T

!

: (5.10)

Using our measured ratio of approximately 14 at 600� C yields �E det � 0.20 eV,

consistent with the results of Gabriel et al. and slightly lower than our kMC estimate

of 0.30 � 0.05 eV. We consider the kMC estimate to be more accurate because it

quantitatively accounts for both the recovery line shape [Figs. 5.7(a) and 5.7(b)] and

the di�usion coe�cient correction [Fig. 5.7(c)]. Figure 5.7(c) clearly predicts that

the e�ect of the detachment barrier is to suppress the e�ective di�usion coe�cient by

a factor of �50 rather than 14. The measurement of �1a from biexponential �tting

may be an overestimation because it may not be purely a measure of the barrier-free

monomer time constant.

We note that a step-edge barrier�EES > 0 alone (i.e., along with �E det = 0) will

produce a di�erent e�ect, since for �E ES 6= 0 interlayer transport will be delayed

even for particles that did not attach to transient islands. Thus, it would not lead

to stretched exponential or biexponential recovery of the specular intensity. On the

145



other hand, the addition of a very small �E ES in combination with a larger �E det

would be expected to delay the fast component of the recovery only, leaving the slow

part relatively unchanged.

5.6.4 Comparison to activation energies from

temperature studies

Ferguson et al. varied the PLD growth temperature to extract both D0 and an

e�ective activation energy, reporting Ea = 0.97 � 0.07 eV and D 0 � 10 �8 cm2=s�1 .

A simple exponential was used to extract the recovery time constants, which we

assume is mostly characteristic of the delayed �1b. Applying Eq. (5.7), we �nd

Ea = E dif f + �E det. Subtracting our detachment barrier, Edif f = 0.67 � 0.09 eV, in

excellent agreement with our combined experimental and simulation based estimates.

Collectively, these results demonstrate that detachment-limited interlayer trans-

port dominates the long-time relaxation dynamics in SrT iO3 PLD. Both stretched-

and bi-exponential models yield a consistent physical picture: while monomer dif-

fusion sets the fundamental timescale, transient trapping at step edges governs the

observed relaxation behavior.

5.6.5 Coverage dependence of specular and dif-

fuse recovery

The specular intensity shown in Figs. 5.4(a) and 5.4(b) exhibits a distinct asymmetry

between the �rst and second halves of the monolayer. In the early stage of the layer
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(� 1 < 0.5), corresponding to island nucleation and early aggregation, the post-pulse

intensity recovery is nearly �at or even slightly decreasing. An exception occurs at

very low coverage (�1 � 0.1ML), where the deposited material primarily �lls residual

holes left by incomplete coalescence of the previous layer.

In contrast, when islands begin to coalesce for �1 > 0.5 the recovery becomes

strongly upward, driven primarily by interlayer mass transport. For example, the

specular intensity at �0.8 ML (just prior to coalescence) shows pronounced relaxation,

unlike the behavior observed at �0.2 ML. This di�erence is attributed to the evolution

of island size and stability: at lower coverage, small, stable islands dominate, whereas

larger, coalescing islands appear at higher coverage.

We interpret the asymmetry as arising from two main e�ects: (i) Reduced particle

capture by small islands since they cover a small percentage of the surface area, leading

to weaker observed relaxation; and (ii) Inability of small islands to support transient

second-layer islands, since they tend to "shed" deposited material before aggregates

can stabilize. These mechanisms are corroborated by the simulated specular intensity

results (FigE.3).

The total di�use intensity behaves complementarily to the specular signal. As

shown in Figs. 5.3(a) and 5.3(b), the two signals oscillate out of phase-di�use intensity

peaks when the specular reaches a minimum near half-integer monolayer coverages.

However, the Qr -resolved di�use recovery reveals more complex behavior due to its

sensitivity to in-plane mass redistribution associated with island aggregation and

coarsening.

Figure 5.4(d) illustrates this complexity: the Qr = 0.05-0.7 nm�1 (blue) curve

shows an upward relaxation after each deposition pulse throughout the full monolayer
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cycle, indicating net growth at longer length scales. At higher Qr , however, this

trend reverses. For example, di�use features in the range Qr = 1.8-3.0 nm�1 (green

curve corresponding to real-space features �2.1-3.5 nm) exhibit a downward trend,

suggesting that these small-scale features shrink or merge into larger structures during

recovery.

These coarsening dynamics, both the growth of larger features and the decay of

smaller ones, are also evident in the KMC simulations [Fig. 5.9(c)], where the signal-

to-noise ratio is higher and the trends appear more clearly. The di�use intensities are

resolved into Qr bins that roughly correspond to the experimental results, highlighting

the similarities.

5.6.6 Multilayer coarsening behavior

In-plane coarsening during multilayer PLD growth involves two distinct populations

of surface features that evolve on di�erent timescales. The �rst consists of small,

transient islands that repeatedly nucleate and dissolve during the recovery time fol-

lowing each deposition pulse. The second comprises a population of larger, stable

islands that persist and coarsen gradually across many monolayers.

Evidence for the transient island population comes from the persistent appear-

ance of high-Qr di�use scattering immediately after each laser pulse Figs. 5.3 and

5.4. These proto-islands, estimated to be as small as 1.5 nm [Fig. 5.4(d)], generate

observable di�use scattering extending to Qr � 3.0 nm �1 . Their rapid dissolution is

driven by nonequilibrium, detachment-limited kinetics: monomers detach and either

hop down to lower layers (interlayer transport) or di�use to larger islands (intralayer

transport). Because monomers that reach step edges are quickly incorporated, they
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are e�ectively removed from the local population, resulting in fast, irreversible re-

laxation. This explains why transient islands evolve on sub-second to few-second

timescales within each dwell period.

In contrast, a second di�use scattering component emerges at lower Qr , re�ecting

the slower coarsening of a more stable island population. This component begins to

form around 2.5 monolayers and becomes increasingly well de�ned with continued

growth. By layer 16, the dominant di�use peak stabilizes near Qr � 0.28 nm �1 ,

corresponding to island diameters of �11 nm or 28 lattice constants [Fig. 5.4(c)].

This population continues to coarsen as additional layers are deposited, with the

peak position gradually shifting to lower Qr values. This regime operates closer to

equilibrium, involving mass exchange between islands of comparable size over many

deposition cycles.

Further support for the existence of a slow coarsening regime comes from the

work of Eres et al., who observed that under static conditions-i.e., when deposition is

halted�coarsening e�ectively stops at �2.5 monolayers [46]. No measurable lateral

redistribution occurred during annealing at 640� C, despite the presence of islands

with diameters of �10 nm. This observation aligns well with our own �ndings at

layer 16, where stable islands reach similar sizes (�11 nm) and the di�use scattering

peak begins to stabilize near Qr � 0.28 nm �1 Fig. 5.4(c).

The lack of further coarsening in the Eres experiment is consistent with expecta-

tions from the Gibbs�Thomson e�ect, which governs Ostwald ripening: once small

islands dissolve and a relatively narrow size distribution remains, the chemical po-

tential di�erence that drives mass transfer between islands becomes minimal. As a

result, the coarsening process slows dramatically or becomes e�ectively arrested. This
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distinction underscores the contrasting dynamics of transient islands, which evolve

rapidly because they are far from equilibrium, versus stable islands, which evolve

slowly under near-equilibrium conditions.

Our kMC simulations capture both regimes. As shown in Fig. 5.9, the main di�use

peak shifts steadily toward lower Qr , re�ecting the slow growth of stable islands, while

a broad high-Qr feature reappears after each pulse, con�rming the repeated formation

and dissolution of transient islands during recovery. A full treatment of this multilayer

coarsening behavior is beyond the scope of the present study, but the observed trends

underscore the rich interplay between nonequilibrium processes that shape thin-�lm

morphology during PLD.

5.7 Conclusions

By correlating experimental measurements with kinetic Monte Carlo simulations, this

work provides new insight into the mechanisms governing interlayer and intralayer

transport during pulsed laser deposition of SrT iO3. A central �nding is the crit-

ical role of step-edge detachment in shaping growth dynamics, leading to strongly

nonequilibrium evolution of small islands during the recovery period following each

laser pulse. The monomer di�usion length�determined by island size and density�is

equally important, as it helps set the timescale of interlayer relaxation.

Thermally driven interlayer transport occurs in two distinct stages: an initial

fast relaxation, as monomers landing near step edges incorporate directly, followed

by a slower process dominated by detachment from transient islands and di�usion

across the terrace. This nonequilibrium behavior is governed by the interplay of
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both di�usion and detachment kinetics. We show that the early-time recovery is

di�usion limited�determined by the monomer hopping rate and largely independent

of the detachment barrier�while the later-time behavior is governed by the rate of

monomer re-emission from step edges and is strongly in�uenced by the detachment

energy barrier.

In SrT iO 3, where Erlich-Schwoebel step-edge barriers are known to be small, tran-

sient islands tend to nucleate near the centers of underlying stable islands rather than

uniformly across the surface. This nonuniform nucleation pattern likely in�uences

long-term surface morphology, including lateral coarsening over multiple monolayers.

These �ndings underscore the importance of incorporating transient island dynamics,

detachment kinetics, and di�usion length into models of PLD growth to accurately

describe relaxation and morphological evolution.
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Chapter 6

Ballistic deposition of nanoparti-

cles

We acknowledge Dr. Yang Li for experimental assistance in the material presented

in this chapter.

6.1 Abstract

Nanoporous thin-�lms are an important class of materials, possessing a large surface

area to volume ratio, with applications ranging from thermoelectric and photovoltaic

materials to supercapacitors. In-Situ X-ray Re�ectivity and Grazing Incidence Small

Angle X-Ray Scattering were used to monitor thin-�lms grown from tungsten silicide

and copper nanoparticles. The nanoparticles ranged in size from 2 nm to 7 nm in

diameter and were made by high-pressure magnetron sputtering via plasma gas con-

densation. X-Ray Re�ectivity measurements of the �lms at various stages of growth

reveal that the resulting �lms exhibit very low density, �15% of bulk density. This is
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consistent with a simple o�-lattice ballistic deposition model where particles stick at

the point of �rst contact without further restructuring. A disordered two-dimensional

layer of particles in contact with the substrate dominates that X-ray re�ectivity curve

since subsequently deposited particles do not form well-de�ned layers. Finally, while

the nanoparticles are unable to restructure themselves, and therefore increase the

packing density, they can exhibit a small degree of relaxation as a function of parti-

cle diameter, suggesting that at small enough size they may be able to relax into a

continuous thin-�lm.

6.2 Introduction

The synthesis and properties of nanometer-scale nanoparticles are a key area of

nanoscience, which relates to particles that can have useful and unique properties

that are not found in bulk form. [117] In physical methods such as gas aggregation,

the particles are synthesized within a specialized cell and then transported in high

vacuum to a substrate surface to form a nanostructured or porous thin �lm. [48,118]

A variant of this method, which we employ here, utilizes a magnetron sputtering

source inside a drift tube in order to produce the nanoparticles. [48,119�122]

This type of physical in-vacuum process presents a challenge, both for determin-

ing the growth processes and the ultimate properties of the individual nanoparticles

produced, as well as the mechanisms of thin �lm formation and restructuring. Here,

we address several aspects of both issues for cases of ceramic and metal nanoparticles.

These challenges motivate several questions and goals:

First is the question of what can be learned about the internal structure of thin
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�lms created by depositing a collimated beams of nanoparticles onto a surface to form

a thin �lm, such as: the packing density, the degree of restructuring, which increases

the number of contact points, and the degree to which particles merge at their contact

points. However, the properties of the �lm depend equally on the density and size of

the individual nanoparticles, as well as the distributions of these quantities. Nanopar-

ticles composed of compounds, alloys, or even core-shell structured nanoparticles are

of interest for a variety of applications, which require characterization of the compo-

sition of the particles. Here, we have utilized a combination of mass spectrometry

and X-ray scattering to extract key parameters such as particle size, density, and the

packing fraction of deposited �lms.

Second, we would like to determine whether there are models (existing or new)

that can describe the properties and reveal the mechanisms of the growth. Here

we study a nearly optimal case where WSix (0:6 � x � 2) nanoparticles reach the

growth surface with thermal velocity in a collimated beam. Since WSix is a high-

temperature material, there is little or no restructuring, such as merging, sintering,

or increasing the number of contact points of the particles as the deposition proceeds.

Growth from nanoparticles under these conditions can be considered to be a classic

example of one of the simplest growth models, known as ballistic deposition. [123]

In this model, particles are deposited at normal incidence to the substrate, and stick

on contact with another particle or the substrate. The resulting �lm structure is a

very loose tree-like structure with few points of contact between particles. Numerical

simulations of this process have been carried out for mono-dispersed spherical particles

which show that the packing fraction of the spheres in the bulk of the �lm � that

is, the volume occupied by the spheres divided by the total volume of space � is
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0.1465. [24] In addition, there are very few points of contact between particles, the

average being two, and the �rst several layers of particles have a higher density than

the bulk of the �lm. [22, 123, 124] Models of the nanoparticle growth process within

the nanoparticle sources have also been proposed, although we will not deal with this

issue in detail here. [119,125�128]

An additional question is related more generally to methods of thin �lm deposition

that utilize vapor from a magnetron sputtering source. We note that the background

gas pressure is one of the most important variables in determining whether nanopar-

ticle formation occurs, and that the pressure ranges up to 0.750 Torr (100 Pa) used

in Plasma-Gas Aggregation (PGA) overlaps with the range commonly used in direct

thin �lm deposition, i.e without utilizing a drift tube or apertures, such as from a

magnetron sputtering source in the o�-axis sputtering geometry, and also in pulsed

laser deposition. For example, both methods have been used for the production of

epitaxial oxide thin �lms at relatively high pressures. [129,130] Therefore, it is impor-

tant to characterize the nanoparticle formation process over a wide range of pressures

in order to evaluate whether nanoparticles may be present in such processes. [47]

Here, we �nd that nanoparticles of WSix readily form and can be extracted from an

aggregation source for pressures above 50 mTorr.

Nanoporous ceramic thin �lms have been of great interest in recent years due to

their unique properties, many of which may be enhanced by a relatively open struc-

ture and a large surface area to volume ratio. One important application has been

the use of nanoporous Titanium Dioxide (TiO2) in dye-sensitized solar cells. [131]

The nanoparticle size and porosity of the �lms have been shown to be key parame-

ters in the overall e�ciency of the cells. [132] Other applications of nanostructures,
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using Tungsten Silicide, show promise for use in energy storage. [133]. Another ap-

plication is in thermoelectric materials. [134, 135] Gas sensing application have used

nanoparticles of Tin Oxide. [136] In this paper, we show that growing �lms by Bal-

listic Deposition of Nanoparticles result in nanoporous �lms with large surface area,

which may be well suited for such devices.

The nanoparticle source used in this study is based on Plasma Gas Aggregation

(PGA) in which nanoparticles are nucleated and grown by thermalization of a high

temperature supersaturated vapor. A source of this type was �rst developed by

Haberland [48] and has been used by numerous groups since. [119�122] The vapor is

generated by magnetron sputtering. Much of the existing literature has dealt with

single element materials, however this process is well equipped to make multi-element

compounds or alloys. [137] We have used the source to grow thin-�lms from copper

nanoparticles as well as tungsten silicide (WSix ) nanoparticles.

6.3 Experimental Details

The nanoparticle source was custom-built following the design described by Haber-

land [48] and is depicted in Figure 6.1. A MeiVac magnetron source with a 2-inch

diameter target was mounted inside a water-cooled stainless-steel drift tube, which

featured a 3.75 mm aperture at one end and an inner diameter of 2.875 inches. The

magnetron included a linear translation mechanism that enabled adjustment of the

target-to-aperture distance from 0 mm to 200 mm. The assembly was installed in

an ultra-high vacuum (UHV) chamber evacuated by a high-capacity turbo-molecular

pump. The aperture permitted the inner chamber to reach pressures su�cient for

157



the gas condensation process. At elevated pressures within the �uid �ow regime,

the system collected nanoparticles into a beam that could be directed either into a

mass spectrometer or onto a substrate for deposition. The primary parameters in-

�uencing nanoparticle size and size distribution were the target-to-aperture distance

(L), gas pressure, and magnetron power. The operating pressure ranged from 50

mTorr to 1 Torr, with L �xed at 150 mm. Argon and helium gases were used to con-

trol nanoparticle size. Larger nanoparticles were produced using only argon, while

smaller nanoparticles were obtained by reducing the argon pressure and introducing

helium.

Figure 6.1: A schematic il lustrates the nanoparticle source and mass spectrometer system.
Nanoparticle material is sputtered from a magnetron target within a vacuum chamber, re-
ferred to as the drift tube. Process gas, which may be argon, helium, or a mixture of both,
is introduced at the rear and �ows through an aperture at the front into a second vacuum
chamber designated for di�erential pumping. This chamber is evacuated by a turbomolecu-
lar pump. The 3.75 mm diameter aperture regulates the pressure within the drift tube. The
atomic vapor is thermalized by the background gas, enabling nanoparticles to nucleate and
grow as they move toward the aperture. After passing through the aperture, the nanopar-
ticles form a beam with an angular spread of approximately 10 degrees. The beam then
passes through a second aperture, 8 mm in diameter, into a third vacuum chamber, known
as the analysis chamber, which is also evacuated by a turbomolecular pump and contains a
quadrupole mass spectrometer.
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The target materials for this study were tungsten disilicide (WSi2) and copper.

Copper is commonly employed with this type of nanoparticle source, and nanoparticle

formation via magnetron sputtering of tungsten silicide (WSix ) has been previously

demonstrated [47]. Three processes were developed for WSix , producing nanopar-

ticles with diameters ranging from 2 nanometers to 7 nanometers. These processes

were designated as process I, process II, and process III, corresponding to increasing

particle size. For copper, only one particle size with a diameter of 5 nanometers,

comparable to process III, was investigated. The process parameters are summarized

in Table 6.1.

The mass distribution of the nanoparticles was measured using a MesoQ Mass

Spectrometer (Mantis Deposition Ltd) installed in the analysis chamber. The in-

strument operates over a mass range of 350 atomic mass units (amu) to 106 amu.

Nanoparticles generated by the pulsed gas aggregation (PGA) method typically pos-

sess a negative charge, which enables direct mass spectrometry without the need for

an ionization stage. To enhance vacuum conditions within the mass spectrometer,

the main chamber and spectrometer chamber were separated by a secondary aper-

ture with an 8 millimeter diameter. The analysis chamber was evacuated using a

300 liter per second turbo-molecular pump. Additionally, a retractable quartz crys-

tal microbalance was positioned inline with the nanoparticle beam to measure the

deposition rate.

For the in-situ X-ray scattering experiments, the drift tube was installed on a

custom UHV chamber at beamline X21 of the National Synchrotron Light Source

(NSLS) at Brookhaven National Lab. A schematic of this setup is shown in Fig. 6.2

(a). The Scattering was performed at an energy of 10 keV (�= 0.1024 nm) with an
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Figure 6.2: (a) A schematic il lustrates the nanoparticle source utilized during the x-ray
scattering experiment. The drift tube is a�xed to the deposition chamber, which is subse-
quently positioned on the x-ray di�ractometer. (b) Real-time data acquired using the grazing-
incidence small-angle x-ray scattering (GISAXS) geometry depict the temporal evolution of
scattering along the Qx direction at a �xed Q z value of 0.71 nm�1 . Dashed lines indicate
the initiation and termination of the deposition process. (c) GISAXS data before and af-
ter the deposition. (d) Data collected using the re�ectivity geometry reveal a central bright
streak at Qx = 0 nm �1 , corresponding to the specular rod. Di�use scattering, attributed
to the presence of spherical nanoparticles, increases in intensity as deposition progresses.
(e) A cross-sectional analysis of the image in panel (d) presents both specular and di�use
scattering as functions of qz. The green data points represent measurements along the green
dashed line in panel (d) at Qx = 0.35 nm �1 .

X-ray beam size of 0.5mm by 1mm. The detector was a Pilatus 100k pixel array area

detector. The nanoparticles were deposited onto thermal SiO2 substrates. In order

to measure both in-plane and out-of-plane �lm structures, two scattering geometries

were used, Grazing Incidence Small Angle X-Ray Scattering (GISAXS) and X-Ray

Re�ectivity (XRR). For Real-Time measurements of the deposition process, GISAXS

was performed by setting the exit angle at the critical angle of the substrate. The

incidence angle was set above the critical angle to keep the specular re�ection o� the

detector. At various mean �lm thicknesses the deposition was stopped and XRR was

performed. In this geometry the incident and exit angles were set equal and swept

from 0.1 to 5 degrees. In addition to the specular beam, di�use scattering along the
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in-plane direction (Qx ) was measured at each angle. This allowed for a full mapping

of the di�use scattering in Qx and Qz as seen in Fig.6.2 (d).

6.4 Experimental Results

6.4.1 Real-Time GISAXS measurements

Real-time X-ray measurements were conducted to characterize the in-plane structure

of nanoparticle-deposited �lms throughout all growth stages. The grazing-incidence

small-angle X-ray scattering (GISAXS) geometry was employed. Figure 6.2 (b)

presents the evolution of GISAXS intensity from a bare substrate during Process

III. Dashed lines indicate the start and end of deposition. The GISAXS intensity

increased as additional nanoparticles accumulated. After deposition ceased, the in-

tensity was monitored to assess relaxation. For all processes, the intensity remained

constant for up to one hour, indicating an absence of relaxation or �lm restructuring.

This stability enabled periodic interruption of deposition to perform X-ray re�ectivity

(XRR) measurements.

The GISAXS intensity pro�le is determined using the kinematical approximation

for a sphere with uniform density. In this approximation, the scattering intensity

is proportional to the squared magnitude of the form factor, which represents the

Fourier transform of the electron density. For a sphere of radius R, the form factor

Fsphere( ~Q; R) is given by:

Fsphere( ~Q; R) /
4
3

�R 3

2

4 3(~QR cos~QR � sin ~QR)

( ~QR)3

3

5 (6.1)
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This function corresponds to a Bessel function, with fringe spacing determined

by the sphere radius R. These fringes are visible in Figure 6.2 (c). The kinematical

approximation applies for incident angles exceeding the critical angle. In these mea-

surements, the incident angle was set above the critical angle for the thermal SiO2

substrate (Qc = 0.3 nm�1 ), resulting in a scattering vector Qz = 0.71 nm�1 , which

is more than twice the critical angle. The GISAXS intensity increased during depo-

sition as additional clusters accumulated. After deposition ceased, the intensity was

monitored and remained constant for up to one hour for all processes, indicating no

relaxation or restructuring of the �lms. This stability permitted periodic interruption

of deposition to conduct XRR measurements.

During the initial growth stages, when nanoparticle coverage is low, interference

between nanoparticles can be neglected. The total scattering intensity is then repre-

sented as a weighted average of the single-particle intensity, based on the nanoparticle

size distribution:

I nanoparticles ( ~Q) =
P

�(R)jF sphere( ~Q; R)j 2

P
�(R)

(6.2)

Here, �(R) denotes the nanoparticle size distribution. For a symmetric distribu-

tion, such as a Gaussian, this averaging damps the fringes. In the case of a skewed

distribution, the fringe positions also shift. Equation 6.2 is applied to extract the

size distribution from early-stage GISAXS intensity data. Since a signi�cant portion

of the substrate remains uncovered at this stage, a substantial scattering contribu-

tion arises from the bare substrate. This substrate term is modeled using a heuristic

equation:
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I substrate (Qx ) = I surface Q�b
x + I bulk exp[

�Q 2
x

2� 2
] (6.3)

where the �rst term is a power law due to the surface roughness of the substrate and

the second term is a Gaussian component due to bulk scattering from the thermal

SiO2. [138] The total GISAXS intensity during the early time is therefore:

I total ( ~Q) = I nanoparticles ( ~Q) + a � I substrate ( ~Q) (6.4)

where a represents the fraction of the substrate surface that remains uncovered by

nanoparticles.

6.4.2 X-Ray Reflectivity measurements

X-ray re�ectivity (XRR) geometry was employed to characterize the �lm structure

perpendicular to the substrate surface. Coupling this geometry with an area detector

enabled measurement of both specular and di�use scattering across a range of Qx

and Qz values. The specular condition occurs at Qx = Q y = 0 nm �1 , where the total

intensity comprises both the true specular and di�use scattering terms. To generate

a complete two-dimensional scattering image, pro�les along the Qx direction were

acquired at each incidence angle and combined to form a full reciprocal space map.

Figure 6.2 (d) provides an example of such a map, obtained during a later stage

of Process III deposition when the mean �lm thickness was 170 nm. The central

bright streak at Qx = 0 nm �1 corresponds to the specular rod. The di�use scattering

forms an isotropic circular pattern, observed for all processes, which results from the

spherical morphology of the nanoparticles.
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Table 6.1: Calculation of Nanoparticle Density. L = 150 mm for all processes.

Process Argon Helium Power Diameter Mass Density
(Torr) (Torr) (W) (nm) (amu) (amu/nm 3) (g/cm 3)

WSix - I 0.24 0.39 25 2.15 4.6�104 8.87�10 3 14.7 � 1.8
WSix - II 0.55 0 50 4.1 3.2�105 8.67�10 3 14.3 � 4.0
WSix - III 0.55 0 25 5.9 8.2�105 7.90�10 3 12.3 � 6.3

Copper 1.00 0 100 4.9 3.0�105 5.02�10 3 8.33 � 1.2

A notable feature of the XRR data is the presence of static oscillations in the

specular scattering. Figure 6.2 (e) displays the scattering along the specular rod and

the di�use scattering at Qx = 0.35 nm�1 as functions of Qz. Oscillations are evident

in both the specular and di�use components, indicating that they originate from the

nanoparticle shape. The magnitude of the specular oscillations is approximately two

orders of magnitude greater, con�rming their presence in the true specular term.

From the well-known master formula, the specular re�ectivity arises from changes

in electron density normal to the surface. [3] This implies there must be an ordered

layer of nanoparticles. This is the case early in the deposition, where the �rst nanopar-

ticles land directly on the substrate and are well correlated in height. After several

layers of nanoparticles are deposited, the heights of newly deposited nanoparticles are

completely uncorrelated, leading to a smooth electron density, not unlike a continuous

thin-�lm.

6.4.3 Nanoparticle Mass Density

Nanoparticle density was calculated using both the mass and radius distributions.

The MesoQ Mass Spectrometer characterized the mass distribution for each process.

The nanoparticle size distribution conforms to a log-normal model [139,140].
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Figure 6.3: (a)-(c) Mass spectrometry data for the three distinct tungsten silicide (WSix )
processes are presented. The red lines indicate �ts based on a log-normal distribution. For
Process II and Process III, multiple peaks appear in the mass spectrum. These peaks are mod-
eled using an additional log-normal distribution, represented by green lines.(d)-(f) Grazing-
incidence small-angle X-ray scattering (GISAXS) curves for the same processes are shown,
along with corresponding �ts. The lower curves represent the bare substrate with �tted mod-
els. The upper curves correspond to the initial stages of nanoparticle deposition, where the
surface coverage was less than 20 percent.

�(M; �; �) =
1

�
p

2�
exp

"

�
(ln M � ln �) 2

2� 2

#

; M > 0 (6.5)

The parameter � represents the mode of the distribution and serves as an estimate

for the average nanoparticle mass. The shape parameter � determines the distribution

width. Nanoparticle density is calculated as �0 = � M =4
3 �� 3

R . The relationship � M =

3� R must hold for each distribution, which can be derived by substituting M =

� 0
4
3 �� 3

R into Eq.(6.5). The value � M is directly obtained from the data, while �tting
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is necessary to determine �M . Mass spectra for each process are presented in Fig.6.3

(a)-(c). For Process I, �tting was straightforward. In Processes II and III, additional

larger peaks were observed and modeled with an extra log-normal distribution. For

density calculations, a weighted average of the peak values was used.

The nanoparticle radius distribution was determined from early-time Grazing In-

cidence Small Angle X-ray Scattering (GISAXS) measurements. A single log-normal

distribution was used for �tting. GISAXS intensity data for the bare substrate and

early-time nanoparticles are shown in Fig. 6.3 (d)-(f), with �ts obtained using Equa-

tions (6.2), (6.3), and (6.4). Comparison of �R with the corresponding �M for the

�rst mass peak con�rms that the � M = 3� R condition is approximately satis�ed.

Due to constraints in the nanoparticle source and mass spectrometer setup, mass

spectra and GISAXS measurements were conducted separately. X-ray experiments

were performed over three distinct Synchrotron runs, with mass measurements con-

ducted between runs. Nanoparticle density was calculated using the average peak

masses and radii from the respective measurements, as summarized in Table6.1. The

calculated nanoparticle density exceeded the bulk density of tungsten disilicide (WSi2,

9.3 g/cm3) for all processes, likely due to increased tungsten content in the nanopar-

ticles. Signi�cant material deposition occurred around the target within the drift

tube. Because silicon has a higher scattering cross-section with the background gas,

these deposits are expected to contain a higher silicon concentration. The calculated

nanoparticle density closely matches that of another stable tungsten silicide phase,

W5Si3 (14.55 g/cm3). As a control, copper nanoparticles measured by the same

method exhibited a density similar to bulk copper (8.9 g/cm3).

To con�rm the hypothesis that the nanoparticles adopt the W5Si3 phase, the ele-
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Table 6.2: Atomic concentrations of Si and W by EDS.

Process Si Concentration (%) Tungsten Concentration (%) Si/W ratio
Process I 10.75 17.90 0.60

Process III 13.31 21.71 0.61
WSi2 Target 43.89 27.24 1.61

mental composition of samples produced using Process I and Process III was analyzed

by Energy Dispersive X-ray Spectroscopy (EDS). The results, presented in Table 6.2,

indicate that the silicon-to-tungsten ratio for both processes was approximately 0.6

or 3/5, consistent with the stoichiometry of W5Si3. For comparison, the target com-

position was also measured, yielding a silicon-to-tungsten ratio of approximately 1.6,

which is slightly below the expected value of 2. This suggests the target is marginally

tungsten-rich. The target surface roughness, on the order of microns, may contribute

to increased uncertainty in the composition analysis [64].

6.4.4 Critical Angle and Nanoporous Film Den-

sity

Because the index of refraction for x-rays is slightly less than unity, a critical angle

exists at which total external re�ection occurs. The critical angle is quantitatively

related to the average electron density by the equation �c =
p

4��r 0=k [3]. The

critical angle provides a direct measurement of the average electron density within

the �lm. For continuous thin �lms, this measurement corresponds to the material's

electron density. In nanoporous thin �lms, which contain signi�cant voids, the average

electron density is given by � = � � � 0, where � denotes the volume packing fraction

and � 0 represents the electron density of the nanoparticle. Figure 6.4 (a) presents

167



Figure 6.4: Evolution of the critical angle with thickness for Process I. (a) Raw data were
collected at multiple mean �lm thicknesses. The critical angle was identi�ed by locating the
steepest slope on each re�ectivity curve. Near the critical angle, the curve exhibits rounding,
which results from absorption e�ects and surface roughness of the thin �lm. (b) The critical
angle is presented as a function of mean �lm thickness. Colored boxes indicate the expected
critical angles for various theoretical models, each spanning a range of nanoparticle densi-
ties. Maximum and minimum box values were calculated using the densities of Tungsten
and tungsten disilicide (WSi2), respectively. The 'bulk' box represents a continuous �lm
with a 100 percent packing fraction at the nanoparticle density. The 'ballistic deposition
with restructuring' (BWR) box corresponds to a packing fraction of 37.94 percent, while the
'ballistic' box corresponds to a packing fraction of 14.6 percent.

re�ectivity curves for Process I during deposition. Surface roughness, absorption,

and instrument resolution cause the curve to appear rounded near the critical angle.

The critical angle is therefore determined at the point of steepest slope, calculated

from the derivative of the re�ectivity curve. For the bare substrate, the critical angle

is 0.17 degrees, consistent with the expected electron density of thermal SiO2. As

the nanoparticle �lm increases in thickness, the critical angle shifts to smaller values,

indicating that the electron density of the �lm is lower than that of the substrate.

Figure 6.4 (b) illustrates the evolution of the critical angle as a function of �lm
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thickness for Process I and Process III, demonstrating that the critical angle ap-

proaches a constant value. This observation, combined with the nanoparticle density

calculation, enables determination of the volume packing fraction for the nanoporous

�lm. The �gure displays expected critical angles for several deposition models, each

characterized by a distinct volume packing fraction. Colored boxes in the �gure rep-

resent di�erent models, each spanning a range of nanoparticle densities from pure

WSi2 (9.3 g/cm3) to pure tungsten (19.3 g/cm3). The red box indicates the sce-

nario in which nanoparticles coalesce into a continuous �lm with a packing fraction

of 100%. For the ballistic deposition model with local restructuring allowed (BWR),

the minimum packing fraction is estimated at 37.9% [24]. In contrast, ballistic depo-

sition without restructuring yields a packing fraction of 14.7%. Among these models,

the critical angle data indicate that the �lms produced are most consistent with the

ballistic deposition model without restructuring.

6.5 Simulations

6.5.1 Details of Code

To analyze the structure of nanoparticle-deposited thin �lms, simulations of the bal-

listic deposition model were conducted. Previous studies focused on a single particle

size [22,24]. These earlier simulations identi�ed two key features: low packing density

in the bulk �lm and the presence of distinct �rst �ve particle layers. In the present

work, the simulation code was extended to accommodate a log-normal distribution of

particle sizes. The results indicate that the volume packing fraction of the bulk �lm
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remains largely unchanged, even with a broad particle size distribution (up to � =

0.3). Additionally, the distinction between the �rst several particle layers diminishes

with broader distributions, although particles in contact with the substrate remain

clearly de�ned. These �ndings are consistent with experimental observations.

The simulation was implemented in Python and executed on a standard work-

station. Parameters were selected to optimize memory usage and processor speed.

The model employed an o�-lattice 2+1 dimensional approach, simulating deposition

in a continuous three-dimensional space. The substrate was set to 2000 nm by 2000

nm, and the peak sphere diameter was set to 1 nm across various � values (0.1, 0.2,

0.25, and 0.3). A total of 1:8 � 108 particles were deposited. In this model, particles

adhere at their �rst point of contact, either with previously deposited particles or the

substrate. The simulation procedure involved selecting random x and y coordinates,

testing for contact with existing particles, determining the highest contact point,

recording the coordinates, and repeating these steps for all particles. The simulation

also tracked the layer assignment of each particle, where a layer was de�ned by the

number of contact points required to reach the substrate. Particles in direct contact

with the substrate were assigned to layer one, those contacting layer one particles to

layer two, and so forth.

6.5.2 Calculation of Electron Density

Quantitative analysis of the Ballistic Deposition model is achieved by calculating

electron density as a function of height. This approach enables the generation of

simulated X-ray re�ectivity (XRR) curves for direct comparison with experimental

measurements. Electron density as a function of height is determined by averaging
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Figure 6.5: Simulated electron density pro�les are presented as a function of height for
two cases: (a) a uniform particle diameter of 1.0 nanometers and (b) a log-normal par-
ticle size distribution with a mean (�) of 1.0 nanometers and a standard deviation (�) of
0.3. Both electron density pro�les exhibit characteristic features of ballistic deposition. The
left region of each plot provides detail near the substrate interface. Multiple layers are ob-
served in the monodisperse case, while in the polydisperse case, oscil lations diminish more
rapidly, although the �rst layer remains distinct. Dashed lines indicate the contributions
from individual layers for the initial layers. The right region of the plots displays the total
packing fraction at later deposition stages, when the mean �lm thickness reaches approx-
imately 200 particle diameters. At this stage, the packing fraction becomes uniform with
respect to height, allowing the volume packing fraction to be determined by averaging over
a range of heights (z). For the monodisperse case, the volume packing fraction is 0.1461 �
0.0006. For the polydisperse case, the volume packing fraction is 0.1435 � 0.0006.

over the x and y dimensions. Practically, the calculation involves converting each

sphere into its corresponding electron density, summing over all spheres in the simu-

lation, and dividing by the substrate area. In three dimensions, the electron density

for a single sphere is given by:

� sphere = � 0�(R 2 � (z � z 0)2); z 2 fz 0 � R; z 0+ Rg (6.6)

Here, R denotes the radius of the sphere and z' represents the height of the sphere's

center. The total electron density is then expressed as:
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�(z) =
� 0

Asub

X

i

� sphere;i = � 0A(z) (6.7)

In this context, the function A(z) denotes the Area Packing Fraction, which quan-

ti�es the fraction of the substrate area occupied by spheres at a given height z. The

volume packing fraction within a region of thickness �z is calculated as follows:

V PF =
1

�z

Z

�z
A(z)dz (6.8)

Figure 6.5 presents the Area Packing Fraction for both monodisperse and poly-

disperse cases. In both scenarios, the layer of spheres in contact with the substrate

is distinct due to strong height correlation, in contrast to the bulk of the �lm. The

parabolic pro�le characteristic of the system remains evident. Polydispersity reduces

the prominence of the four layers above the initial layer. Beyond the �rst several

layers, the area packing fraction stabilizes at a constant value. Equation 6.8 is ap-

plied over a range �z to determine the volume packing fraction for the bulk �lm.

The packing fractions for the monodisperse and polydisperse cases are approximately

14.6% and 14.4%, respectively, when the mean thickness reaches 200 particle diam-

eters. Additional properties, such as �lm surface roughness, can also be extracted

from the electron density data. For instance, the derivative of the electron density

curve indicates that the surface exhibits Gaussian roughness.
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6.6 Analysis of Film Structure

6.6.1 Structure of the first several layers

Figure 6.6: (a) Process I XRR data collected during the initial stages of deposition il lustrate
the progression of interference minima. At 6.5 minutes of deposition, the minima is fully
formed. (b) Simulated X-ray re�ectivity (XRR) curves and corresponding electron densities
are presented. The green curve represents a monodisperse nanoparticle population with a
radius of 1.2 nanometers on a �at substrate. At 12 percent surface coverage, an interference
minimum emerges. The blue curve depicts nanoparticles with a log-normal size distribution
characterized by a � of 1.05 nanometers and a � of 0.3, resulting in an average radius of
1.2 nanometers. The orange curve corresponds to a Ballistic Deposition simulation using
the same log-normal size distribution.

During the initial phase of deposition, most nanoparticles are deposited directly

onto the substrate, forming a two-dimensional layer of spheres. The in�uence of this

two-dimensional layer on X-ray re�ectivity (XRR) is analyzed using the kinematic

approximation and the master formula as described by Als-Nielsen and McMorrow [3].

The analysis considers a simpli�ed scenario in which particles are restricted to land
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only on the substrate surface, not on each other. This scenario corresponds to the

Ballistic Deposition with Restructuring model, where particles that land atop others

subsequently move downward until they contact the substrate. For spheres deposited

on a planar surface with bulk electron density �1 , the re�ectivity is given by:

R(Qz)
RF (Qz)

�

�
�
�
�
�
1 + 4i

� ef f

� 1
e�iQ z R (QzR cos QzR � sin Q zR)

(QzR)2

�
�
�
�
�

2

; (6.9)

Here, RF (Qz) � (Q c=2Qz)4 denotes the Fresnel re�ectivity under the condition

Qz � Q c. In this context, � ef f is the e�ective electron density of the particle layer,

which accounts for the two-dimensional packing density and is de�ned as �ef f =

�� 0. The parameter � represents the fraction of the surface covered by spheres in

contact with the substrate, and �0 is the electron density of the nanoparticles. A

pronounced minimum in the re�ectivity curve emerges during the early deposition

stage, resulting from the cancellation of the two terms on the right-hand side of Eq.

6.9. This cancellation occurs when the terms are exactly out of phase, speci�cally

when QzR = �=2.

A pronounced minimum in the re�ectivity was observed for Process I during the

initial deposition stage. Figure 6.6 (a) illustrates the evolution of this minimum over

time, with the minimum fully developed at a deposition time of 6.5 minutes. The

average nanoparticle diameter, as determined by grazing-incidence small-angle X-ray

scattering (GISAXS), was 2.4 nm. In Figure 6.6 (b), the experimental data are com-

pared to re�ectivity curves (green) predicted by Eq. 6.9. The inset presents the

corresponding electron density pro�le. In this model, all nanoparticles are positioned

at the same height, resulting in a parabolic electron density distribution. The mean

�lm height equals the nanoparticle radius. Using an average radius of 1.2 nm, the
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calculated minimum occurs at Qz = 1:29 nm�1 , which does not match the experimen-

tal value. A similar curve (blue), which incorporates the distribution of nanoparticle

sizes with a standard deviation of 0.3 and a mean of 1.05 to achieve an average radius

of 1.2 nm, shifts the minimum closer to the experimental value but does not achieve

full agreement. The Ballistic Deposition without Restructuring model is also consid-

ered. The orange curve represents a re�ectivity pro�le generated using a simulated

electron density for Ballistic Deposition and the same log-normal size distribution;

further details are provided in the next section. In this scenario, the minimum aligns

with the experimental value. The inset shows the corresponding electron density. At

the point where the minimum occurs, the �lm has already grown to several layers in

thickness, resulting in the minimum appearing at a lower Q value.

Another notable feature in the specular re�ectivity during the early deposition

stage is the presence of oscillations at high Q values, as shown in Figure 6.7. According

to the rightmost term in Eq. 6.9, in the asymptotic limit, the intensity decreases

proportionally to Q �6 . This behavior is characteristic of a two-dimensional layer of

spheres. The experimental data con�rm that the intensity indeed follows a Q�6 decay.

6.6.2 Structure beyond the first several lay-

ers

Beyond the initial layers of nanoparticles, the electron density within the �lm sta-

bilizes at a constant value. In this region, electron density increases in a manner

consistent with typical thin �lms as thickness and surface roughness increase. The

critical angle quanti�es the average electron density, as illustrated in Fig. 6.4.
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The relationship between features of the early re�ectivity curves and the Ballistic

Deposition model has been established. Fitting the complete time series of re�ectivity

curves enables extraction of all parameters describing the nanoparticle size distribu-

tion, including nanoparticle electron density, peak diameter, and distribution width.

These parameters are expected to correspond with those obtained from previous mea-

surements. To generate re�ectivity curves from the Ballistic Deposition model, the

analysis transitions from the kinematic approximation to the Parratt formalism. The

Parratt method is a dynamical theory that models scattering from continuous lay-

ers and incorporates multiple scattering events. [55] This approach provides accurate

re�ectivity values at and below the critical angle.

Electron density pro�les were generated using the Ballistic Deposition simulation

across a range of standard deviation values (�). Both nanoparticle density and peak

diameter were set to unity. The simulation output, area packing fraction, was con-

verted to electron density by multiplying by the nanoparticle electron density. The

peak diameter was adjusted by scaling the z-axis. In the experimental procedure,

nanoparticles were deposited onto a substrate with low surface roughness, whereas

the simulation assumed deposition onto a perfectly �at surface. Substrate roughness

was incorporated by convolving the simulated electron density with a Gaussian func-

tion whose width matched the experimentally determined root mean square (rms)

roughness of 0.26 nm. This convolution broadened the particle layers near the sub-

strate without a�ecting the bulk or surface roughness of the �lm. A detailed sequence

of this process is provided in Appendix J.

The Parratt method was implemented by dividing the simulated electron density

pro�le into thin layers with a thickness of 0.05 nm. This thickness corresponds to
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Table 6.3: Re�ectivity Fitting Parameters

Process � (nm) � � � � el (nm�3 ) � mass (g/cm3)
I - sam1 2.45 0.25 2.45�10�5 1.42�10 �6 3551 16.3
I - sam2 2.10 0.30 2.17�10�5 1.27�10 �6 3170 14.6

III 7.10 0.10 1.86�10�5 1.27�10 �6 2695 12.4

a Qz of 126 nm�1 , which exceeds the measured data range by more than an order

of magnitude. This approach ensured that this length scale did not in�uence the

re�ectivity curves. The layered structure was analyzed using the Parratt method to

generate re�ectivity curves. These curves were compared to experimental data, and

the log-normal distribution parameters were iteratively adjusted to achieve optimal

agreement. Electron density scaling was performed by adjusting the index of refrac-

tion constants, � and �. The simulated re�ectivity curves appeared sharper than the

experimental data due to instrument resolution limitations, speci�cally the spread of

the incident beam. To address this, a Gaussian �lter with a � of 0.07 nm�1 was ap-

plied to the re�ectivity curves, based on the estimated angular spread of the incident

beam. The �nal �ts for Process I and III are presented in Fig. 6.7, and the corre-

sponding �tting parameters are listed in Table 6.3. The nanoparticle electron density

was calculated from the � parameter using �el = k 2�=2� 0, and the mass density was

obtained by converting the electron density, assuming a composition of W5Si3. The

nanoparticle size distribution derived from these �ts is consistent with values ob-

tained from mass spectrometry and grazing-incidence small-angle X-ray scattering

(GISAXS) measurements.

Figure 6.7 presents the X-ray re�ectivity (XRR) data and corresponding model

�ts. The time axis indicates the deposition duration for each curve, and the thick-

ness values are derived from the �tting procedure. These thicknesses generally align
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with the average deposition rates observed for each process. In Process I, the plot

includes an inset that provides a detailed view of the thickness oscillations occurring

during the later stages of �lm growth. For Process III, the plot is divided into re-

gions based on distinct length scales. Region IV represents length scales below 1 nm,

which are smaller than the nanoparticle diameter and comparable to the substrate

roughness. Region III encompasses length scales from 1 nm to 7 nm, corresponding

to the nanoparticle diameter. Oscillations in this region are attributed to the layer of

nanoparticles in direct contact with the substrate. The observed scattering intensity

decreases proportionally to Q�6 nm�1 , which is characteristic of a two-dimensional

nanoparticle layer. Region II spans length scales from 7 nm to 20 nm, represent-

ing the initial several layers of nanoparticles where density decreases as thickness

increases. Region I is de�ned at the critical angle of the substrate. As the �lm thick-

ness increases, the electron density decreases, resulting in a leftward shift of the �lm's

critical angle. At later deposition times, both the substrate and �lm critical angles

are observable. The oscillations between these critical angles are dynamic e�ects re-

sulting from scattering by standing waves within the �lm and are indicative of the

�lm thickness. [141]

6.7 Discussion

The preceding analysis of specular re�ectivity demonstrates that the Ballistic Depo-

sition model e�ectively describes the structure of nanoporous �lms perpendicular to

the surface. Notably, the observed low packing density of nanoparticles suggests that,

even at reduced diameters, the nanoparticles do not coalesce into a continuous �lm.
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Figure 6.7: (left) XRR data for Process I are presented. The curves are scaled to enhance
clarity. The inset provides a detailed view of thickness oscillations. Red curves represent
�ts generated by the Ballistic Deposition simulation. (right) data for Process III are shown.
The re�ectivity pro�le is segmented into regions that correspond to distinct length scales
de�ned by the Ballistic Deposition Model.

Additional understanding of the relaxation mechanism is provided by examining the

grazing-incidence small-angle X-ray scattering (GISAXS) data obtained during the

later stages of �lm growth.

Figure 6.8 (a) presents evidence of relaxation mechanisms in copper nanoparti-

cles. The data correspond to a deposition thickness of 20 nanometers, equivalent

to approximately four particle layers. The blue grazing-incidence small-angle X-ray

scattering (GISAXS) curve, recorded immediately after deposition, displays charac-

teristic fringes indicative of spherical nanoparticles. The fringe spacing indicates a

nanoparticle diameter of approximately 5 nanometers, consistent with the dimensions

of Process III nanoparticles. After an 80-minute relaxation period, the red curve re-
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Figure 6.8: (a) Copper relaxation. The blue curve represents GISAXS data collected af-
ter 20 nanometers of material deposition, displaying characteristic fringes associated with
particle diameter. The red curve corresponds to GISAXS measurements obtained following
80 minutes of relaxation. (b) GISAXS curves for tungsten silicide (WSix ) Process I are
presented for the entire deposition period, demonstrating evidence of relaxation. The �nal
curve is scaled to enhance clarity. The red dashed line represents the scaled �t of the early-
stage GISAXS data, which does not correspond to the late-stage measurements. (c) curves
for tungsten silicide (WSix ) Process III are shown for the complete deposition period. The
�t obtained from early-stage GISAXS data remains consistent with the late-stage measure-
ments.
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veals the absence of these fringes and the emergence of increased scattering at low

momentum transfer (Q). The intensity decreases proportionally to Q�4 nm �1 . The

post-relaxation scattering pro�le resembles that of a rough surface [54].

In contrast, WSix nanoparticles of comparable size exhibit di�erent behavior. As

shown in 6.8 (c), the GISAXS intensity increases with �lm thickness, while the overall

curve shape remains constant. These larger nanoparticles maintain their size and

morphology, indicating minimal merging at contact points. The �nal curve, o�set for

clarity, incorporates a scaled GISAXS structure factor derived from early-stage �ts.

No additional features, such as surface roughness, are observed in the data.

Process I exhibits a more complex evolution in GISAXS patterns, as illustrated in

6.8 (b). With increasing �lm thickness, the low-Q scattering intensity becomes more

pronounced. By the end of deposition, the scaled curve di�ers substantially from its

initial form, with a signi�cant low-Q scattering component not present in Process III.

Long-term mass spectrometry measurements con�rm the stability of Process I, indi-

cating that changes in size distribution are unlikely to explain the evolving GISAXS

pro�les. The observed increase in characteristic length scales suggests progressive

merging of nanoparticles at contact points. However, this process does not increase

the overall packing density, as con�rmed by re�ectivity measurements. These �ndings

are consistent, as merging at contact points stabilizes interparticle bonds and reduces

the likelihood of further nanoparticle rearrangement.

A key question concerns the pressure threshold at which tungsten silicide (WSix )

nanoparticle growth initiates during sputter deposition. Using the MesoQ Mass Spec-

trometer, WSix nanoparticles were detected at argon (Ar) pressures as low as 60

mTorr. The mass spectrometry curves as a function of Ar pressure are presented
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Figure 6.9: The mass spectrum of Process III was measured as a function of pressure. As
pressure decreased, the average mass exhibited reduced intensity and increased average size.
The background signal increased and eventually surpassed the mass spectrum at pressures
below 60 mTorr. This increase in background signal is attributed to energetic particles
escaping from the nanoparticle source as a result of decreased pressure.
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in Figure 6.9. As pressure decreases, nanoparticle signal intensity diminishes, while

particle size increases. Even at 60 mTorr, the nanoparticles remain relatively large.

The reduction in nanoparticle signal with decreasing pressure is accompanied by an

increase in background signal, which obscures measurements below this threshold.

It is likely that nanoparticles persist at pressures below 60 mTorr, although direct

measurement is hindered by background interference.

The nanoparticle source also functions as a �lter for high-energy particles orig-

inating from the magnetron source, thereby shielding the substrate from energetic

e�ects that could in�uence �lm growth. The observed increase in background signal

in low-pressure mass spectra suggests a higher concentration of energetic particles

below 50 mTorr. These energetic particles can signi�cantly a�ect �lm growth, even

when nanoparticles are present. Energetic bombardment may enhance nanoparti-

cle sintering and merging [142,143], potentially producing more compact yet porous

�lms, as observed in conventional sputter deposition of WSix at pressures as low as 6

mTorr [47,144].

6.8 Conclusions

We have shown that a simple ballistic deposition model accurately describes the

structure of �lms formed by nanoparticle deposition. Nanoparticles exhibit minimal

points of contact, resulting in a large exposed surface area. The extent of nanoparticle

merging upon contact remains a key question. For large-diameter tungsten silicide

(WSix ) nanoparticles, merging is minimal and the spherical morphology is preserved.

In contrast, smaller nanoparticles display some relaxation as �lm thickness increases

183



and larger structural features emerge. Despite observable sintering, the low number

of contact points and packing density prevent the formation of a dense, continuous

�lm. Copper nanoparticles demonstrate relaxation and merging in real time, but this

process occurs slowly. Further investigation into the sintering behavior, particularly

the in�uence of energetic bombardment, is recommended.
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Chapter 7

Conclusion

7.1 Summary of Results

This dissertation examines relaxation mechanisms in thin-�lm deposition. Real-time

in situ x-ray scattering, combined with atomistic simulations, provides a robust frame-

work for understanding the in�uence of relaxation mechanisms on growth processes

and resulting �lm properties.

The th-PLD and e-PLD processes were developed to investigate the e�ects of

energetic deposition on the growth of complex oxide materials. Interlayer transport

in strontium titanate (STO) homoepitaxy was found to be consistent between e-PLD

and th-PLD. Comparative analysis revealed equivalent mass transfer following the

deposition pulse. If a transient mobility mechanism were operative, greater interlayer

transport would be expected in the e-PLD process due to the additional kinetic energy

available for interlayer mass transport.

In contrast, in-plane coarsening of islands during submonolayer growth indicates

that e-PLD exhibits a lower coarsening rate than th-PLD. This reduced coarsening
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rate aligns with the island break-up mechanism, where energetic species can frag-

ment or disintegrate smaller islands. This phenomenon is predicted to increase island

density during the initial submonolayer growth stages. According to di�use x-ray

scattering, an increase in island density should shift the correlation peak to higher Q

values. However, this shift is not observed, likely because thermal coarsening dom-

inates immediately after deposition, shifting the correlation peak to lower Q values.

These opposing e�ects tend to o�set each other, resulting in reduced coarsening in

e-PLD compared to th-PLD.

Slow thermal relaxation mechanisms that dominate the dwell time between pulses

in pulsed laser deposition (PLD) were also investigated. The signi�cance of the de-

tachment process, particularly its in�uence on the timescales of relaxation mech-

anisms such as island coarsening, has been underrepresented in the literature. In

PLD, the high deposition rate results in a high nucleation density of small, transient

islands following each deposition pulse. Monomers are deposited in close proximity,

requiring minimal di�usion to form small clusters. Only a small fraction of monomers

are deposited su�ciently close to island step edges to di�use over the edge directly.

The remaining monomers become trapped in small clusters and must be released

before di�using over step edges.

A kinetic Monte Carlo (kMC) code was developed to simulate PLD surface growth

and reproduce many features observed in experimental data. The code incorporates a

comprehensive set of thermal relaxation processes. Simulations in this study focused

on surface di�usion and detachment processes.

At the opposite end of the relaxation spectrum, deposition of thin �lms from

tungsten disilicide nanoparticles produces nanostructured or nanoporous �lms char-
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acterized by large voids and a tree-like network of nanowires. These structures are

predicted by the Ballistic Deposition model, which assumes particles adhere at their

initial point of contact without subsequent relaxation. This model predicts a very

low packing density of approximately 15 percent. The nanoporous �lms produced in

this study exhibited a packing density consistent with the Ballistic Deposition model.

7.2 Future Research

Several observations from pulsed laser deposition (PLD) experiments require further

investigation. For both electronic PLD (e-PLD) and thermal PLD (th-PLD), sus-

tained layer-by-layer growth was maintained for over 60 layers without signi�cant

surface roughening. However, characteristics of thin-�lm growth inconsistent with

homoepitaxy were also observed. Kiessig fringes, which result from interference be-

tween re�ected waves at the substrate-�lm interface and the �lm surface, were present.

In homoepitaxy, the absence of a true substrate-�lm interface is expected because the

same material is being deposited, e�ectively extending the substrate. The presence

of Kiessig fringes suggests that the deposited material di�ers from the substrate.

X-ray re�ectivity scans through the [0 0 1] and [0 0 2] Bragg peaks enable direct

measurement of the lattice constant of the �lms. In all cases, the �lms exhibited a

larger lattice constant than the substrate. One possible explanation is the presence

of oxygen vacancies. In complex oxides, strong ionic bonds exist, and the removal

of oxygen anions leaves excess positive charge, which can cause lattice expansion.

Alternatively, deviations in the cation ratio, speci�cally strontium (Sr) and titanium

(Ti), may contribute to this e�ect.

187



To address this issue, measurement of the �lm stoichiometry is required. This can

be accomplished through modeling the growth process or by employing techniques

such as energy-dispersive X-ray spectroscopy (EDS).

The precise identity of the di�using species on titanium dioxide (T iO2) terminated

surfaces remains unresolved. Molecular dynamics simulations of metal atoms on

strontium titanate (STO) surfaces by Hong et al. [145] indicate that di�usion of

these atomic species is impeded by strong bonding to the highly corrugated potential

energy surface of STO. Vasco et al. [83,89] demonstrated that small oxide clusters can

reduce their interaction with the surface, resulting in lower surface di�usion barriers.

Experimental results from Ferguson et al. [39] report an anomalously low attempt

frequency for surface di�usion on STO. This low prefactor has been attributed to the

presence of small clusters [146].

Preliminary data from kinetic Monte Carlo (kMC) simulations indicate that small

clusters di�using via edge and corner di�usion mechanisms alter the e�ective prefactor

and energy barrier in this direction. Additional details regarding the simulation are

provided in Appendix I.

Lastly, the kinetic Monte Carlo (kMC) code has proven e�ective for investigating

relaxation mechanisms in thin �lm growth. However, its application is currently

limited to simple cubic lattices and single-element compositions. Expanding kMC

capabilities to include crystal structures such as perovskites and multiple species

would provide deeper insights into the questions raised above. This expansion presents

signi�cant challenges, as increased complexity leads to a substantial rise in the number

of parameters. Supplementing kMC with �rst-principles methods such as molecular

dynamics and density functional theory will be necessary to estimate parameters for
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these simulations.
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Appendix A

Code Repository

The code for the kinetic Monte Carlo simulation used in this dissertation is available

at:

https://github.com/je�reyulbrandt/Kinetic-Monte-Carlo

Version: v3.4.1

The code for the Ballistic Deposition simulation used in this dissertation is available

at:

https://github.com/je�reyulbrandt/Ballistic-Deposition

Version: rev2
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Appendix B

Thermal Diffuse X-ray Scatter-

ing Background Subtraction

Background Sources:

The scattering geometry employed o�-specular X-ray di�raction at the (0 0 1/2)

anti-Bragg position. At this position, scattering from successive crystal planes is

out of phase and undergoes destructive interference. As a result, bulk scattering is

minimized while surface scattering is enhanced. Despite this, two background scat-

tering contributions from the bulk were observed. The �rst is a broad, slowly varying

component attributed to thermal di�use scattering. The second consists of multi-

ple lines attributed to X-ray �uorescence. Both background components, originating

from the bulk of the sample, remain constant throughout the deposition process. The

intensity of the broad component increases with temperature, consistent with ther-

mal di�use scattering, which results from thermal vibrations of atoms temporarily

disrupting crystal symmetry and producing di�use scattering. The second compo-

nent, a series of lines observed across the detector, exhibits characteristics of X-ray

205



�uorescence, commonly referred to as Kossel lines. The detector is con�gured with

an energy threshold to reduce this background, although the threshold is not sharply

de�ned. If the threshold is set too high, it may also attenuate the signal of interest.

Both background components remain unchanged before, during, and after deposition,

con�rming their origin in the bulk rather than the surface.

Background Subtraction:

The two background terms were addressed using distinct methods. The broad

background component was subtracted from the raw images. Figure B.1 (left) displays

a representative raw image, integrated over 100 seconds, of a bare substrate. The

broad background exhibits intensity maxima at the upper corners, corresponding to

the high Qz region. The following heuristic function was employed:

I(Q x ; Qz) = AQ z + B + C exp

 
(Qx � E) 2 � (Q z � F ) 2

G2

!

+

D exp

 
(Qx � H) 2 � (Q z � I) 2

J 2

! (B.1)

This function was applied to �t the background scattering. An integrated image

of the substrate's scattering prior to deposition, typically with a 100-second exposure,

was used for the �tting procedure. The resulting �t, representing the average broad

background term, was scaled to match the exposure time of each image and subtracted

from each image in the sequence. The right plot of Figure B.1 presents an example

of the �tted background.

Figure B.2 shows the raw image and the same image with the background �t

subtracted. The second background term, the Kossel lines, are still present in the
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Figure B.1: (left) A complete detector raw image of a bare STO substrate at 600 degrees
Celsius prior to deposition was integrated over 100 seconds. The intense scattering observed
at the bottom results from interaction with the incident beryllium window. The prominent
vertical streak in the center arises from scattering by the crystal truncation rods and appears
highly saturated because of the applied color scale. The use of a large area detector reveals
that the background scattering exhibits signi�cant spatial nonuniformity. (right) Fit of the
broad background scattering.

background-subtracted image.
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Figure B.2: (left) Raw image prior to background subtraction. (right) Image with average
background subtracted
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Appendix C

Analytical Model of Surface Dif-

fusion

C.1 Surface Diffusion off Circular Is-

lands

This section compares the analytical model for surface di�usion o� a circular island

with an equivalent kMC simulation of surface di�usion. The analytical model solution

follows Fleet et al. [44] for an isolated circular island of radius R. The equation for

surface di�usion of monomers in layer 2 is:

@�(r; �; t)
@t

= Dr 2�(r; �; t); (C.1)

where D = D 0e�E a =kB T . The equation can be solved by separation of variables with

the following boundary conditions: the monomer density at the edge of the island,
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�(R; �; t) = 0, and the initial condition of uniform coverage, �(r; �; 0) = � 0. Then,

the general solution takes the form:

�(r; �; t) =
X

m
AmJ0(� m r)e �D� 2

m t ; (C.2)

where J0 is a Bessel function of the �rst kind and �mR = the mth root of J 0. For an

initial uniform density, � 0, the Amplitude, A m , has the solution:

Am =
2

J 2
1 (� mR)

Z R

0
� 0J0(� m r)rdr =

2� 0

J1(� mR)� mR
: (C.3)

The solution is a Fourier-Bessel series with exponential time dependence. Each

term decays with a unique rate constant:

km = D� 2
m =

1
� m

: (C.4)

Layer 2 coverage is found by integrating over the monomer density:

� 2(t) =
1

Areasub

Z R

0

Z 2�

0
�(r; �; t) r dr d� =

X

m
� m (t) =

X

m
� me�D� 2

m t ; (C.5)

where �m = 2�
L 2

RR
0 AmJ0(� m r) r dr. Since the simulation is limited to two layers

only, we can calculate the coverage in Layer 1 as: �1(t) = � 0 + � 0 � � 2(t) where � 0

is the pre-pulse layer coverage. Each term, �m , represents a fractional coverage with

its own decay rate, km . With the layer coverages known, we can create a simulated

Anti-Bragg Specular Intensity using the formula:
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Table C.1: Analytical model results for circular islands

m = 1 m = 2 m = 3 m = 4
km (s�1 ) 1.218 6.419 15.776 29.290
� m (s) 0.821 0.156 0.0634 0.0341

Am 0.080 -0.053 0.043 -0.036
� m 0.021 0.00393 0.00156 0.000814

I(t) = I 0

 

1 + 2
X

n
(�1) n � n (t)

! 2

: (C.6)

Figure C.1: Bessel functions of the �rst kind.

Numerical results for the �rst 4 terms of an island of radius R = 44 unit-cells and

a Di�usion coe�cient of D = 407.83 s �1 are given in Table C.1. A plot of the radial

averaged monomer density is shown in Fig. C.2. These pro�les were generated with
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1000 terms in the Fourier-Bessel series.

Figure C.2: Radial averaged monomer density for an R=44 unit cell island over time.
These curves were generated with 1000 Bessel terms. By t = 0.3 s, most of the higher order
terms have decay leaving only the fundamental Bessel term.

Figure C.3 shows the fractional layer coverages over time for the �rst 5 Fourier-

Bessel terms. Each term clearly decays as a simple exponential.

C.2 Surface Diffusion into Holes

The next model is the opposite case of the above model. Here, monomers di�use

down into a circular hole of radius Ra. The upper level is also circular with a radius

of Rb and periodic boundary conditions.

The di�usion equation is solved in the annular region Ra < r < R b with the

boundary conditions �(Ra; �; t) = 0, @�=@t(Rb; �; t) = 0, and the initial condition

�(r; �; 0) = � 0.

Because of radial symmetry, the Laplacian in polar coordinates reduces to:
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Figure C.3: Fractional layer coverge for the �rst �ve terms of the Fourier-Bessel series.
The right plot is on a semi-log scale showing the clear exponential decay of each of the terms.

r 2� =
1
r

d
dr

 

r
d�
dr

!

(C.7)

The solution to the di�usion equation in the annulus Ra < r < R b is:

�(r; t) =
1X

n=1

An

"

J0(� n r) �
J0(� n ra)
Y0(� n ra)

Y0(� n r)

#

e�D� 2
n t ; (C.8)

with the eigenvalues �n determined by the condition:

J1(� nRb)Y0(� nRa) � J 0(� nRa)Y1(� nRb) = 0 (C.9)

and the expansion coe�cients given by:

An = � 0

RRb
Ra

h
J0(� n r) � J0 (� n r a )

Y0 (� n r a ) Y0(� n r)
i

rdr
RRb

Ra

h
J0(� n r) � J0 (� n r a )

Y0 (� n r a ) Y0(� n r)
i 2

rdr
(C.10)
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The series solution expresses the concentration �(r; t) as a superposition of spatial

eigen functions (each involving a combination of Bessel functions J0 and Neumann

functions Y0) with time dependence given by exponential decay terms exp(�D�2n t).

The model above was implemented in python. Below we show a listing of the

parameters and plots of the results for the particle coverage vs. radial distance,

the total coverage vs. time, and the specular intensity vs time (Figures C.4 - C.6).

Notably, the stretching exponent for this model is close to 1 because the fundamental

mode dominates the total coverage, except for a small deviation at the earliest times.

Parameters

ˆ � 0 initial concentration

ˆ D = 0:1 surface di�usion constant

ˆ R a = 1:0 inner radius

ˆ R b = 3:0 outer radius

ˆ N = 50 number of eigenmodes in series

ˆ Attempt Frequency 10 13 s�1

ˆ E dif f 1:8 eV

ˆ t vals = [0:0125; 0:05; 0:3; 1:2; 4:8; 20; 80] times
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Figure C.4: Concentration versus radial distance and time.

Figure C.5: Total coverage versus time (with a �ner time step compared to the previous
�gure).
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Figure C.6: Specular recovery for an 0.05 ML pulse of ad particles on an underlying island
coverage of 0.70 ML compared to stretched exponential line shapes.
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Appendix D

Circular Island Simulations

Figure D.1(a)-(d) presents the time evolution of radial monomer density for detach-

ment barriers between 0.0 and 0.4 eV. At the initial stage (0.007 s), the curves are

nearly identical because interlayer transport is primarily governed by monomers near

step edges that are not con�ned by transient islands. In subsequent stages, the relax-

ation time is determined by the detachment rate from transient islands. The �gure

demonstrates that higher detachment barriers substantially increase the time required

to reach equivalent interlayer transport.

Figure D.1(a) exhibits the characteristic shape of a �rst-order Bessel function,

with monomer density increasing linearly from the edge to the center of the island.

Figure D.1(b), corresponding to a 0.2 eV detachment barrier, illustrates the onset

of edge clearing. For detachment barriers of 0.3 eV and above, as shown in Figures

D.1(c) and (d), the island edge is nearly devoid of monomers due to minimal di�usion.
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Figure D.1: Radially averaged monomer density vs time for di�erent detachment barriers.
At the earliest stages, the curves at 7 ms are very similar, as this interlayer transport
is driven by surface di�usion of monomers near the step edge that do not get trapped in
transient islands. For later times, the detachment barrier drives the relaxation rate, delaying
the interlayer transport.
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Appendix E

Layer-by-Layer Thin Film Growth

Simulations

This appendix presents simulations of layer-by-layer growth using standard param-

eters. The e�ective di�usion prefactor is 407.83 s�1 , the detachment barrier is 0.3

eV, and the Ehrlich-Schwoebel barrier is 0 eV. The dwell time is 6 seconds, and the

substrate temperature is 600� C. Edge and corner di�usion barriers are set to 10

eV to e�ectively suppress di�usion at these sites. Each layer receives 20 pulses, and

the simulation uses a 1000 � 1000 lattice. Figures E.1 (a) and (b) display the sim-

ulated specular and di�use scattering over 60 layers, which is consistent with the

experimental data.

Figures E.1 (c) to (e) present island morphologies at 0.2 coverage across several

layers, illustrating the general coarsening behavior. In the �rst layer, islands are dis-

tributed relatively uniformly. In subsequent layers, a pronounced coarsening e�ect

results in larger islands. Despite this, smaller islands similar to those in the �rst

layer persist between the larger structures. This distribution is re�ected in the sim-
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Figure E.1: Layer-by-Layer growth simulation using standard parameters. (a) is the simu-
lated Anti-Bragg Specular Intensity over 60 layers, and (b) is the simulated Di�use scattering
over 60 layers vs Qr . .

ulated di�use scattering as two primary peaks. Figures E.1 (f) to (h) depict island

morphologies at 0.6 coverage, where islands begin to merge. Over 60 layers, larger

structures form from groups of merging islands, which correspond to the bright low-Q

peak observed in the di�use scattering.

Figures E.3 (a) and (b) provide details of the specular recovery during the �rst two

layers. The simulations are not constrained by the detector time resolution or x-ray

intensity, unlike the experimental setup, which allows for greater detail immediately

after the deposition pulses. For direct comparison with the experiment, the simulated

intensity is integrated to match the experimental time resolution of 0.1 seconds per

image. The deposition pulse is positioned at the midpoint of each 0.1-second frame.

Figure E.4 shows the stretched exponential �ts of layer 10 of the simulation.
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Figure E.2: Layer-by-Layer growth simulation using standard parameters. (a)-(f) are island
morphologies for layers 1, 10, and 60 at 0.2 and 0.6 coverages on a 400 � 400 region of
the full 1000 � 1000 lattice, showing the coarsening of large islands over many layers of
deposition, and the smaller islands between the larger islands accounting for the two main
peaks in the di�use scattering.

Figure E.4(a) and (b) are examples with coverage of 0.6 and 0.9. Figure E.4(c) and

(d) show the �tting parameters for beta and tau over the second half of layer 10,

showing reasonable agreement with the experiment.
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Figure E.3: (a) Detailed view of Layers 1 and 2 showing the jumps in the specular intensity
and corresponding recovery with a 0.001 s time step. In the simulation data, there is no
time resolution limit, and there is more detail immediately following the deposition pulse.
(b) shows the same data but integrated to a time resolution of 0.1 seconds per frame to
match the experimental conditions. Notice the jumps in intensity are much larger, giving
the illusion of a larger instantaneous mass transfer following each pulse.

Figure E.4: Stretched Exponential Fits of Layer 10 of simulated layer-by-layer growth. (a)
and (b) show �ts are 0.6 and 0.9 coverage respectively. (c) and (d) the �tting parameters
for all coverage in the second half of layer 10's growth. The values are comparable to the
experimental values.
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Appendix F

Bi-Exponential Fitting of Specu-

lar Recovery
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Figure F.1: Bi-exponential �t to experimental recovery curves at a coverage of 0.5 ML and
0.83 ML (upper images). Fitting parameters �1a, � 1b, A1a, A1b as a function of coverage
and parameter ratios (lower panels).
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Appendix G

Energy Barrier Simulations

This appendix shows simulation data for varying the available energy barriers in

the kMC simulation. Below is a table of parameters that we refer to as Standard

parameters.

Table G.1: Standard LBL Simulation Parameters

Parameter Value
Substrate 1000 � 1000

Dwell Time 6 s
Pulse Width 10�10 s

Pulses per Layer 20
Temperature 600 °C

Attempt Frequency 1013 s�1

Edif f 1:8 eV
�E det 0:3 eV
�E edge 10:0 eV

�E corner 10:0 eV
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G.1 Detachment Barrier

This section shows data for several detachment barriers. All other simulation pa-

rameters are the same as before. Figure G.1 shows the simulated Anti-Bragg Inten-

sity. Lower detachment barriers increase the rate which monomers detach from small

transient islands, resulting in more interlayer transport and improved layer-be-layer

growth.

Figure G.1: Simulated Anti-Bragg Intensity for BL growth varying detachment barriers
from 0.2 eV to 0.4 eV. Increasing the detachment barrier results in rougher �lms.

Figure G.2(a)-(c) shows simulated di�use scattering. The main e�ect is the larger

length scales with lower detachment barriers as the higher rate of detachment pro-

motes increased island coarsening via Ostwald Ripening.
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Figure G.2: Layer-by-Layer growth simulation with varying detachment barriers. (a)-(c)
are simulated di�use scattering for detachment barriers of 0.2, 0.3, and 0.4 eV over the �rst
10 layers. The trend shows larger and more compact islands for lower detachment barriers
as the sub-monolayer coarsening rate driven by Ostwald Ripening is greater. Likewise, the
layer-to-layer coarsening rate is greater for larger detachment barriers, driven by earlier
nucleation of each successive layer.

G.2 Ehrlich-Schwoebel Barrier

This section presents simulated XRR data for varying ES barrier values, while main-

taining all other simulation parameters at standard settings.
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Figure G.3 presents the specular re�ectivity during deposition of two layers for

multiple ES barrier values, averaged over 50 simulations. Increasing the ES barrier

results in rougher thin �lms. At 0.3 electron volts (eV), the growth mode transitions

to three-dimensional (3D) growth.

Figure G.3: The e�ect of the ES barrier over two layers of deposition

Figure G.4 displays the specular recovery at 0.6 monolayer coverage for the same

range of ES barrier values, including �ts using a stretched exponential function.

Higher ES barriers result in increased relaxation times (� ) and � parameters ap-

proaching 1.0.
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Figure G.4: Specular recovery at 0.6 monolayer coverage was analyzed as a function of the
ES barrier. The in�uence of the ES barrier on the stretched exponential �tting parameters
is presented. The most signi�cant impact is observed on the tau parameter, which increases
as the ES barrier inhibits the downhill atomic transport mechanism. In contrast, the �
parameter remains relatively unchanged until the ES barrier approaches the magnitude of
the detachment barrier.

G.3 Edge Diffusion Barrier

This section presents simulations incorporating both edge di�usion and corner dif-

fusion. The edge di�usion barrier and corner di�usion barrier are assigned identical

values, eliminating any additional barrier for adatom movement around corners. All

other simulation parameters remain consistent with those described previously. Edge

di�usion enables isolated adatoms attached to island edges to migrate along the edge
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and occupy more stable sites with increased bonding. This process slows the de-

tachment of adatoms from islands. For a �xed dwell time, edge di�usion reduces

interlayer transport and results in rougher �lm morphologies, as illustrated in Figure

G.5(a). Edge and corner di�usion also facilitate more e�cient island coalescence,

producing larger and more circular islands. This e�ect is evident in the simulated

circularly averaged di�use scattering in Figure G.6(b)-(e), where the di�use scatter-

ing peaks become stronger and narrower as the edge and corner di�usion barriers

decrease. Additionally, the formation of larger, rounder islands promotes earlier nu-

cleation of subsequent layers at lower coverages, which is re�ected in the development

of a pronounced secondary peak at higher-Q in the di�use scattering.

Figure G.5(bottom) displays the specular recovery at 0.6 coverage, along with

data �ts using a stretched exponential function. The stretching exponent, �, remains

largely una�ected by variations in edge and corner di�usion time constants, under-

scoring the dominant role of the detachment barrier in determining this parameter.

In contrast, the edge and corner di�usion barriers signi�cantly in�uence the time

constant, � . This observation aligns with the previously described mechanism, where

edge di�usion enables monomers attached to islands to access more stable sites and

decreases interlayer transport rates.

230



Figure G.5: Layer-by-Layer growth simulation with varying edge and corner di�usion bar-
riers. (top) Specular intensity was measured across ten layers. Decreasing the edge di�usion
barrier resulted in increased surface roughness. (bottom) Fits of the specular recovery at 0.6
monolayers for di�erent edge and corner di�usion barriers indicate that Beta values remain
consistent, suggesting that the detachment barrier predominantly determines this parame-
ter. The time constant is most in�uenced by the edge di�usion barrier, which facilitates the
formation of stable islands.
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Figure G.6: Layer-by-Layer growth simulation with varying edge and corner di�usion bar-
riers. (a)-(d) Di�use Intensity over 10 layers.
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Figure G.7: Layer-by-Layer growth simulation using standard parameters and an edge/-
corner di�usion barrier of 0.0 eV. (a)-(f) are island morphologies for layers 1,5, and 10 at
0.2 and 0.6 coverages on a 500 � 500 region of the full 1000 � 1000 lattice. This shows
how edge/corner di�usion encourages compact round islands. It also shows how this leads
to more roughening and a transition to 3D growth.
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Appendix H

Continuous vs Pulsed Deposition

Simulations

A comparison of the detachment barrier in continuous and pulsed deposition was

conducted. Simulations were performed using standard parameters, with the detach-

ment energy barrier (�E det) set to 10 eV to e�ectively disable the detachment process.

The deposition mode was alternated between continuous and pulsed deposition while

maintaining a constant average deposition rate.

The results indicate that, under continuous deposition, �lm growth proceeds via

LBL growth. In contrast, pulsed deposition leads to a rapid transition to 3D growth.

This observation underscores the critical role of the detachment process in pulsed de-

position. The high monomer density following each deposition pulse promotes a high

island nucleation density, resulting in monomers becoming trapped in small islands.

Without detachment, these islands remain immobile, and the monomers within them

cannot di�use to lower layers (smoothing mechanism). Conversely, in continuous de-

position, monomers are deposited gradually and can di�use across the surface before
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attaching to islands or bumping into other monomers. This increased mobility al-

lows monomers to di�use from larger islands to lower layers, thereby supporting LBL

growth.

Figure H.1: Continuous versus pulsed deposition. (a) Specular anit-Bragg intensity during
continuous deposition, exhibiting layer by layer growth. (b)

Specular anit-Bragg intensity during pulsed deposition, exhibiting 3D growth.
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Appendix I

Cluster Diffusion Simulations

This section provides preliminary data regarding cluster di�usion. Ferguson et al. [39]

examined surface di�usion energy barriers in strontium titanate (STO) and reported

a prefactor of approximately 107s�1 , which is signi�cantly lower than the typical value

by six orders of magnitude. The authors proposed that cluster di�usion could explain

this deviation.

Cluster di�usion can occur through multiple mechanisms. Small atomic clusters

may move collectively, preserving their atomic orientation during each hop. Alter-

natively, individual atoms within a cluster may migrate along the cluster's edge or

corner sites, producing a rolling motion. This rolling di�usion mechanism is amenable

to simulation using previously developed kinetic Monte Carlo (kMC) methods.

Simulations of cluster di�usion involved positioning a small cluster at the substrate

center. The attempt frequency was �xed at 1013s�1 and the surface di�usion barrier at

1.6 eV. Edge and corner di�usion barriers were both set to 0.0 eV, ensuring uniform

di�usion rates. The detachment barrier was set to 10.0 eV to e�ectively prevent

cluster dissolution.
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Simulations were conducted for monomers, dimers, and trimers over a temperature

range of 400 to 700 degrees Celsius, in 50-degree increments. The primary output

was the mean square displacement of the cluster center of mass as a function of time,

as shown in Figure I.1. Single-cluster simulations produced considerable noise. To

enhance statistical reliability, each parameter set was simulated 250 times and the

results were averaged.

Figure I.1: Simulation of cluster di�usion. The mean square displacement of the cluster
center of mass is tracked over time. The blue line is a simulation of a single cluster. The
organe line is an average of 250 simulations of cluster di�usion. This greatly improves the
statistics

The surface di�usion coe�cient is related to the mean square displacement and

time through the Einstein relation:

�r 2 = 4Dt: (I.1)

The di�usion coe�cient is de�ned as 0.25 times the slope of the mean square
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displacement plotted against time. Di�usion coe�cients were determined for each

temperature and cluster size.

An Arrhenius plot was generated by plotting the logarithm of the di�usion co-

e�cients against the inverse temperature (1/T) to determine the e�ective surface

di�usion barrier and prefactor. The data were �tted using a linear function. The

slope of this �t represents the e�ective surface di�usion barrier, and the intercept

corresponds to the e�ective prefactor.

Figure I.2: Arrhenius plot for Cluster di�usion

Figure I.2 presents the results. For monomers, the Arrhenius analysis yields values

consistent with the simulation parameters. For dimers and trimers, the e�ective pref-

actor decreases with increasing cluster size. A three-atom cluster shows a reduction

in the e�ective prefactor by nearly an order of magnitude.

Trimers represented the largest clusters examined because the detachment process

was disabled, which prevented corner di�usion from a kink site. In four-atom clusters,
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atoms rapidly form a two-by-two con�guration. The only possible escape mechanism

is detachment from a corner kink site, which was not allowed. As a result, the cluster

remains immobile throughout the simulation.
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Appendix J

Supplemental Material for Nano-

particles Deposition Project

Fitting Re�ectivity Curves

The initial stage in generating re�ectivity curves involves converting raw simula-

tion data into an average electron density pro�le as a function of height. Simulation

outputs consist of center-of-mass coordinates (XCoM , YCoM , ZCoM ) and particle ra-

dius (R) for each deposited particle. These data are recorded in deposition order,

enabling selection of any simulation time point for subsequent analysis.

To calculate the electron density, the list of particles is iterated over, and the

electron density contribution from each particle is summed to obtain the total electron

density, as described in Equations 3.18a and 3.19. The resulting electron density

pro�le is then used as input for the Parratt formalism to generate the re�ectivity

curve. This process requires discretizing the continuous electron density into a series

of thin slabs, with each layer assigned a density value corresponding to the electron

density pro�le.
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Figure J.1: Electron density pro�les were constructed for a substrate exhibiting Gaussian
roughness, represented by the blue solid line, and for a ballistic deposition simulation, indi-
cated by the green solid line. Because the simulation assumes a �at substrate, a discontinuity
appears when the simulated electron density is combined with the substrate electron density,
as shown in the inset plot (green solid line). This discontinuity is eliminated by convolv-
ing the �lm electron density with a Gaussian function whose standard deviation matches
the substrate roughness. The convolution redistributes the heights of the deposited spheres,
simulating deposition onto a rough surface. This process primarily modi�es the electron
density curve near the substrate-�lm interface. The dashed red line il lustrates the result of
the convolution, while the inset red line demonstrates that the discontinuities in the total
electron density have been removed.

The substrate forms the base of the layer stack. A substrate exhibiting appropriate

surface roughness is necessary for accurate modeling. The substrate is represented by

a term without roughness, while the interface is modeled using a layer stack. Surface

roughness is characterized by a Gaussian pro�le, described mathematically as an error

function dependent on height.

The �lm electron density must be adjusted to account for surface roughness. Sim-

ulations are performed on a perfectly �at surface, resulting in all particles in contact

with the substrate being positioned at the same height. This con�guration introduces

a discontinuity in the electron density, as illustrated by the green line in the inset
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of Figure J.1. In contrast, simulations on a rough substrate would yield a Gaussian

distribution of surface particle heights, re�ecting the substrate roughness. The sim-

ulated electron density can be corrected by convolving it with a Gaussian function

that matches the substrate roughness, thereby smoothing the electron density pro�le

and eliminating the discontinuity, as shown by the red curve.

Figure J.2 presents a representative layer stack, with blue layers indicating the

substrate and red layers denoting the corrected �lm. The slab thickness, denoted as d,

must be su�ciently small to prevent the corresponding length scale from appearing

in the re�ectivity curve as a Bragg peak. The associated Q-value, Qz = 2�=d, is

selected to be approximately an order of magnitude greater than the Q-range of the

re�ectivity curve.

Figure J.2: The electron density pro�le is discretized into a series of continuous layers to
facilitate application of the Parratt recursive formula. Each layer is assigned a thickness
su�ciently small to avoid introducing artifacts in the re�ectivity curves. This is achieved
by selecting a thickness signi�cantly less than the experimental height resolution, de�ned
as �z = 2�=Q max . The blue layers represent the substrate, which incorporates Gaussian
roughness, while the red layers correspond to the �lm.

Figure J.3 illustrates the impact of applying surface roughness convolution. In
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the absence of surface roughness correction, high-Q values produce pronounced oscil-

lations in the re�ectivity curve, as indicated by the green curve. When the roughness

convolution is applied, these oscillations are suppressed and the intensity decreases

rapidly, as shown by the blue curve.

Figure J.3: Re�ectivity curves were simulated using the Parratt formalism, both with and
without convolution for surface roughness. The green curve represents calculations based on
a rough substrate and the electron density pro�le from ballistic deposition on a �at surface.
At high momentum transfer (Q), sharp oscillations are observed due to the �rst layer of
spheres being uniformly aligned in height. The blue curve uses the same electron density
pro�le, but with convolution to account for surface roughness. This convolution distributes
the �rst layer of spheres, which reduces the amplitude of oscil lations at high Q. Additionally,
the broadened layer mirrors the surface roughness pro�le, resulting in a more rapid decrease
in total scattering intensity at high Q.

Once the re�ectivity curve is generated, instrument resolution is incorporated.

Omitting instrument resolution results in an unrealistically sharp re�ectivity curve.

Instrument resolution is modeled by convolving the re�ectivity curve with a Gaus-

243



sian function that represents the angular distribution of the x-ray beam. Figure J.4

demonstrates this e�ect: the blue curve, without correction, exhibits sharp oscilla-

tions at low Q, while the red curve, after correction, displays damped oscillations.

Figure J.4: Instrument resolution e�ects on re�ectivity were evaluated by considering the
partial collimation of the x-ray beam, which resulted in a distribution of Q values at each
data point. The x-ray beam passed through a guard slit before the sample, reducing its di-
mensions to 1 mm by 0.5 mm. Upon reaching the detector, the beam exhibited additional
spatial spread. This spread was measured without a sample and converted to Q to de�ne
the instrument resolution function. The simulated re�ectivity curves incorporated this e�ect
by convolution with a Gaussian function, where the width corresponded to the measured Q
spread of approximately 0.07 nm�1 . This convolution dampened oscillations in the re�ec-
tivity curves with wavelengths similar to the resolution function, particularly at low Q. In
contrast, oscil lations with larger wavelengths, observed at high Q, were minimally a�ected.
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