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ABSTRACT OF THE THESIS

Multiscale Computational Fluid Dynamics Modeling of Thermal Atomic Layer Deposition with

Application to Chamber Design

by

Yichi Zhang

Master of Science in Chemical Engineering

University of California, Los Angeles, 2019

Professor Panagiotis D. Christofides, Chair

This work develops a first-principles-based three-dimensional, multiscale computational fluid

dynamics (CFD) model, together with reactor geometry optimizations, of SiO2 thin-film thermal

atomic layer deposition (ALD) using bis(tertiary-butylamino)silane (BTBAS) and ozone as

precursors. Specifically, an accurate macroscopic CFD model of the ALD reactor chamber

gas-phase development is integrated with a detailed microscopic kinetic Monte-Carlo (kMC)

model that was developed in [1], accounting for the microscopic lattice structure, atomic

interactions and detailed surface chemical reactions. The multiscale information exchange and

the transient simulation of the microscopic distributed kMC algorithms and the macroscopic CFD

model are achieved through a parallel processing message passing interface (MPI) structure.

Additionally, density functional theory (DFT)-based calculations are used compute the key

thermodynamic and kinetic parameters for the microscopic thin-film growth process. Recognizing

the transient non-uniformity and the possibility to reduce the current ALD cycle time, the optimal

configuration of reactor geometry is designed including a showerhead panel adjustment and

geometry modifications on reactor inlet and upstream. It is demonstrated that with suitable reactor

chamber design the required BTBAS ALD half-cycle time can be reduced by 39.6%.
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Chapter 1

Introduction

Thin-film deposition has always been an important upstream component of the semiconductor

industry. To produce good-quality thin-films, many deposition techniques, such as physical vapor

deposition (PVD), coating, and chemical vapor deposition (CVD) have been developed over

the past few decades for materials like amorphous silicon, Al2O3, ZrO2, HfO2 and other [2].

Nevertheless, more precise and controllable deposition technology is needed as the requirements

in semiconductor industry have become increasingly stringent. For example, the new memory

designs like the NAND-type flash memory require conformal films with a more stringent criterion

on uniformity and defects, along with complex non-planar three-dimensional structures. In

addition, the dimensions of the new gate dielectrics are scaling down to sub-10-nm scale, with

the associated film thickness under 20 Å [3, 4]. To meet the demands of such major design

breakthroughs, atomic layer deposition (ALD) process has been developed and widely utlized

in the semiconductor industry [5]. ALD is a thin-film deposition method originally developed as

a subclass variation of CVD. In ALD processes, the substrate surface is sequentially exposed to

gas-phase precursor pulses instead of a single continuous flow of gas stream. In each of these pulses

(half-cycle), ideally only precursor is reacting with the surface in a self-limiting way, which allows

a nearly conformal surface coverage under sufficient cycle time, precursor dosage and appropriate

operating conditions. Between the alternating half-cycles, an inert gas is used to purge the reactor,
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removing the previously-entered precursor from the chamber prior to the next precursor pulse, in

order to avoid undesirable reactions and to ensure high film quality [6]. Thus, the ALD method

is capable of uniformly growing materials layer-by-layer on complex substrate geometries in a

more precise and more controllable manner [7–10]. As a result, ALD has demonstrated its great

potential in the field of microelectronics manufacturing, where 3D ultra-thin and highly-conformal

films are becoming increasingly crucial.

In recent years, there has been a growing number of ALD works on both laboratory

and industrial scales for developing novel reaction mechanisms and precursors, which allow

higher aspect ratio substrate lay-outs and faster film processing [5]. Nevertheless, industrial

manufacturing and experimental studies on ALD still struggle with limited throughput and high

cost of precursors and ALD equipment [9]. In addition, the exact influence of the gas-phase

development in the reactor on the microscopic deposition processes remains unclear, and the

real-time in-situ monitoring of film growth uniformity and local structure is not yet industrially

available. Detailed molecular structure can be investigated using scanning electron microscope

(SEM) and scanning tunneling microscope (STM), which are destructive to the deposited film

[11]. Real-time overall thin-film growth rate may be examined with quartz crystal microbalance

(QCM) but the measurement of local deposition rates is beyond QCM’s capability [12]. In-situ

spectroscopic ellipsometry is a feasible method for local behavior inspection but currently it is not

prevalent in the industry because of its complex optical operations [13,14]. Thus, a comprehensive

simulation model for ALD reactor chambers that helps understanding the details of the real-time

reactor gas-phase profile together with the thin-film deposition profile is of value to both industrial

and research work.

Many simulation models have been developed to capture the transport phenomena in the

gas-phase for CVD, as well as the reaction and structural details of the thin-film deposition.

For the gas-phase model, traditionally, analytical solutions of the mass, momentum and energy

conservation equations are obtained to characterize the macroscopic gas-phase spatio-temporal

evolution in simplified geometries and with very low computational demand. For example,
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[15] assumed a 2D vertical flow gas-phase profile, and [16] constructed the reactor chamber

geometry with a simple array of equally sized square-shaped cells. However, the first-principles

models with simplified assumptions fail to provide meaningful results that are applicable to the

industrially-relevant ALD systems, which often involve complicated and detailed reactor geometry

designs. Thus, computational fluid dynamics (CFD) modeling, a more advanced numerical

simulation tool, is adopted and it is demonstrated to be capable of solving the gas-phase transport

phenomena with high resolution in complex geometries [17, 18]. For the microscopic surface

deposition model simulation, Molecular Dynamics (MD), and more recently, kinetic Monte Carlo

(kMC) are broadly utilized [19–21]. Ab initio MD models monitor the physical movement of all

atoms and molecules in the system, which is computationally impossible and ill-conditioned for

the industrial-scale systems [22]. On the contrary, the kMC method tracks a single event according

to its probability distribution at a given time, dramatically improving the computational efficiency

while preserving the model validity [23, 24]. Many groups have demonstrated the possibility of

incorporating kMC in ALD simulations. For example, [25] adopted the experimentally determined

reaction and recombination probabilities to construct a simple kMC algorithm for plasma-enhanced

ALD. [9] simulated Al2O3 ALD on small-scale using a first-principles analysis based kMC model.

Recently, [18] proposed a multiscale CFD modeling approach, integrating the microscopic kMC

model and a macroscopic CFD model for plasma enhanced CVD, and demonstrated its ability to

help understanding the influence of the reactor geometry on the microscopic surface deposition

profile.

In semiconductor manufacturing, SiO2 is one of the most crucial materials for the

sacrificial layers in micro-electro-mechanical systems (MEMS) and dielectric films for

metal-oxide-semiconductor field-effect transistor (MOSFET) [26, 27]. The film thickness of those

ultra-thin gate oxides has decreased to around 20 Å (10 atomic layers) and it is not possible to

produce such thin films using traditional deposition methods [4]. Recently, [1] has investigated the

detailed mechanism of the microscopic SiO2 thin-film deposition using thermal ALD. However,

that work has not incorporated the microscopic deposition profile with the gas-phase development

3



in the thermal ALD reactor. In order to fully understand the entire SiO2 ALD process, it is

essential to adopt the multiscale approach developed by [18]. The resulting transient multiscale

CFD model will provide a full-picture of the deposition process and enable a better understanding

of the input-output relationship between operation conditions and cycle time. Having an accurate

and comprehensive model also makes on-line optimization and real-time control possible for ALD

processes [28–35].

In this work, we propose a density functional theory (DFT)-based multiscale CFD model

for SiO2 thin-film ALD with bis(tertiary-butylamino)silane (BTBAS) and ozone as precursors.

Specifically, the multiscale CFD model combines a 3D macroscopic CFD domain and a

3D microscopic surface deposition kMC domain. The DFT-calculated thermodynamic and

kinetic parameters such as the intermediate complex activation energies and the pre-exponential

coefficients crucially affect the event selection of the microscopic kMC model to reproduce

realistic thin-film growth rates and structure. Additionally, entropy, enthalpy, and viscosity are

critical to the gas-phase CFD transport phenomena. With regard to the microscopic domain (i.e.,

the surface of the SiO2 wafer), a detailed 3D kMC algorithm developed previously by [1] is adopted

to capture the structure of the SiO2 thin-film, the reaction mechanism, and the growth profile. For

the macroscopic domain (i.e., the gas-phase), a transient 3D CFD model is adopted to account for

the coupled mass and energy transport in the industrial scale ALD reactor under experimental and

industrial standard operating conditions. The macroscopic and microscopic domains are linked

and solved simultaneously via a parallel processing message passing interface (MPI) structure. A

nominal reactor design under the proposed model successfully reproduces the experimental and

industrial growth per cycle (GPC) and cycle time, and the result reveals a non-uniform transient

development of the precursor concentration in the reactor. According to this finding, two chamber

geometry designs are developed and evaluated, including an adaptive adjustment of the size and

position of showerhead holes, and a modification of the upstream region [36]. The resulting

optimal chamber design adjusts and integrates the two features and is demonstrated to reduce the

half-cycle time needed by 39.6%. Furthermore, the integrated modeling framework developed in
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this work can serve as a general modeling guideline for ALD and can be extended to other thin-film

materials using different precursors, reactors, and operating conditions.
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Chapter 2

ALD Process Description and Multiscale

CFD Modeling

This section focuses on the development of the 3D multiscale CFD model that describes the

thermal ALD deposition of SiO2 thin-film. The precursor selection is first discussed based on

the candidates’ reported chemical and physical properties. Then, the CFD model for the gas-phase

macroscopic domain is discussed in detail: a 3D geometry of a thermal ALD reactor is constructed

and is discretized spatially to a high-quality mesh; the gas-phase transport mechanisms and the

detailed tuning are elaborated. Next, the kMC algorithm for the microscopic deposition model

is discussed in detail: the approximation of the 3D SiO2 lattice is introduced and validated; the

reaction mechanism and associated kinetics are formulated; the kMC algorithm for event selection

and time evolution is explained. Subsequently, the parallel processing and the interaction between

the two models through the MPI is demonstrated along with the automated workflow. Finally, DFT

calculations using Gaussian09/Gaussview software package for the determination of the important

thermodynamic parameters are explained [37].
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2.1 Precursor Selection

Surface reactions in the ALD process govern the growth rate and the structural pattern

of SiO2 films. Therefore, the selection of oxygen and silicon precursors is an important

topic. In the past, many silicon precursors have been selected and studied to improve

the uniformity and the growth rate of SiO2 deposition. In recent years, aminosilane-based

precursors have gained significant popularity because of the low activation energy of the

sequential dissociative chemisorption mechanism caused by the H-N hydrogen bonds formed

during the adsorption stage. These characteristics lead to high reaction rate and greatly

improve the efficiency of SiO2 deposition [38]. Among those aminosilane precursors,

the most popular ones are: bis(tertiary-butylamino)silane (BTBAS), bis(diethylamino)silane

(BDEAS), bis(dimethylamino)-silane (BDMAS), tris(dimethylamino)silane (TDMAS) and

di(sec-butylamino)silane (DSBAS) [39–44]. In order to pick the most favorable precursor for our

simulation, we account for the following factors: the existence of experimental data (e.g., growth

per cycle (GPC) and precursor exposure time), the existence of theoretical data (e.g., reaction

mechanism and associated kinetic parameters), and the availability of additional information such

as film quality, sticking coefficient and steric hindrance studies. Based on the above considerations,

BTBAS is chosen as the Si precursor due to its fast reported growth rate (1.4 Å ∼ 2.1 Å per

cycle), adequate experimental and theoretical data, and a detailed mechanism available to model

the process [38, 45]. With respect to the oxygen precursor, ozone (O3) is chosen among the

common candidates for thermal ALD of oxide films, because ozone is chemically reactive and

does not introduce hydrogen-involved side products in the thermal ALD process. Furthermore,

ozone is extensively used in the industry and is widely studied in experiments, which makes its

major chemical properties and reaction mechanisms readily accessible [45–47].
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2.2 Macroscopic CFD Model

Deposition of SiO2 thin-films in an industrial ALD reactor is intimately related to the physical and

chemical phenomena that govern the gas-phase. In order to obtain an accurate characterization

of velocity, concentration and temperature profile, the coupled continuity, energy, and mass

balance equations need to be solved in 3D domain defined by the proposed reactor geometry.

Computational fluid dynamics is specifically tailored to tackle such tasks. In this work, we utilize

ANSYS Fluent 19.2 software package, a commercial CFD simulation software, to construct the

reactor geometry, perform meshing and solve for the gas-phase profile [48].

2.2.1 Reactor Design and Meshing

Various thermal ALD reactor geometries are used in industry. In our model, we adopt a cylindrical

showerhead reactor chamber based on the design of EmerALD XP by ASM International [36].

Specifically, the reactor chamber is scaled to accommodate for processing the up-to-date industrial

300 mm wafer, with the exact dimension shown in Figure 2.1 (a) [49]. Precursor gas is introduced

from the top of the reactor, labeled 1, and develops uniformly in the upstream region, labeled 2.

Then, precursor gas flows through the showerhead holes, labeled 3, falls onto the substrate surface,

labeled 4, and then exits through the bottom outlet that is connected to a vacuum pump, labeled 5.

The nominal showerhead design contains 10 mm-diameter showerhead holes, uniformly spaced in

a rectangular array across the showerhead region, while the optimized designs of showerhead and

upstream regions will be discussed in Section 5. The 3D ALD reactor geometry is constructed in

AUTOCAD, a 3D computer-aided design software. It is important to capture the 3D detail because

the showerehad design is complicated and not azimuthally symmetric for a 2D axisymmetric

characterization. Next, the resulting geometry is exported to the ANSYS Design Modeler for

spatial discretization, which is necessary for the hybrid meshing mentioned below. The discretized

components are then recombined to a single fluid body after sectioning in order to ensure zone

conformity [48].
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Figure 2.1: Mesh and x-cross-section geometry of the nominal reactor.

In CFD, the governing transport PDEs need to be solved in smaller subdomains made of

geometric primitives, split from the major geometry. The collection of those geometry primitives

is called a mesh. Because the governing equations will be discretized and solved inside each of

these subdomains using the finite volume method, the meshing resolution and quality are crucial

for the overall CFD accuracy [50]. Two meshing strategies are generally adopted: structured

mesh and unstructured mesh. While unstructured mesh is a more staight-forward approach and

is faster in implementation, it leads to longer simulation computation time due to the geometric

irregularity and the large number of cells in the resulting mesh. On the contrary, performing
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a fully structured meshing on our reactor geometry may improve the computational efficiency

but is labor and time-consuming. Any adaptive structural optimization of the reactor design will

require a complete manual re-mesh. Therefore, in this work, a hybrid mesh is chosen as a balance

between the two approaches. Using ANSYS Meshing, we adopt a multi-zone method to discretize

the single body. Structured mesh with hexahedral elements is used for the majority of reactor

geometry that has simpler overall geometry. By contrast, unstructured meshing is performed on

the showerhead and substrate surface regions, which have high aspect ratio and more predefined

geometric irregularities. Patch independent tetrahedral meshing method with high relevance is

adopted to discretize such areas with good precision to obtain good cell quality for computational

accuracy and efficiency.

Mesh independence test is carried out, where the smallest mesh produced for an invariant

simulation result is chosen so that the best computational efficiency can be achieved without

influencing the simulation accuracy. Meshes containing 2 to 2.5 million cells are proved to produce

mesh independent results depending on the specific reactor geometries. The resulting mesh is

demonstrated to have a good quality, which is characterized by the overall quality, skewness and

aspect ratio. Table 2.1 shows the acceptable range of each parameter with ∗ being the desired value,

and the corresponding quality of our meshes from the nominal design to the final optimized design,

respectively. The data shows that the min/max bounds of each mesh quality metric lie within the

acceptable range and the average mesh metrics lie close to the ideal values. The three factors and

their recommended value ranges are suggested by the manufacturer ANSYS Inc. [48, 51]. Other

optimized designs have shown similar quality.

Table 2.1: Cell quality of the nominal and final design hybrid reactor mesh

Acceptable Range Nominal Bound; Average Final Bound; Average
quality 0 - 1* 0.34; 0.79 0.33; 0.79
skewness 0* - 0.95 0.69; 0.29 0.74; 0.29
aspect ratio 1* - 100 5.41; 1.99 6.49; 1.98
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2.2.2 Gas-Phase Transport Model

In the macroscopic domain, a transient model is applied in CFD using ANSYS Fluent

pressure-based solver. The built-in transport models and several user defined functions (UDFs)

are implemented to apply ALD process specifications on the materials, transport phenomena, as

well as operating and boundary conditions.

Three gas species are used in the Fluent simulation. Argon is the purging gas in between

Si-Cycle and O-cycle. BTBAS and ozone are the Si-cycle and O-cycle precursors, respectively,

which are involved in the surface reactions that will be introduced in more detail in Section 2.3.2.

The other reaction by-products are proved not important in the convention-dominated gas-phase

profile, and thus, it is not included in the CFD. Argon, ozone are selected from the Fluent Database,

while BTBAS is defined with DFT-calculated and literature values: the molecular weight equals

to 174.36 g/mol; viscosity is approximated with a linear fit of 5.582×10-6 kg/m-s at 398K and

6.824×10-6 kg/m-s at 600 K [52]; the specific heat (Cp) is characterized as a piecewise-polynomial

fit with coefficients A = -4.1113, B = 1.0243, C = -0.0005 under Fluent input format [48]; standard

enthalpy is determined to be -267.84 kcal/mol, and the standard entropy is determined to be 126.79

cal/mol-K. Viscosity, enthalpy, entropy and Cp are calculated using DFT and thermodynamic

principles, which will be discussed in Section 3. The mixture of gas species is defined using the

Fluent Mixture Template [48]. The mixture is assumed to be an incompressible ideal gas mixture,

appropriate for a laminar system with Mach number smaller than 0.3, which is valid for all inlet

flow rates and operating pressures considered in this model [53]. All other mixture properties like

Cp, thermal conductivity, viscosity, mass diffusivity, and density are under ideal-gas mixing law,

appropriate in a low pressure and high temperature thermal ALD reactor.

Momentum, mass, and energy transports are important in simulating the gas-phase velocity,

temperature and concentration profile and in predicting the boundary profile at the wafer surface,

which is used for the microscopic simulation. As mentioned before, ANSYS Fluent solves the

coupled Navier-Stoke equations to obtain an accurate profile for the reactor dynamics. The
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following general flow field equations are given in the tensor form for Fluent calculations [48,54]:

∂ (ρ−→v )

∂ t
+∇ · (ρ−→v −→v ) =−∇P+∇ ·

(
τ
)
+ρ
−→g +

−→
F (2.1)

τ = µ

[(
∇
−→v +∇

−→v T)− 2
3

∇ ·−→v I
]

(2.2)

∂

∂ t
(ρE)+∇(~v(ρE + p)) = ∇(k∇T −Σh~J+( ¯̄τ~v))+Sh (2.3)

∂

∂ t
(ρYi)+∇ · (ρ~vYi) =−∇ ·~Ji +Ri +Si (2.4)

~Ji =−ρDm,i∇Yi−DT,i
∇T
T

(2.5)

where ρ is the density of the gas-phase species mixture, −→v is the velocity of gas-phase species

mixture, P is the static pressure, T is the fluid temperature, −→g is the component of gravity on the

direction of the fluid flow, τ is the stress tensor, µ is the fluid viscosity, E is the fluid internal

energy, I is the unit tensor, Ri and Si are the reactions and mass transfer source terms of species i,

respectively, Sh is heat transfer source term,
−→
Ji is the diffusive flux of species i, and Dm,i and DT,i

are the mass and heat diffusivities of species i.

The operating pressure is set to be 133 Pa, which lies in the typical pressure range (100∼500

mTorr) of thermal ALD [6]. In the CFD model, the inlet of the reactor is defined as a

mass-flow-inlet at 600 K and four UDFs are created to define the precursors half-cycle duration and

fluxes, and the purging durations and fluxes according to experimental and industrial procedures

[49, 55]. The gas inlet temperature is specified to be 473.15 K according to the industrial

standard [36]. The outlet is defined as a pressure-outlet, simulating a 12 M3/h rotary vacuum

pump, and a UDF is used to specify a 1×10-5 mbar vacuum for the purging [5]. The substrate

plate temperature is maintained at 600 K with a simulated heater. The substrate surface, where

the microscopic and macroscopic domain intersect, is defined as a mass-flow-outlet. Four UDFs

are utilized to provide gas-phase boundary information for the microscopic model and to define

the CFD boundary conditions, accounting for the consumption of precursors and the generation of
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side products from microscopic kMC deposition. The term Si appearing in Equation 4 accounts

for the mass flow generation and consumption in the user defined sources or sinks, while the

enthalpy exchange of the term Sh in Equation 3 is demonstrated to have minimal influence on the

wafer temperature, and thus, it is not considered in our work. The information exchange and the

interaction between the microscopic and macroscopic domains will be explained in more details in

section 4.

Based on the mesh structure introduced in the previous section, the finite volume method is

utilized by ANSYS Fluent to solve the governing equations implicitly [50]. Specifically, for each

time step, ANSYS Fluent adopts the pressure-based coupled algorithm to solve simultaneously the

momentum, continuity, energy, species, and other transport equations. Calculations are iterated

until the residual convergence criterions are satisfied.

The calculation time step and the courant number selection are also critical to the CFD

simulation accuracy [56]. Courant number is a quantitative description of the number of

computational cells that the fluid moves through in one time step, where the time step is the unit

discretization of the real physical time. The Courant-Friedrichs-Lewy (CFL) condition, a common

criteria for finite-difference approximation of PDEs, relates the time step to the interval lengths in

spatial coordinate and the speed of information traveling in the physical space [57]:

C =
u∆t
∆x

(2.6)

where C is the selected courant number, ∆x is the minimum cell length and u is the average flow

velocity.

Traditional direct numerical PDE analysis allows a maximum courant number of 1, while the

advanced CFD software allows convergence under higher courant number [57]. In particular, the

Fluent pressure-based solver is less sensitive to courant number [48]. In our model, a courant

number of 50 is used, which proves to be able to converge efficiently, successfully and accurately.

Using the above equation, time steps can be determined for the BTBAS half-cycle, purge, and
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ozone half-cycle depending on the different inlet flow rates, respectively. Time step sizes of 0.05

s and 0.01 s are used under 100 sccm and 1330 sccm BTBAS inlet flow rates, respectively. It was

found that smaller time step sizes do not lead to significant change of the simulation accuracy,

while bigger time steps lead to inaccurate results.

2.3 Surface Mircroscopic Model

Although the macroscopic CFD modeling determines the wafer surface boundary conditions (i.e.

temperature and pressure of the surface chemistry), it does not provide any information about the

behavior of the microscopic deposition regime. The microscopic simulation captures the structural

detail of SiO2 thin-film and the reaction mechanisms, which is modeled using the 3D kinetic

Monte-Carlo algorithm. The 3D lattice assumption, detailed mechanism and kinetics for surface

physical and chemical reactions, and kMC formulation will be discussed in the following section.

Figure 2.2: (a) Top view of the hydroxylated SiO2(001) surface. (b) Side view of the hydroxylated
SiO2(001) surface, where O1 is the more electronegative oxygen. The double bonds are due to
Gaussian display format, which does not influence the validity of the structure.
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Figure 2.3: Top view of a 5-layer 12×12-site miniature demonstration of the full kinetic
Monte-Carlo simulation lattice. The five layers and the species on the lattice are shown using
different colors and symbols, respectively. The first (bottom) layer, labeled red, contains the base
Si atoms. The second layer, labeled black, contains oxygen atoms or hydrogenated oxygens.
The third layer, labeled yellow, contains the species from the first silicon half-cycle: Si is the
neighbour-binding silicon, Si! is the self-binding silicon, and PsP and CsP are the physisorbed
and chemisorbed precursors, respectively. The fourth layer, labeled green, contains the species
from the first oxygen half-cycle: O and OH are the oxygen atoms and hydrogenated oxygens. The
fifth (top) layer, labeled blue, contains physisorbed ozones (PO1 and PO2), which remain to be
oxidized.
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2.3.1 Structural Assumptions of Deposited SiO2

Our microscopic model aims to simulate the deposition of α-Quartz SiO2, which crystallizes in the

trigonal crystal system of space group P3121 and has a local SiO4 structure similar to tetrahedron.

Although it may be tempting to use a true α-Quartz lattice structure, such a lattice structure would

not be suitable for kMC implementation. The chemical nature of SiO2 ALD process requires the

consideration of multiple reaction pathways, structural geometry and defect generations. A true

α-Quartz lattice kMC model would be conceptually complex and computationally challenging

[9]. Thus, instead of a fully realistic 3D lattice, a 2D triangular model (i.e., each monolayer is

off-shifted from the monolayer below it) adopted in our previous work by [18] is extended to 3D

as an approximation of the actual α-Quartz crystal structure. In our model, a bond angle of 90◦ is

assumed for the connectivity between Si and O atom instead of 109.5◦. As shown in Figure 2.2 and

Figure 2.3, the top view of the simulated lattice closely resembles that of the real lattice, with some

angle distortion. This assumption leads to a lattice repetition every four cycles instead of five cycles

as appears in the α-Quartz SiO2. For any silicon atom in the approximated lattice, another silicon

atom appears directly above it every four cycles, whereas in a realistic lattice, such pattern repeats

every five cycles. However, this simplification does not influence the connectivity of the individual

lattice cell or the validity of the model. We will also later demonstrate that our simulation captures

accurately the growth rate and defect generation pattern of α-Quartz SiO2 deposition reported by

experimental results. Thus, this 3D triangular model is a valid simplification of the true structure.

A lattice size of 1200×1200 sites per layer is used, which is large enough for the simulation to

be size-independent but still computationally efficient as demonstrated by [58, 59], and the height

depends on the number of cycles simulated.

2.3.2 Reaction Mechanism

A full deposition cycle in the ALD process consists of two half-cycles, each using a specific

precursor species to introduce the desired element onto the film. As mentioned above, we choose

BTBAS and ozone as the precursors for SiO2 deposition simulation. The reaction mechanism
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using these two precursors was reported by [45] and is explained in detail below.

Figure 2.4: (a) First dissociative chemisorption step of BTBAS. (b) Second dissociative
chemisorption step of BTBAS under self-binding and neighbour-binding mechanisms. (c)
Oxidation of self-binding and neighbour-binding SiH2 with ozone.

The first half-cycle is referred to as the Si-Cycle, which contains physisorption, abstraction and

a two-step dissociative chemisorption. In our model, we picked a fully hydroxylated SiO2(001)
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surface as our starting point, shown in Figure 2.2. The silicon precursor, BTBAS, is first

physisorbed onto the substrate surface under specific temperature and pressure. According to [45],

the two oxygen atoms in a SiO2 cell have different electronegativities. The more electronegative

oxygen atom, denoted as O1, is more reactive and is therefore more likely to be electrophilicly

attacked by precursor particles than the less electronegative oxygen atom, denoted as O2.

Therefore, as shown in Figure 2.4 (a), the precursor particle is first physisorbed onto the O1-type

hydroxyl group through a strong H-bond to form the reactant. Then, the physisorbed precursor

goes through the first dissociative chemisorption step, forming a monoamine intermediate and

releasing one of the two aminoethyl groups. Next, the remaining aminoethyl group electrophilicly

attacks an adjacent O2-type hydroxyl group, which can be either from the neighbour Si atom, i.e.,

neighbour-binding route, or from the same substrate Si atom, i.e., self-binding route, as shown in

Figure 2.4 (b). The former reaction pathway retains the original surface orientation, resulting in

a thermodynamically favorable structure, whereas the latter, which is more kinetically favorable

as shown in Table 2.2, causes a deviation from the (001) surface orientation and leads to defect

formation. After the electrophilic attack, the other aminoethyl group is released from the surface

structure and another O-Si bond is formed. The remaining two H atoms from the Si atom then

become the new substrate surface. The competition of kinetic and thermodynamic favorability

is crucial in explaining the structural non-uniformity of SiO2. Therefore, both reaction pathways

and their reverse reactions are incorporated in our kMC model, and the reaction kinetics will be

explained in more details in the next section.

The second half-cycle is referred to as the O-Cycle, which contains the ozone physisorption,

abstraction and surface oxidation. The oxidation steps of self-binding and neighbour-binding

H-Si groups are shown in Figure 2.4 (c). Once the surface is partially/fully chemisorbed, both

terminating H atoms will be oxidized by ozone to hydroxyl group (-OH), which are utilized in the

next Si-cycle.
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2.3.3 Relative Rate Determination

In order to apply the kMC algorithm, we need to compute the kinetic rates of reactions discussed

in the previous section. The physisorption of precursor particles onto the substrate surface is a

gas-surface reaction. For such athermal or barrierless processes, the Collision Theory, as expressed

in the equation below, is generally used to determine the rate constant:

rphs =
pi

RT

√
8kbT
πmi

sc,iNaσ (2.7)

where rphs is the physisorption reaction rate, pi is the partial pressure of the species i, R is the ideal

gas constant, T is the temperature, kb is the Boltzmann constant, mi is the molecular weight of

species i, sc,i is the sticking coefficient of the species i at given temperature, Na is the Avogadro

number, and σ is the average area per surface site. Although the sticking coefficient of BTBAS is

not reported in previous works, we obtain its value through an analogy with the sticking coefficient

of BDEAS because of structural and electronic similarity [60].

On the contrary, chemisorption, abstraction and oxidation are thermodynamically activated

kinetic reactions, which are generally described by the Transition State Theory (TST) [61].

Assuming quasi-equilibrium is achieved between the complex and the reactant, the reaction rate

can be estimated using the thermodynamic properties of the transition state complexes, which

are computed using DFT. Thus, the reaction rate equation can be formulated with standard

Arrhenius-type rate law as follows:

rrxn,i = Aiexp
(−Ea,i

kbT

)
(2.8)

where, rrxn,i is the reaction rate of the ith thermodynamically activated reaction, Ea,i is its activation

energy for the transition state complex, and Ai is its pre-exponential factor, which is determined as

follows:

Ai = f TST
i

(kb

T

)
(2.9)
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where kb is the Boltzmann constant, T is the temperature, and f TST
i is the ratio of the vibrational

partition function between the transition state complex and the reactant, calculated with DFT.

In this work, all DFT calculations are performed using the Gaussian09 software, which will be

illustrated in more details below. The resulting parameters are summarized in Table 2.2 and

the associated nomenclature is explained in Section 2.3.4. Since the desorption reactions lead to

gas-phase products, the DFT-calculated vibrational partition function ratios of those reactions are

small than one, which match the results reported in literature. On the contrary, the other reactions

are entirely surface reactions. Therefore, their vibrational partition function ratios all equal to

one [61].

Reaction
Activation Energy

(kcal/mole)
Vibrational Partition

Function Ratio
rsi,chem 8.9 1
rsi,neigh,f 20.1 1
rsi,neigh,r 33.6 1
rsi,self,f 16.1 1
rsi,self,r 14.4 1
rsi,des 17.5 9.56e-8
roa,f 17.7 1
rob,f 15.4 1
ro,des 9.224 1e-4

Table 2.2: Activation energies and partition function ratios of reactions.

2.3.4 Kinetic Monte-Carlo Algorithm

As mentioned in the Introduction, a first-principles Molecular Dynamic simulation is too

computationally demanding to be feasible for the scale of system discussed in this work [22–24].

Thus, we adopt an n-fold hybrid kMC algorithm in the framework proposed by earlier works

[15, 18, 62]. kMC is a stochastic algorithm that uses the kinetic rate information and uniformly

distributed random numbers to determine event execution and system time evolution. Specifically,

we define an event set as a collection of all events that have comparable rates. A total rate, rtotal , is
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defined as:

rtotal =
N

∑
i=1

ri (2.10)

where ri represents the respective rate of each event within an event set, which consists of total N

events. Then, each rate is normalized with respect to the associated total rate to derive its relative

probability. The normalized indicator of the ith event, li ∈ (0,1], can be interpreted as the sum of

the normalized probabilities of the first i events:

li =
∑

i
j=1 r j

rtotal
, i = 1, ...,N (2.11)

This indicator is then used for event selection via a uniformly distributed random number

selection, γ1 ∈ (0,1]. If γ1 falls in the interval of normalized indicators li−1 to li, the ith event

will be selected for execution.

The transient behavior of the model is characterized by the time evolution scheme proposed by

the kMC algorithm, where the amount of time for each event is governed by using another random

number, γ2 ∈ (0,1]. Starting from a given time, the simulation time clock is advanced by ∆t for the

chosen event, where ∆t is given by the following equation:

∆t =
− lnγ2

rtotal
(2.12)

Therefore, the total rate for O-Cycle is computed as follows:

ro,total = ro,phs + ro,des + roa, f + rob, f (2.13)

where ro,phs is the rate of ozone physisorption, ro,des is the rate of ozone desorption, and

roa, f together with rob, f are the oxidation rates of the chemisorbed species attached to a

neighbour-binding silicon. The oxidation rate of the chemisorbed species attached to a self-binding

silicon is orders of magnitude higher than that of a neighbour-binding silicon. Therefore, it

is considered instantaneous and deterministic, and thus, omitted in the O-Cycle kMC selection.
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Similarly, the total rate for Si-Cycle is:

rsi,total = rbtbas,phs + rbtbas,des + rneigh, f + rneigh,r + rsel f , f + rsel f ,r (2.14)

where rbtbas,phs and rbtbas,des are the physisorption and desorption rates of the silicon precursor,

respectively, BTBAS, rneigh, f and rneigh,r are the forward and reverse rates of the neighbour-binding

dissociative chemisorption, respectively, and rsel f , f and rsel f ,r are the forward and reverse rates of

the self-binding dissociative chemisorption, respectively. The reaction rate of first chemisorption

step rsi,chem is orders of magnitude higher than those of other events. Therefore, it is considered

instantaneous and deterministic, and thus, omitted in the Si-Cycle kMC selection.

For the O-Cycle, the rates of all considered reactions are comparable and can be modeled

with the standard n-fold kMC algorithm. However, for the Si-Cycle, in order to simulate the

realistic behavior of reaction kinetics, we need to consider surface reaction events separately from

physisorption events for the following two reasons: First, surface reaction events are formulated

and compared differently from physisorption events since surface species concentrations need

to be considered to correctly describe the competition between the thermodynamic and kinetic

favorability of competing pathways. Second, physisorption rates are an order of magnitude lower

than surface reaction rates according to the DFT calculation, which means that the model will be

saturated by surface reactions events if the events are not allocated properly. Thus, a decoupled

kMC kinetic scheme is proposed to partition the entire Si-Cycle events into two event sets:

adsorption events containing only physisorption events, and surface reaction events containing

the remaining events. The partitioned total rates, rsi,ads and rsi,rxn, are then defined as follows:

rsi,rxn = rneigh, f + rneigh,r + rsel f , f + rsel f ,r + rbtbas,des (2.15)

rsi,ads = rbtbas,phs (2.16)

Additionally, in order to apply the decoupling scheme, we first compute a ratio, Jsi,ads as the
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ratio of the adsorption rate versus the total rate, which is derived as follows:

Jsi,ads =
rsi,ads

rsi,total
= 1− Jsi,rxn (2.17)

Therefore, for a total assigned duration, ttotal , adsorption events are pre-allocated with a

duration of ttotal · Jsi,ads, and the remaining time is assigned to surface reaction events. Next,

during the allocated time period for surface reactions, the normalized event indicator under

the competition of reaction pathways and directions is calculated by the concentration-weighted

reaction rates as follows:

lsi,i =
∑

i
j=1 rrxn, jR j

∑
N
k=1 rrxn,kRk

, i = 1, ...,N (2.18)

where lsi,i ∈ (0,1] represents the normalized indicator of the ith event in the surface reaction event

set, rrxn, j is the un-weighted chemical reaction rate for the jth event calculated from Eq. 2.8, R j

is the number of reactants for each surface reaction, and N is the total number of events in the

Si-Cycle surface reaction event set. The normalized indicators are then used to execute the event

selection following the same approach performed in the standard kMC algorithm. In Section 5, it

is demonstrated that this decoupling scheme achieves desired accuracy.
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Chapter 3

DFT and Thermodynamic Calculations

The reaction mechanism along with the associated activation energies are reported for BTBAS

and ozone for SiO2 [45]. However, many fundamental thermodynamic properties of BTBAS are

yet to be investigated. Since it is important for us to capture those thermodynamic properties to

reproduce the correct behavior in both the macroscopic CFD model and the microscopic kMC

model, density functional theory calculations are carried out using Gaussian09 software packages

and parallel computational work with Linda worker is adopted [37].

3.1 Density Functional Theory

The solution of Schrödinger equation of many-body systems, as shown below, provides a

first-principles understanding of the material properties [63]:

ĤΨ(ri,RI) = EΨ(ri,RI) (3.1)

where Ψ is the particle wave function, ri is the position of each electron, Ri is the position of each

nuclei, E is the ground state energy, and Ĥ is the Hamiltonian operator:

Ĥ = T̂nuc(R)+V̂coulomb + Ĥelec(r,R) (3.2)
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where T̂nuc(R) is the nucleic kinetic energy, V̂coulomb is the coulombic potential between nuclei and

electrons, and Ĥelec(r,R) is the electronic Hamiltonian.

However, the exact solution to the Schrödinger equation of a many-body system is extremely

difficult to obtain and its complexity scales rapidly with system size. Therefore, many efforts

have been put to approximate the solution of the Schrödinger equation. DFT is one of those

approaches, which, instead of focusing on each electron, solves for the overall electron density,

n(r) [63]. According to the Hohenberg and Kohn theorem, the ground state energy of the system

is an unique functional of electron density [64]. Therefore, by assuming the energy functional

and minimizing the overall energy, the true electron density of the system can be obtained. The

total energy functional consists of the non-interacting kinetic energy, electron-nuclei potential,

the approximation of the full interaction (also known as the hartree energy), and the exchanges and

correlations of the system [65]. The exact form of the exchange-correlation functional is not known

and hence must be approximated. Over the past few decades, a lot of efforts have been made to

propose highly-accurate energy functionals, with one of the most popular being the B3LYP (Becke,

3-parameters, Lee-Yang-Parr) functional [66, 67]. After having a descriptive energy functional,

the overall system energy is broken down into the energies of pseudo spin-orbitals, known as

the Kohn-Sham orbitals. The energy of each spin-orbitals is solved iteratively by reconciling the

differences between the guessed electron density with the computed electron density from the

proposed energy functional [68]. The final computation results for each Kohn-Sham orbitals are

combined together to be an accurate electron density, which can then be used to compute a variety

of material properties.

3.2 Macroscopic Parameters Determination

As mentioned in Section 2.2.2, BTBAS is not in the Fluent material database, and many physical

and chemical properties that are crucial to thermodynamic calculations are not reported in previous

works. Thus, its thermodynamic/physical parameters, including specific heat Cp, viscosity µ ,
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standard state enthalpy of formation ∆ f Ho(M,298K), and standard state entropy So(298K), need to

be computed for the gas-phase transport model. To determine those parameters, DFT calculations

using the Gaussian-4 (G4) theory are performed. Based on ab-initio molecular-orbital theory, G4

is a precise computation method for calculating molecular energies of compounds composed of

elements in the first three rows of the periodic table. Thus it is an appropriate and accurate method

in determining the thermodynamic properties of BTBAS [69].

The method utilizes a sequence of single point energy calculations using appropriate basis

set, spin-orbit correction and advanced higher level correction. The detailed calculation steps

and energy corrections are discussed in literature [69]. Using G4 method, standard state entropy

So(298K) and specific heat Cp of BTBAS under various temperatures can be directly calculated.

The standard state enthalpy of formation ∆ f Ho(M,298K) for the BTBAS molecule can be

calculated from:

∆ f Ho(M,298K) =∆ f Ho(M,0K)+Ho
M(298K)−Ho

M(0K)

− ∑
atoms

x(Ho
X(298K)−Ho

X(0K))
(3.3)

where Ho
M(298K) is the molecular enthalpy at standard state and Ho

M(0K) is the molecular enthalpy

at 0 K. The difference between Ho
M(298K) and Ho

M(0K) accounts for the temperature correction

on molecular enthalpy. Similarly, ∑atoms x(Ho
X(298K)−Ho

X(0K)) is the enthalpy temperature

correction of all atomic elements, given in [70], where X refers to each type of element and x

is the number of element X . In addition, ∆ f Ho(M,0K) is the enthalpy of formation of BTBAS

molecule at 0 K, which is defined as:

∆ f Ho(M,0K) = ∑
atoms

x∆ f Ho(X ,0K)

−
(

∑
atoms

xεo(X)− ε0(M)− εZPE(M)
) (3.4)

where X refers to the type of each element, x is the number of X atom, ∆ f Ho(X ,0K) is the enthalpy

of formation of element X at 0 K. Moreover, zero-point energy of molecule εZPE(M), total energy
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of the molecule ε0(M), and total energy of each atom ε0(X) can be found directly from G4 method

[70].

In addition, viscosity µ is estimated from the molecular theory of Newtonian gases, considering

pure gas composed of rigid, non-attracting molecules, which is valid for low density scenario [52]:

µ =
2

3π

√
πmkT
πd2 (3.5)

where m is the molecular mass, k is the Boltzmann constant, T is the temperature, and d is the

molecular diameter of the approximated rigid ball of BTBAS.

3.3 Microscopic Parameters Determination

For the surface reaction kinetics, many properties are difficult to measure experimentally yet

essential to the accurate deposition simulation, including vibrational partition.

In the Si-Cycle, to calculate properties of BTBAS and its reaction kinetics with SiO2 lattice,

we first need to investigate the configuration of the hydroxylated surface lattice and the structure

of the physisorbed BTBAS transition state complex. Specifically, to construct an optimal surface

lattice, a generic bulk α-quartz SiO2 unit cell is modified to generate a desired hydroxylated surface

layer. The uppermost layer of Si atoms is removed, leaving two single bonded oxygen atoms per

unit cell. Each oxygen atom is terminated with one hydrogen atom, and the new O-H bond is

assumed to have the typical bond angle and bond length of 0.98 Å [40]. Then, the hydroxylated

unit cell is imported to the Gaussview molecule builder tool. A 3×3×1 SiO2 lattice is constructed

using the hydroxylated SiO2 unit cell with Gaussian Periodic Boundary Condition (PBC) cell

symmetry replication [37, 71]. A series of optimization steps is carried out, with all atoms other

than the surface hydrogen and oxygen atoms fixed during structure optimization [45]. The lattice

structure is first optimized using Hartree-Fock (HF) method with basis set 3-21G to obtain an

initial guess of the structure. Next, the B3LYP method, a hybrid function Becke′s three-parameter

exchange functional (B3) with Lee-Yang-Parr gradient correction functional (LYP) and triple
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valence plus polarization, is applied to optimize the structure to an acceptable energy minimum

with basis set 6-31G+dp accuracy level [66, 67]. Subsequently, an initial guess of the TS complex

is obtained by structuring together an optimized BTBAS molecule and a 3× 3× 1 SiO2 surface

lattice. Then, the TS2 method in Gaussian09 is used to calculate an optimized TS complex

structure that is most energetically favorable. The calculation is carried out with the same level

basis set accuracy as surface lattice structure optimization, plus modified coordinate definition and

force constant calculation of every atomic position. The resulting TS structure has one negative

vibrational frequency as expected [37]. Similarly, for the O-Cycle reaction, the thermodynamic

and kinetic properties of gas-phase ozone molecule, H-Si surface lattice and physisorbed ozone

are investigated. The same calculation procedures as Si-Cycle are carried out for the O-Cycle,

respectively.

Finally, in order to perform a precise vibrational frequency calculation, Gaussian-4 (G4)

theory is adopted. G4 theory is a complex computation method for accurate calculation of

molecular energy based on ab initio molecular-orbital theory. It provides thermodynamic results

for compounds containing second row (Li-F) and third row (Na-Cl) elements, which is applicable

to our reacting molecules. Parallel computational work with Linda worker from Gaussian09

package is carried out to find out all the vibrational frequencies to calculate the ratio f T ST [37].

The final vibrational partition function along with other important thermodynamic properties are

summarized in Table 2.2.
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Chapter 4

Automated Workflow and Parallelization

In order to improve computational efficiency, parallelization of the calculations is adopted in

both the microscopic and the macroscopic domains of the ALD reactor model. In the gas-phase

domain, we utilized 36 cores on the UCLA Hoffman2 Cluster where the parallel computation is

implemented by the Fluent Message Passing Interface (MPI) [48]. The number of cores is chosen

according to the parallel processing benchmark and the communication overhead between cores

and the host node. Then, the output from the gas-phase model is passed to the microscopic model

through an automatic workflow. To accurately represent the entire wafer surface, the substrate

domain is spatially dissected into 36 sub-regions uniformly, each having a separate kMC. The

automatic workflow distributes the kMC calculations onto 36 idle cores on the cluster to execute

kMC simultaneously.

The interaction and methodology that connect the microscopic and the macroscopic domain

are also crucial to the multiscale CFD model. In this study, the automated workflow adopted is

shown in Figure 4.1. The green region enclosed by dashed line belongs to the microscopic domain

(kMC), the blue region belongs to the macroscopic domain (gas-phase), and the yellow region

and the associated arrows belong to the cross-linkage. The simulation starts in the macroscopic

domain at t = 0 where mass and energy balances are solved in the flow field in a time step ∆t. Next,

after the reconciliation of data between each computation node, the surface boundary conditions
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(e.g., temperature, partial pressure and time step) are collected for each sub-region and transferred

to the microscopic domain. If the system is currently in a purge cycle, nothing will be done in

the microscopic domain and it would continue with the macroscopic computation for the next

time step. Otherwise, based on whether the system is in O-cycle or Si-cycle, the corresponding

kMC algorithm will run to solve for the surface structure, reactions and precursor usage for a time

interval ∆t. After the computation, the results of all kMC sub-regions are synchronized, and then

reported back to the macroscopic domain to update the corresponding boundary conditions for the

next time step. The physical time of the system will be updated to t +∆t, according to an implicit

Euler scheme [48]. If the current half-cycle has reached its assigned time limit at the end of the

microscopic domain, the workflow scheme will inform the system to switch to the next half-cycle.

This workflow is executed until the desired cycle number is achieved.

Figure 4.1: Multiscale workflow, parallel processing and information exchange illustration.
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Chapter 5

Multiscale CFD Simulation Results and

Chamber Design

The results presented below represent the transient behavior of the thermal ALD reactor at

operating conditions of P = 133 Pa and constant surface heating at T = 600 K. The discussion

mainly focuses on the BTBAS half-cycle, because the flow field of the purge and the ozone

half-cycle behave similarly, and the major economic and processing time concerns are associated

with BTBAS usage and throughput. The inlet BTBAS flow rate varies from 100 sccm to 1330

sccm, and the half-cycle times are correspondingly adjusted according to the inlet flow rate, ranging

from 5 s to 1 s, respectively. The maximum Knudsen number in all operating conditions is 0.096, an

order of magnitude smaller than unity, which indicates that the continuum assumption in the flow

conservation equations is valid and continuity-based CFD models can be utilized for the gas-phase

simulation [72]. In the following sections, first, the nominal reactor design is tested and compared

to literature and industrial operating conditions as a validation of the CFD model. Then, according

to the simulation results, the non-ideal flow regime in the nominal design is identified, based on

which the optimization of the showerhead and the design of reactor upstream configuration are

carried out, respectively. Finally, the individual design improvements are integrated and adjusted

to determine a final optimized design of the thermal ALD reactor.
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5.1 Nominal Geometry

The final coverage in all inlet conditions from 100 sccm to 1300 sccm are around 96% ∼ 98%,

corresponding to a growth per cycle (GPC) of 1.74 - 1.76 Å per cycle. The wafer cannot reach

complete 100% full coverage because of insufficient cycle-time, competing reaction mechanism

and equilibrium, but the GPC lies inside the range of the reported value of 1.4 - 2.1 Å per cycle, and

this result is also consistent with the previously reported standalone kMC model results of 1.8 Å [1,

38]. At an inlet flow rate of 1330 sccm, the gas-phase development takes 0.5 s to reach steady-state

and, as shown in Figure 5.1, the entire wafer reaches steady-state coverage at 1.06 s, which is very

close to the experimentally determined cycle time interpolated at the same operating conditions

and reactor design, which is 0.931 s [55]. In the industrial process, the precursor flow rate is lower

due to economic concern, and a typical choice of flow rate is within 50 to 100 sccm, along with

a standard half-cycle time of 5 s. For our model, at an inlet flow rate of 100 sccm, the gas-phase

development has reached steady-state in 5.8 s cycle time, with an average wafer coverage close

to the desired unity value. Also, the importance of the interconnection between microscopic and

macroscopic domain is demonstrated. Several trials of standalone CFD and consecutive standalone

kMC simulation are carried out, with no updated boundary surface precursor consumption from

kMC to CFD on the wafer surface. A transient differences of 10 ∼ 20% in surface partial pressure,

deposition rate and cycle-time are observed. These significant deviations show that the application

of the interchange of information and the multiscale workflow is critical to the accuracy of ALD

process simulation. Therefore, our multiscale CFD model is a good representation of the realistic

full thermal ALD reactor, and the nominal reactor design at 100 sccm inlet flow rate will be used

as a base case for reactor design optimization below.

As shown in Figure 5.1, the transient thin-film growth in the peripheral region (radius ¿ 120

mm) of the wafer is the fastest, and the transient thin-film growth in the central region (radius ¡ 70

mm) is the slowest. The maximal transient deposition rate discrepancy at a single time step is more

than 400%. Since the surface temperature is maintained to be uniform by a surface heater, this large

transient non-uniformity in the deposition speed is directly caused by the uneven distribution of
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Figure 5.1: Transient deposition rates at inlet flows of 100 sccm and 1330 sccm. The y-axis is the
fractional coverage, and the x-axis is the deposition time. The dashed blue and red lines are the
experimental or industrial referenced cycle times at 1330 sccm and 100 sccm, respectively. The
vertical blue and red lines are the simulation steady-state cycle times at 1330 sccm and 100 sccm,
respectively. The blue and red solid curves are average deposition rates at 1330 sccm and 100
sccm, respectively. The yellow and green data points are the deposition rates of the peripheral and
the center region, respectively.

BTBAS partial pressure on the wafer surface. This partial pressure non-uniformity is associated

with the velocity profile in the reactor upstream. Because the gas flow outlet is located around the

wafer, the higher local dynamic pressure difference speeds up the flow near the reactor side wall.

Thus, the flow velocity close to the reactor side wall is much higher and the gas flow stagnates in a

temporary dead zone in the central region, shown in Figure 5.2 (b). As a result, BTBAS particles

reach the outer part of the wafer much faster than the central region, as shown in Figure 5.2 (a).

Therefore, even though the total pressure does not vary much on the wafer surface, the partial

pressure of the precursor is lower in the center of the wafer region.
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Figure 5.2: BTBAS mole fraction distribution and velocity flow field of the nominal design for
inlet flow rate at 100 sccm. (a) a 3D view of the BTBAS development in the entire reactor scale at
half standard Si-cycle time (2.5 s). (b) a 3D view of the velocity profile in the entire reactor scale
at half standard Si-cycle time (2.5 s).

5.2 Improved Reactor Chamber Design

In this section, we will discuss the progressive optimization of the ALD reactor geometry. As

shown in the previous section, the initial attempt to use a nominal geometry of the showerhead

ALD reactor design fails to provide a uniform and fast flow field development. The non-uniformity

issue is reduced using the radially adaptive adjustment of the size and position of showerhead holes.

Also, an actual inlet is added to the reactor model, and then the upstream region is modified as

a volume adjusting horn, described by US Patent [36], which decreases the upstream deadzone

volume and guides the precursor stream towards more uniform distribution downstream. The

gas-phase simulation adopting each design improvement is analyzed and a final design that adjusts

and combines those two aspects of optimization will be examined.
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Figure 5.3: Nominal and modified showerhead designs. (a) shows the industrial standard
orthogonal showerhead distribution. (b) shows the radially modified showerhead design for the
well-developed inlet reactor. (c) shows the radially optimized showerhead design for the final
reactor design with a small inlet and a modified upstream.

5.2.1 Showerhead Design Development

In the nominal design of the showerhead, shown in Figure 5.3 (a), there are 449 showerhead holes

uniformly spaced in an orthogonal manner throughout the entire showerhead panel, which is 340

mm in diameter. Each showerhead hole has a diameter of 10 mm, and the radial distance between

two showerhead holes is about 4 mm. However, as demonstrated in the previous section, this

evenly distributed showerhead panel is not able to generate a uniform flow field because of the

overall reactor spatial geometry.

In order to resolve the non-uniformity in the mass flow rate profile throughout the showerhead,

the size and distribution of the showerhead holes can be redesigned so that the mass flow rate in

the central region and the peripheral regions are balanced. First, the relationship between hole size

and mass flow rate must be understood. For an ideal fluid flowing through a frictionless hole, a

smaller hole diameter would speed up the fluid to keep the volumetric flow rate constant. However,

a realistic flow field with complex geometry demonstrates that there is a large dependence on

friction. According to the Hagen-Poiseuille equation, which is valid for describing the friction of

a small-diameter tube under a flow regime with Re < 20, a smaller diameter would induce a much
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larger friction loss:

S =
32µv
gD2 (5.1)

where S is the hydraulic slope (head loss due to friction), µ is the dynamic viscosity, v is the

velocity and, g is the gravitational acceleration, and D is the diameter of each showerhead hole.

This friction loss lowers the local differential pressure, hence slowing down the flow through the

hole. Thus, the actual volumetric flow rates through the smaller holes are much lower than those

of the bigger holes. Nevertheless, the dynamic pressure across the entire wafer is complicated

and the exact showerhead hole size and distribution are adjusted run-to-run according to the CFD

simulation results.

Figure 5.4: BTBAS mole fraction distribution of the radially adjusted showerhead design for 100
sccm inlet flow rate. (a) shows a 3D view of the modified showerhead region. (b) and (c) show the
transient profile and the steady-state profile of the substrate surface, respectively.

A modified radially distributed showerhead design shown in Figure 5.3 (b) is developed to

36



improve the nominal reactor geometry. In total, 233 showerhead holes are deployed throughout

the panel, where the diameter of showerhead holes in the central region is 20 mm and the diameter

radially decreases to 10 mm at the periphery. As shown in Figure 5.4 (a), the modified showerhead

allows a more radially uniform flow field distribution across the showerhead holes with all the

other operating conditions being the same. In addition, Figure 5.4 (b) and (c) demonstrate that

the partial pressure on the substrate surface has less radial variation and is able to reach almost

unity everywhere at steady-state. Thus, a larger showerhead hole indeed leads to a higher mass

flow in the corresponding downstream region. However, this modification has a disadvantage that

the substrate species distribution has an azimuthal pattern, which was resulted from the linearly

arranged showerhead holes at each 60 degree angle. Therefore, this method of showerhead

optimization will be further adjusted for the final design of the ALD reactor after incorporating

the upstream modification.

5.2.2 Upstream Geometry Improvement

In the nominal design, the inlet region is assumed to be a fully developed flow field. However, in

a realistic industrial ALD reactor, the precursor gas enters the reactor chamber through a narrow

gas inlet that is around 10 mm in diameter, located close to the showerhead, in order to reduce

the time and precursor usage for developing a steady flow profile [36]. Thus, instead of assuming

a well-developed inlet region, we add the actual small inlet at the reactor top in our model to

reflect realistic industrial scenario. Although the smaller and lower inlet can reduce the time of gas

profile development, the sudden expansion leads to undesirable flow turbulence around the inlet

and a confined vertical gas flow as shown in Figure 5.5 (a).

A reasonable solution is to add a physical component, a volume adjusting horn, in the dead

zone of the upstream region after the small inlet to reduce the discharge coefficient and to guide

the velocity and pressure profiles towards the peripheral region, as shown in Figure 5.5 (b) and

(d) [36]. The simulation results from Figure 5.5 (a) and (b) demonstrate that the inlet turbulence

is reduced to a great extent, preventing possible damage of the deposited film. In addition, Figure
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Figure 5.5: BTBAS mole fraction comparison of the modified upstream design and the sudden
small inlet design for 100 sccm inlet flow rate. (a) and (c) show the sudden inlet design at 0.5 s
and 1 s respectively. (b) and (d) show the modified upstream design at 0.5 s and 1 s, respectively

5.5 (c) and (d) show that the gas stream tends to flow vertically after it enters the reactor chamber,

and the horn-shaped upstream configuration successfully generates more radial momentum so that

region far away from the center can have an increased mass flow. Thus, this canopy-like upstream

chamber wall facilitates the radial motion of gas stream, reduces undesirable inlet disturbance and

allows for more uniform velocity and precursor partial pressure development.
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5.3 Integrated Optimal ALD Chamber Design and Evaluation

According to the individual optimizations introduced in the previous sections, the transient flow

non-uniformity could be mitigated by changing the sizes of showerhead holes as well as their

locations. In general, larger holes lead to higher volumetric flow rate. The actual small inlet

represents the realistic industrial reactor geometry, and reduces gas-phase development time. The

canopy-like upstream chamber decreases dead zone volume and enhances radial flow. Therefore, in

order to reduce the ALD cycle time, the final design should consider all aforementioned geometry

optimizations and fine-tune them to achieve the optimal result.

The final ALD reactor design combines the small inlet, the modified upstream region

introduced in the last section, shown in Figure 5.5 (b), and the optimized showerhead holes

distribution, shown in Figure 5.3 (c). This design aims to reduce the gas-phase development time

and to guide the gas stream to achieve a more uniform species transport, which leads to a reduction

in the half-cycle time and in the amount of precursor needed. Although it is found that a confined

flow can lead to a faster gas-phase development, the high velocity ( ¿ 30 m/s) of the confined gas

stream could potentially cause damage to the deposited film and long-term contamination of the

showerhead holes. The high speed stream, possibly combined with radicals from plasma treatment,

will have enough bombardment energy that is destructive to the deposited wafer surface. Therefore,

in this design, the central region of the showerhead panel contains small holes that are 5 mm in

diameter to prevent the direct mass flow onto the substrate surface and enhance radial dispersion.

The holes immediately around the central region are much bigger in order to reduce the turbulence

and to compensate for the low downward dynamic pressure caused by the turbulence, and the outer

showerhead holes are radially increased according to the velocity profile.

As shown in Figure 5.6 (a), the species mass transfer is much more uniform radially across the

entire wafer and is causing less turbulence than that in Figure 5.5 (d). The small showerhead holes

in the middle of the showerhead successfully reduce the gas velocity right below the inlet area,

while the horn-shaped upstream and the bigger holes, together, create higher differential pressure

gradient towards the side of the reactor, hence increasing the radial velocity. As a result, the species
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Figure 5.6: BTBAS mole fraction distribution of the final reactor design at 1.25 s for 100 sccm
inlet flow rate. (a) shows the 3D view of the entire reactor. (b) shows the z-cross-section view at
the middle of the showerhead. (c) shows the wafer surface.

development across the showerhead holes and wafer surface are acceptably uniform, as shown in

Figure 5.6 (b) and (c). In addition, it is shown in Figure 5.7 that the optimized final design leads to

a 39.6% shorter finishing time for BTBAS half-cycle.
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Figure 5.7: Transient deposition rate comparison of the nominal design and the final optimized
design. The y-axis is the fractional coverage, and the x-axis is the deposition time. The red data
points and dashed line are the transient fractional coverage and the steady-state cycle time of the
optimized reactor design, respectively. The blue data points and dashed line are the transient
fractional coverage and the steady-state cycle time of the nominal reactor design, respectively.
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Chapter 6

Conclusion

In this work, we developed a first-principles-based multiscale 3D CFD model of thermal ALD

of SiO2 thin-films using BTBAS and ozone as precursors. Application of this model for a

nominal reactor geometry design sucessfully reproduced experimental and industrial GPC and

half-cycle time at 100 sccm and 1330 sccm precursor inlet flow rates. Based on the transient

non-uniformity discovered in the nominal design, geometry optimizations on the showerhead hole

size and distribution and upstream region were performed and their influence on the gas-phase

profile and microscopic deposition were investigated. Two geometry optimizations were adjusted

and combined for a final optimized design of the ALD showerhead reactor. The resulting optimal

chamber design successfully reduced the gas-phase profile development time and created radial

momentum that guided the gas stream to the less concentrated region. As a result, under the

same industrial standard operating conditions, the optimized geometries reduced the half-cycle

time by 39.6%, while maintaining a GPC of 1.76 Å per cycle. Moreover, The multiscale

simulation methodology developed in this thesis can serve as a guidance model to other ALD

systems where gas-phase transport and surface deposition need different simulation methods with

information exchange. With the correct reaction kinetics for the microscopic film growth model

and thermodynamic data of the reactants and products for the macroscopic gas transport model,

such multiscale model can realistically represent a variety of ALD processes. In our future work,
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we are going to delve into the connections between the operating conditions and the cycle-time

needed and to build a data-driven model to characterize such complex relationship. This model

will systematically reflect the influences of the operating temperatures, pressures and flow rates,

and also will help experimental and industrial works select and control ALD parameters more

effectively and efficiently.
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