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Computer models are routinely used for the design and analysis of chemical

vapor deposition reactors. Accurate prediction of epitaxial thin film properties re-

quires complete knowledge of the chemical reaction kinetics that occurs in the gas

phase and at the deposition surface. The choice of reactor operating conditions and

physical designs has a significant influence on the selectivity among different reaction

pathways. The extent to which each pathway participates in the total deposition

scheme is a function of reactor geometry, operating parameters, and the degree of

precursor mixing as determined by the design of gas delivery systems.

The first part of this thesis research aims to validate gallium nitride growth

kinetics. A detailed chemistry model is developed to study the interplay between the

transport of reactants, adduct formation chemistry, and deposition kinetics within

a MOVPE reactor showerhead system. Furthermore, the role of reactor geometry

in controlling the selectivity among competing reaction pathways is explored in the



context of a planetary gallium nitride radial-flow CVD system.

The second part of this thesis research is to demonstrate the use of a novel

approach to film uniformity control in planetary reactor systems based purely on

the geometry of radial flow reactors with the mode of wafer rotation. In this multi-

wafer reactor system, individual wafers rotate on a rotating susceptor in a planetary

motion to reduce the effects of reactant depletion on deposition uniformity. The

uniformity criterion developed for this system gives an unambiguous criterion for

minimizing non-uniformity of any film property and gives physical insight into the

reactor operating conditions that most influence uniformity. This technique is ap-

plied to a theoretical gallium nitride reactor system and a real industrial silicon

carbide reactor system.
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Chapter 1

INTRODUCTION

1.1 Metalorganic Vapor Phase Epitaxy

Development of advanced electronic and optoelectronic devices, such as com-

puter chips, light emitting diodes (LEDs), communication technology, and radar

systems, are achieved by growing thin films of materials above a common substrate.

An established method of choice for thin film growth is chemical vapor deposition

(CVD). In CVD, a gas delivery system is used to supply reactant precursors to a de-

position chamber which undergo reactions and produce a desired film on a substrate

or wafer. High temperatures are typically employed to promote chemical reactions

which can occur in both the gas phase and on the surface.

The basic steps involved in a CVD process, depicted in Figure 1.1, are

1. Mass transport of reactants towards wafer

2. Gas phase chemical reactions to form deposition reactants

3. Adsorption of reactants on wafer surface

4. Surface phase chemical reactions on wafer

5. Desorption of volatile product species from wafer surface

6. Mass transport of product species away from wafer

1



Metalorganic vapor phase epitaxy (MOVPE) is a special type of CVD process

where one or more of the gaseous precursors is a metalorganic compound. In the

literature, alternative names for this process include metalorganic chemical vapor

deposition (MOCVD), organometallic chemical vapor deposition (OMCVD), and

organometallic vapor phase epitaxy (OMVPE). All the derivatives denotes the same

process, where the word epitaxy is used to signify the deposition of a thin layer of

single crystal material over a single crystal substrate. An example of this is silicon

(Si) deposition on a silicon wafer. Metalorganic compounds are normally trans-

ported into the reactor with a carrier gas such as hydrogen (H2). Some commonly

used metalorganic compounds are those that have methyl and ethyl groups linked to

group III metal atoms. These include trimethylgallium (TMG), trimethylaluminium

(TMA), trimethylindium (TMI), triethylgallium (TEG), triethylaluminium (TEA),

and triethylindium (TEI) [1].

Advantages of MOVPE include better film uniformity (e.g. across wafer and

wafer-to-wafer), improved material quality (e.g. composition, contamination, defect

density, electrical and mechanical properties), and enhanced conformality. More-

over, utilization of this growth technique has enabled fabrication of a wide variety

of material systems, for example, III-V and II-VI semiconductors and most of their

alloys. Two material systems successfully grown using MOVPE are gallium nitride

(GaN) and silicon carbide (SiC).

Gallium nitride is a compound semiconductor material that has shown tremen-

dous potential in electronic and optoelectronic devices over the past few years due to

its wide-bandgap and high breakdown field properties [2]. GaN has a direct bandgap
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of 3.4 eV making it suitable for manufacturing light emitting diodes (LEDs) capable

of emitting light of any wavelength between blue and ultraviolet (UV) when alloyed

with indium (In) and aluminum (Al). In addition, GaN-based devices are used for

high-frequency and/or high-power applications including aircraft radar electronics

[3].

Silicon carbide is a wide bandgap semiconducting material that has shown

great potential for developing advanced electronic devices. SiC posses superior

physical properties, such as, large bandgap, high thermal conductivity, and high

breakdown voltage . These properties and others have enabled fabrication of new

and more efficient communication and radar systems technology [4].

1.2 Reactor Designs Issues

Metalorganic vapor phase epitaxy (MOVPE) is the principal method used

to grow single-crystalline layers of GaN and SiC [5]. Currently, manufacturers of

gallium nitride and silicon carbide devices use both commercial and custom-built

reactor designs. The wide range of reactor designs indicates a lack of a coherent

framework on how to design reactors for optimal single wafer and multiple-wafer

production. As a result, significant research from both academic and industrial

levels has enhanced manufacturing technology considerably within the past decade.

Furthermore, the rapid evolution of material systems and continued tightening

of quality control constraints for thin-film manufacturing processes in semiconductor

and other (e.g., optical coating) industries pose a number of challenges to equipment

3



design, giving rise to a wide range of reactor systems designed to reduce spatial

nonuniformity of deposition thickness, composition, and microstructure. In some

manufacturing processes, the use of substrate (wafer) rotation is integral to achieving

acceptable film properties across the substrate. In CVD systems commonly used

for semiconductor processing numerous reactor designs make use of wafer rotation

(Figure 1.2), such as

• cylindrical reactors, in which gas flows from a shower head over a wafer

and exhausts out the bottom, where wafer rotation is used to eliminate any

residual angular non-uniformities in the reactor design;

• in cross-flow reactor designs, where gas flows through a tube or duct-shaped

reactor chamber over a wafer and exhausts opposite the gas inlet, in which

wafer rotation is used to reduce cross-flow deposition non-uniformities and

depletion effects in the direction of flow; and

• in planetary reactors, where gas flows radially outward from a central feed

point over the susceptor containing multiple wafers, each of which rotates on

its individual axis. This design has the effect of eliminating reactor-induced

angular non-uniformity generators through susceptor rotation, and wafer ro-

tation is used to reduce the intrinsic (and completely unavoidable) effect of

gas phase reactant decomposition and precursor depletion in the gas phase.

Despite ongoing research in this area, an unambiguous understanding of the

physical and chemical mechanisms governing the deposition process does not yet
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exist. The difficulties in achieving this understanding to a certain extent can be

linked to the complex intrinsic chemistry of the deposition process, the knowledge

of which currently is incomplete. A large number of gas phase and surface phase

reactions resulting from the extreme conditions necessary for gallium nitride and sil-

icon carbide growth have been extensively studied by many researchers. As a result,

a number of chemical mechanisms describing important gas phase and surface phase

reactions during GaN and SiC growth have been reported in the literature. Though

most of these mechanisms present similar reaction pathways, the distinguishing fac-

tors are the individual rate parameters. In addition, some research groups assume

significant gas phase reactions [6, 7, 8, 9], whereas others assume gas phase reactions

play no role in film deposition kinetics [10, 11]. Despite the range of assumptions

made regarding growth chemistry, most models are able to match experimental data

when predicting growth rate and uniformity [5, 6, 7, 12, 13]. This, in fact, may be

due to differences in chamber pressure, susceptor temperature, precursor flow rates,

residence time in heated zones, and reactor geometry. Nonetheless, a consensus on

a definitive kinetic model describing gallium nitride and silicon carbide growth has

yet to be reached.

Moreover, numerous research groups have spent a considerable amount of time

designing gas delivery systems for MOVPE reactors with the intent to minimize

precursor interactions. The most common approach is to use separate injectors to

reduce any premature mixing of the precursors [5, 6, 7]. Reactor systems of this

type have been developed by SUNY/Sandia/Thomas Swann/Aixtron researchers to

illustrate a connection between gas phase reactions and film-thickness uniformity. It
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should be noted that while these designs can suppress reactions in the gas delivery

system, complete mixing of the precursors must take place close to the wafer surface

to achieve uniform film thickness [5]. Hence, these studies and others reinforce the

critical role chemistry holds in designing efficient MOVPE reactors.

In conjunction with reactor design, numerous studies have focused on develop-

ing simulation tools aimed towards optimizing film-thickness uniformity. Fluid flow

models that take into account heat, momentum, and mass transfer effects within

both horizontal and vertical MOVPE reactors have been detailed in several papers.

Many of these models incorporate large sets of chemical reactions and the model

predictions ultimately are tied to the specific reactions chosen by the research group.

Such models are routinely used to optimize the design and operating parameters to

produce thin films with a spatially uniform thickness.

1.3 Research Motivations and Objectives

The use of advanced growth techniques such as MOVPE enables production

of thin, high-quality epitaxial films. However, similar to other semiconductor tech-

nologies, MOVPE is controlled by a natural factor-ever increasing size of the wafers

used for growth. As a result, research and development in the area of MOVPE

is very expensive due to the high cost of equipment, individual growth runs, and

experimental errors. In addition, fabrication of electronic and optoelectronic de-

vices require growth of successive epitaxial layers with a tight control of epilayer

characteristics including thickness, uniformity, composition, and crystal quality. In
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an effort to reduce the number of experiments necessary for optimization of reactor

design and growth conditions, computational modeling is routinely implemented.

Reactor models can provide insight into many of the fundamental growth-related

problems that can occur during the deposition process.

The first objective of this work was to apply simulation and advance modeling

techniques to gain a deeper understanding for the physical and chemical mechanisms

governing gallium nitride and silicon carbide epitaxial growth. Detailed physically-

based reaction-transport models were developed for a variety of reactor designs and

material systems. These models were used to study deposition pathways, improve

reactor deposition uniformity, reduce run-to-run variability, and increase reactor

efficiency.

The second major objective of this work was to demonstrate the use of a novel

approach to film uniformity control in planetary reactor systems proposed by [14]

based purely on the geometry of radial flow reactors with the mode of wafer rotation.

In this approach, a sequence of stalled-wafer (non-rotating) deposition profiles are

identified that, when rotated, produce perfectly uniform films. Then, a deposition

profile, produced either by simulation or by an actual CVD process is projected onto

this sequence of uniformity-producing profiles to compute the ”Nearest Uniformity

Producing Profile” (NUPP), which under rotation would produce a uniform film.

Thus, it becomes clear that one would want to drive the current profile to the

”nearest” optimal profile, NUPP, giving an unambiguous optimization criterion.

Most importantly, the NUPP provides the process engineer with physical insight

on how reactor operating conditions should be modified to drive the current profile
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towards the NUPP to improve uniformity. This technique is extremely powerful

because it can be applied to not only film thickness but any distributed film quality

for either process development or in a run-to-run control system.

This work is organized in the following fashion. A short discussion of physically-

based modeling using the quadrature-based weighted residual method techniques of

Adomaitis [15] is presented in Chapter 2. An overview of the current literature

on gas phase and surface phase gallium nitride chemistry is presented in Chapter

3. In Chapter 4, a detailed chemistry model is developed to study the interplay

between the transport of reactants, adduct formation chemistry, and deposition ki-

netics within a GaN MOVPE reactor showerhead system. Derivation of the NUPP

technique is presented in Chapter 5. In chapter 6, the NUPP approach is applied to a

GaN radial-flow chemical vapor deposition system with planetary wafer rotation. In

Chapter 7, the uniformity criterion is applied to an industrial SiC radial-flow depo-

sition system to demonstrate NUPP-based run-to-run control capabilities. Finally,

this work is concluded in Chapter 8 and future work is discussed.
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Figure 1.1: Basic steps involved in a chemical vapor deposition process.
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Figure 1.2: Examples of reactor designs that make use of wafer rotation: cross-flow

reactor (top); cylindrical reactor (middle); planetary reactor (bottom).
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Chapter 2

PHYSICALLY-BASED MODELING

2.1 Governing Equations

Our methodology for solving problems is through as iterative simulation-based

structure demonstrated in Figure 2.1. In this approach, we use object-oriented simu-

lation tools to construct physical models that help assess design and operation alter-

natives minimizing costly experimental runs. The mathematical models presented

in this work describe interactions between fluid flow dynamics, energy transfer,

and individual species transport within several different MOVPE reactor systems.

The fundamental equations used to describe these phenomena consists of a set of

non-linear partial differential equations and their appropriate boundary conditions.

Boundary conditions define the physics that occur at the inlet, outlet, and all other

solid surfaces of the system. The solution of these equations generate velocity (v),

pressure (P ), temperature (T ), and species mole fraction (xi) distributions within

the system.

Transport and reaction-kinetic models developed in this thesis are based on

fundamental equations accounting for momentum, heat, and mass-transfer within

a compressible gas with temperature-dependent physical properties. Because the

mixture of reactants and products in the carrier gas (H2) is dilute, it is valid to

neglect the heat of reaction along with any expansion or contraction of the mixture
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due to chemical reactions. Moreover, the precursor species and all products formed

from subsequent reactions between the precursors exist in low concentration relative

to the carrier gas. Therefore, multicomponent diffusion need not be considered and

binary diffusion coefficients of the reactants and products in the carrier gas (H2)

are utilized. Furthermore, the flow and heat transfer equations are decoupled from

the mass transfer problem and were solved first to compute the gas temperature

and velocity distributions. The mass transfer and kinetic problem was subsequently

solved on the same grid to compute the species distribution. The continuity equa-

tion, equation of motion, equation of energy, and mass balances of each chemical

species for temperature-dependent density (ρ), viscosity (µ), heat capacity (Cp), and

thermal conductivity (k) are expressed as the following

Mass Continuity:

5 · (ρv) = 0 (2.1)

Momentum Balance:

ρ
Dv

Dt
= −5 P −5 · τ + ρg (2.2)

Energy Balance:

ρCp(v · 5T ) = 5 · (k5 T ) (2.3)

Mass Balances:

5 · (cxiv) = 5 · [cDi(5xi)] −RG
i (2.4)

The term (
Dv

Dt
) in equation 2.2 represents the substantial time derivative.
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2.2 Computational Example: Simple 2D Isothermal Fluid

Flow Problem

Consider the problem of computing the velocity field of a gas entering a cylin-

drical reactor chamber (depicted in Figure 2.2). The dimensions of the physical

domain extend from: 0 ≤ z ≤ 1.0 and 0 ≤ r ≤ 2.5. The continuity equation,

equation of motion for the r-direction, and equation of motion for the z-direction of

a Newtonian fluid assuming constant density and viscosity are expressed as

1

r

∂

∂r
(rvr) +

∂vz

∂z
= 0 (2.5)

ρ(vr
∂vr

∂r
+ vz

∂vr

∂z
) = −∂p

∂r
+ µ[

∂

∂r
(
1

r

∂

∂r
(rvr) +

∂2vr

∂z2
] (2.6)

ρ(vr
∂vz

∂r
+ vz

∂vz

∂z
) = −∂p

∂z
+ µ[

1

r

∂

∂r
(r
∂vz

∂r
) +

∂2vz

∂z2
] (2.7)

where ρ = [kg/m3] and µ = [kg/s/m]. The boundary conditions for this system are

defined as:

@ r = ’min’: vr = 0 ∂vz

∂r
= 0 ∂p

∂r
= 0

@ r = ’max’: 1
r

∂
∂r

(rvr) = 0 vz = 0 p = 0

@ z = ’min’: vr = 0 vz = 0 ∂p
∂z

= 0

@ z = ’max’: vr = 0 vz = f(r) = r2 − 2.52 ∂p
∂z

= 0

Solving this simple 2D isothermal fluid flow problem using the object ori-

ented computational framework is discussed next. The system of non-linear partial
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differential equations are discretized by collocation and subsequently solved by im-

plementing the Newton-Raphson method. The typical mesh consisted of 30 x 30

grid points (as shown in Figure 2.3). All simulations are done using the quadrature-

based weighted residual method techniques of Adomaitis [15]. The nature of this

object oriented computational framework is to simplify the implementation of the

quadrature-based weighted residual methods for the solution of boundary value

problems (BVP) in geometrically simple domains. For example, objects of class

scalarfield are defined to represent each of the models distributed states (e.g. gas

velocity vz(r,z), pressure p(r,z), etc.) along with objects of class linearoperator which

define discretized equivalents to the differential operators in the modeling equations.

Overloaded operators, such as multiplication, then allow the model developer to

write discretized representations of each BVP and their boundary conditions in a

way that is very similar in form to the modeling equations as represented in (2.5 -

2.7). The modeling equations are arranged into a modular simulator framework and

a Newton-Raphson based equation solver is called to solve the discretized system of

equations by minimizing the discretized residuals.

The physical domain (quadgrid object) is set up and the discrete differentiation

operation (linearoperator) objects are defined in the constructor file using the

methods:

% Define 30-point quadrature grid from 0 ≤ r ≤ 2.5

R = quadgrid(’cyln’,30,’r’,[0.0 2.5]);

% Define 30-point quadrature grid from 0 ≤ r ≤ 1.0

Z = quadgrid(’slab’,30,’z’,[0.0 1.0]);
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% Define complete physical domain

S = R*Z;

% Define discretized equivalents to the differential operators

Dr = linearoperator(S,’d’, ’r’);

DDr = linearoperator(S,’dd’,’r’);

Dz = linearoperator(S,’d’, ’z’);

DDz = linearoperator(S,’dd’,’z’);

Dr2 = linearoperator(S,’d2’, ’r’);

DDr2= linearoperator(S,’dd2’,’r’);

Initial guesses for the model distributed states are specified using the methods:

% Define model distributed states

vz = scalarfield(S,-1.0);

vr = scalarfield(S,-1.0);

p = scalarfield(S,rand(nr,nz));

The modeling equations and corresponding boundary conditions are defined

and stored in the residual file as follows:

% Equation of motion in z-direction and BC’s

Rvz = rho*( vz*(Dz*vz) + vr*(Dr*vz) ) + ...

Dz*p - visc*( DDz*vz + DDr*vz );

Rvz = setbval(Rvz,vz,’r’,’max’);

Rvz = setbval(Rvz,Dr*vz,’r’,’min’);

Rvz = setbval(Rvz,vz,’z’,’min’);

Rvz = setbval(Rvz, getbval(vz,’z’,’max’) - f, ’z’,’max’);
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% Equation of motion in r-direction and BC’s

Rvr = rho*( vz*(Dz*vr) + vr*(Dr*vr) ) + ...

Dr*p - visc*(DDz*vr + DDr2*vr);

Rvr = setbval(Rvr,Dr2*(vr),’r’,’max’);

Rvr = setbval(Rvr,vr,’r’,’min’);

Rvr = setbval(Rvr,vr,’z’,’max’);

Rvr = setbval(Rvr,vr,’z’,’min’);

% Continuity Equation and BC’s

Rp = Dz*vz + Dr2*(vr);

Rp = setbval(Rp,p,’r’,’max’);

Rp = setbval(Rp,Dr*p,’r’,’min’);

Rp = setbval(Rp,Dz*p,’z’,’max’);

Rp = setbval(Rp,Dz*p,’z’,’min’);

Results for vz, vr, and the velocity vector field are shown in Figure 2.4.
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Figure 2.2: Cylindrical reactor chamber used for 2D simulation for an isothermal

fluid flow problem.
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Figure 2.3: Computational grid used for 2D simulation for an isothermal fluid flow

problem.
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Figure 2.4: Two-dimensional simulation results for an isothermal fluid flow prob-

lem: vz component (upper left); vr component (upper right); velocity vector field

(bottom).
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Chapter 3

CHEMICAL REACTION PATHWAYS

3.1 Overview

Detailed models describing gallium nitride chemistry have been presented in

the literature, and in all cases, the accuracy of the kinetic models depends on the

accuracy of the rate parameters. The traditional approach to obtaining these param-

eters is to conduct chemical kinetic experiments which produce data on individual

reaction steps. Over the years, experimental studies aimed at understanding gal-

lium nitride chemistry have generated valuable information on a number of these

elementary reaction steps. However, due to the vast number of possible gas phase

and surface phase reactions involved during epitaxial growth, many of these exper-

imental studies were unable to extract a complete set of reaction rate parameters.

Recently, theoretical methods such as quantum chemistry techniques, which use first

principle calculations of molecular structure and energetics combined with transi-

tion state theory (TST), have been utilized to calculate these missing rate constants

[16, 17]. These theoretical methods are well documented [16, 17] and a detailed

discussion on the subject is beyond the scope of this thesis. Despite the use of

experimental and computational techniques, many of these rate constants remain

unknown, and are often fitted to available experimental data taken from a specific

reactor. This latter approach generates a model that can only be applied to a lim-
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ited range of growth conditions and fails to produce a valid set of rate parameters

which can be used in other reactor systems.

Hence, an overview of the major underlying chemical pathways taking place

under typical growth conditions and their associated reaction rate parameters is

presented in the following chapter. Section 3.2 discusses GaN gas phase pathways.

Gas phase gallium nitride chemistry can be visualized as consisting of two competing

routes (Figure 3.1): an a) upper route and b) lower route. The upper route is more

commonly referred to as the adduct formation pathway, whereas, the lower route

refers to the thermal decomposition pathway of TMG. Each pathway is responsible

for producing an array of chemical species that may eventually participate in GaN

deposition. The primary gas phase reaction is the spontaneous interaction between

commonly used precursors, trimethylgallium ((CH3)3Ga) and ammonia (NH3), to

form stable Lewis acid-Lewis base adducts [18, 19]. Adduct formation is a ubiquitous

problem during MOVPE of GaN and has been widely studied. Upon formation,

these adducts may condense on cold surfaces inside the reactor system [20]. For this

reason, the formation of these adducts is believed to degrade film quality, uniformity,

and consume the feed stream of organometallic sources [21]. Surface phase pathways

are finally discussed in Section 3.3 of this chapter.

For the case of GaN growth, adduct formation and the subsequent oligomer-

ization is a matter widely discussed in the literature, yet open questions remain.

On the other hand, decomposition chemistries of ammonia and trimethylgallium

are relatively well understood, and so, offers a reasonable starting point for this

discussion.
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3.2 Gallium Nitride: Gas Phase Pathways

3.2.1 Ammonia Pyrolysis Pathway

NH3 is the most widely used nitrogen precursor during MOVPE of gallium

nitride. The use of NH3 as a nitrogen source has produced high quality epitaxial

films. The extent of NH3 decomposition during epitaxial film growth is important

because it will ultimately determine the amount of active species at the growth

front. Davidson et al. [22] studied high-temperature NH3 pyrolysis from a series

of experiments at a temperature range of 2000-3200 K, a pressure range of 0.8-1.1

atm and a NH3 concentration range of 0.1-1.0 %. At these conditions, substantial

ammonia decomposition producing N2 and H2 as the major products was reported

for a residence time of 1 ms. It should be noted that N2 is far too stable and can not

produce sufficient active N species for growth of gallium nitride [23]. Based on the

work done by [22], a detailed reaction mechanism for NH3 pyrolysis was proposed,

comprising 9 species partaking in 21 reactions. Studies such as these can give an

indication of trends for important reactive intermediates such as N, NH, and NH2.

In a recent study by Monnery et al. [24], pyrolysis experiments were performed

under a temperature range of 1123-1473 K, pressures close to atmospheric, NH3

concentration from 0.5-2.0 %, and residence times ranging from 50 - 800ms. It was

found that the conversion of NH3 was less than 25 % between 1123 and 1323 K. At

1423 K and residence times lower than 300ms, less than 20 % conversion of NH3

was observed. At lower pressures, the degree of NH3 conversion will be much lower.

Other experimental studies on NH3 pyrolysis within a quartz flow tube have been
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performed by Ban [25] and Lui and Stevenson [26]. Both studies revealed minimal

NH3 decomposition under conventional MOVPE growth temperatures.

These studies indicate that high V/III ratios along with high growth tempera-

tures are required in order to yield sufficient amounts of active nitrogen species (N,

NH, NH2) for gallium nitride growth. It is believed that high growth temperatures

not only allow for NH3 cracking, but also encourage transport of atomic N to proper

lattice sites [27, 28]. Irrespective of the fact that NH3 pyrolysis is an integral step

during gallium nitride growth, it is generally not considered to be a major compet-

ing pathway due to the large amount of NH3 that is normally used, and so, the NH3

cracking reaction are often excluded from reactor models.

Though NH3 is the most commonly employed nitrogen source, it has the dis-

advantage of being extremely corrosive and does not readily decompose at tempera-

tures ≤ 1073 K. High growth temperatures may increase thermal stresses in the film,

and intensify impurity diffusion. Hence, several alternative nitrogen sources have

been considered, such as, hydrazine (N2H4), 1,1-dimethylhydrazine ((CH3)2NNH2),

and hydrogen azide (HN3) [29]. Hydrazine and 1,1-dimethylhydrazine have been

suggested as alternatives to NH3 because the NH2-NH2 bond strength (71 kcal/mol)

[30] in these molecules is much lower than the N-H bond strength (110 kcal/mol)

in NH3 [31]. However, both hydrazine and 1,1-dimethylhydrazine are toxic and

flammable which deters utilization. Hydrogen azide decomposes at temperature ≤

573 K into stable N2 molecule and a metastable HN radical [29]. This radical can

supply sufficient amounts of active N which can readily be incorporated into the

GaN film. The drawback to using hydrogen azide is that it is highly toxic and is
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potentially explosive at high pressures. For a more comprehensive review on alter-

native nitrogen precursors refer to work done by Neumayer et al. [29] and Beaumont

et al. [23].

3.2.2 Trimethylgallium Decomposition Pathway

Analogous to NH3 pyrolysis, the gas phase thermal decomposition of TMG

((CH3)3Ga) is also well understood. Jacko and Price [32] were the first to study

TMG decomposition using a flow tube reactor with toluene as the carrier gas. From

their experiments, it was determined that the decomposition pathway is character-

ized by three sequential, first-order reactions (Table 3.1). Reaction G1 describes

the breakdown of TMG to dimethyl-gallium (DMG) with the subsequent loss of a

methyl radical. In the same fashion, two more methyl radicals are formed as DMG

decomposes to monomethyl-gallium (MMG) (reaction G2) which eventually gives

elemental gallium (Ga) (reaction G3). These reactions produce a total of three

methyl radicals per TMG molecule; the kinetic data associated with this decompo-

sition pathway is routinely included in kinetic models describing growth of GaN by

numerous research groups [5, 7, 8]. It should be noted that during the experiments

done by Jacko and Price [32], the third methyl radical was not removed; however,

the activation energy for reaction G3 was calculated from the strength of the last

Ga-C bond to be 77.5 kcal/mol. This is valid assuming the activation energies for

reactions G1 and G2 are equal to the strengths of the respective bonds. In an in-

dependent study, DenBaars et al. [33] reported similar activation energies for TMG
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decomposition when H2 was used as the carrier gas instead of toluene.

To check the validity of the TMG decomposition pathway, a kinetic model

including reactions G1 through G6 (Table 3.1) was developed and simulated in this

work. The results from our simulation were compared to experimental studies done

by Thon and Kuech [34] in a flow tube reactor. Results from Ref. [34] were consistent

with studies done by Larsen et al. [35] and DenBaars et al. [33]. Methane (CH4) and

ethane (C2H6) are known to form as final gas-phase products of TMG decomposition

[36, 37, 38] and therefore rate expressions describing the formation of these species

also have been included in the model (G4-G6). The gas-phase reactions comprising

of reactions G1-G6 were simulated in an isothermal plug flow reactor (PFR) with a

residence time of one second. The mole fraction of each chemical species at the end

of the time span was recorded and this model was implemented over the temperature

range of 473 ≤ T(K) ≤ 1073. Our simulation results for TMG, CH4, and C2H6 are

shown in Figure 3.2. The partial pressure profiles for these species are in good

agreement with the published results [34] within a temperature range of 473-1073

K. The results reveal that thermal decomposition of TMG begins at approximately

723 K. The key reaction product is methane with ethane being formed at higher

reactor temperatures.

3.2.3 Adduct Formation and Oligomerization Pathway

The immediate coordination of group III organometallic precursors with group

V hydride molecules has been extensively studied. TMG is an electron-deficient
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(Lewis acid) compound because the central metal atom has an empty p-orbital, and

can readily accept an electron pair from a donor molecule such as NH3 (Lewis base),

to form a Lewis acid-Lewis base adduct as indicated by (1) [39].

(CH3)3Ga+NH3 → (CH3)3Ga : NH3 (3.1)

Based on the current understanding of GaN chemistry, the above step leads to all

further gas phase reactions via the upper route (Figure 3.1). The rate of (1) is

assumed to be collision limited and is derived from the kinetic theory of gases [40].

The bimolecular collision rate expression is given by

k = πσ2
AB

(
8kBT

πµ

)0.5

(3.2)

where µ is the reduced mass, T the absolute temperature in the gas phase, kB the

Boltzmann’s constant and σAB is the mean collision diameter of molecule A and B

given by

σAB =
1

2
(σA + σB) (3.3)

In this case, σA and σB represent the individual collision diameters of TMG and NH3

having values of 5.47 Å [37] and 2.92 Å [41], respectively. The activation energy for

the forward reaction is 0 kcal/mol indicating adduct formation is, in fact, sponta-

neous. The adduct molecule can easily revert back into TMG and NH3 as suggested

by mass spectrometry and electron diffraction studies [18] and is represented by (4).

(CH3)3Ga : NH3 → (CH3)3Ga+NH3 (3.4)

The rate of this reaction has a significant impact on nitride growth and determining

the rate expression has been the focus of numerous studies. The dissociation en-
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ergy of the adduct molecule is directly related to the Ga-N bond strength and has

been estimated using both experimental and computation approaches. Recently,

Watwe et al. [42] calculated the value of the dissociation energy to be 18 kcal/mol

using quantum chemical calculations employing density functional theory (DFT)

methods. In similar theoretical studies, values of 20.6 kcal/mol, 20.5 kcal/mol, and

16.8 kcal/mol have been reported by Tachibana et al. [43], Simka et al. [16] and

Pelekh and Carr [44] respectively. These values are consistent with experimental

work done by Leib et al. [45]. They reported the strength of the Ga-N bond to be

18.5 kcal/mol. As a result, a value of 18.5 kcal/mol is used as the activation energy

for this reaction in the simulation studies to be performed later in this thesis.

Sywe et al. [46] used Fourier transform infrared (FTIR) spectrometry to study

low temperature gas phase reactions between TMG and NH3 within a gas cell. At

room temperature, two experiments were conducted interchanging TMG and NH3

as the limiting reactant. Under both sets of conditions, the coordination reaction

between TMG and NH3 occured immediately and proceeded to completion within

0.2 seconds of mixing. Conversely, at 423 K, peaks for both TMG:NH3 and TMG

were detected and a chemical equilibrium between the adduct and the reactants in

the gas phase was reached.

Further investigation of high temperature gas phase reactions between TMG

and NH3 was performed by Thon and Kuech [34] in an isothermal flow tube reac-

tor with a residence time of 1 second by means of in situ mass spectrometry. The

pressure was held constant at a value of 76 torr and data was acquired as a function

of temperature through the continuous ramping of the overall reactor temperature.
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For 473 ≤ T ≤ 773 C an instantaneous reaction between TMG and NH3 was ob-

served resulting in the release of a single methane molecule. Unfortunately, the

experimental system was not able to ascertain the exact nature of the product from

this reaction. At high temperatures, complete decomposition accounted for all three

methane molecules. In an effort at understanding possible reactions mechanisms,

the same experiment was performed using ND3 instead of NH3. In this case, only

CH3D, as opposed to CH4, was detected by the residual gas analyzer. As a result,

these studies suggest two possible pathways which lead to methane production and

are shown by (5) and (6).

(CH3)3Ga : NH3 → (CH3)2Ga : NH2 + CH4 (3.5)

(CH3)3Ga : NH3 +NH3 → (CH3)2Ga : NH2 +NH3 + CH4 (3.6)

The reaction indicated by (5) is the intramolecular reaction describing H transfer

from NH3 to one of the methyl groups. The activation barrier for this reaction was

calculated by Simka et al. [16] and Tachibana et al. [43] to be 32 kcal/mol. A value of

49 kcal/mol was determined by Zaouk et al. [21]. The second methane elimination

pathway (6) corresponds to a bimolecular collision reaction involving an adduct

molecule with a second NH3 molecule. Simka et al. [16] reported an activation

energy of 15 kcal/mol for this reaction making it a potential completing pathway

for low temperature methane production. Other methane elimination pathways

involving interactions between TMG and TMG:NH3, or two TMG:NH3 molecules,

have been proposed in the literature [42].

What happens after methane elimination is not fully understood. Oligomer-
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ization of the dimethylgallium amide, (CH3)2Ga:NH2, to form a six member ring

compound, [(CH3)2Ga:NH2]3, is frequently included as a major pathway in the mech-

anisms proposed in the literature [5, 6, 7, 8, 12, 13].

3[(CH3)2Ga : NH2] → [(CH3)2Ga : NH2]3 (3.7)

In a study done by Almond et al. [47], the trimeric species was found to exist in

both the gas and solid phase at 393 K. In their experiments, the solid crystal was

evaporated and traces of the ring compound were detected in the vapor. Though

their results revealed evidence of a trimer species, the experiments can not ver-

ify trimer formation during conventional MOVPE growth conditions. In an earlier

study, Coates [48] postulated that dimethylgallium amide should produce dimers,

[(CH3)2Ga:NH2]2, rather than trimers. Recently, Bergmann et al. [49] used in

situ mass spectrometry to study reactions between TMG and NH3 in a flow tube

reactor operating at 20 torr and a residence time of 0.2 seconds to determine im-

portant high molecular weight gallium-and-nitrogen containing compounds. Their

results revealed that the concentration of the trimer is negligible particularly at high

temperatures (above 1000 K) typically encountered during GaN growth. Moreover,

compounds containing two gallium atoms per molecule were detected at higher tem-

peratures, and it was concluded that these species may reach the hot wafer surface

during MOVPE and participate in deposition.

Rate parameters for the trimer formation step have been estimated by either

quantum chemistry calculations or available experimental data. However, a clear

consensus on this subject is missing. Therefore, similar to (2), the rate of trimer
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formation is expressed as being collision limited and is governed by the probabil-

ity of a three-body collision between three dimethylgallium amide molecules. The

termolecular collision rate is given by

k = πσ5
A

(
8kBT

πmA

)0.5

(3.8)

where the collision diameter, σA , of (CH3)2Ga:NH2 is calculated to be 5.39 Å based

on group contribution methods [41] and mA is the mass of (CH3)2Ga:NH2.

The final step in the upper route is unidentified, but generally represented

by the breakdown of the trimer species into low molecular weight products and

large amounts of methane. Due to a limited amount of information on these low

molecular weight products, their physical properties are taken to be that of GaN,

and the decomposition reaction is assumed to be

[(CH3)2Ga : NH2]3 → 3GaN + 6CH4 (3.9)

The activation energy for this reaction is reported by Mihopoulos [8] to be 60.0

kcal/mol.

In summary, the upper route is characterized by four fundamental steps: (i)

reversible adduct formation, (ii) methane elimination, (iii) trimer formation, and

(iv) trimer dissociation. The reactions associated with these steps and their rate

parameters are presented in Table 3.2. Together, Tables 3.1 and 3.2 provides a

complete picture on the current understanding of gas-phase GaN chemistry.
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3.3 Surface Phase Pathways

An overview of possible gas-phase reactions occurring during crystal growth of

GaN has been the focus thus far. However, a complete surface reaction mechanism

describing chemisorption of reactive species from the gas-phase, decomposition and

recombination reactions on the surface, and epitaxial GaN film growth reactions is

also absent from the literature. This is partly due to the large number of gas-phase

species which can adsorb onto the surface in conjunction with limited surface science

studies which are crucial for assembling reliable surface reaction networks.

Growth of high-quality GaN films requires adequate amounts of gallium and

active nitrogen species near the substrate. Because high V/III ratios are typical

used in MOVPE systems, it is generally assumed that the excess NH3 and its de-

composition products (N, NH, and NH2), discussed in section 3.2.1, must also exist

in large quantities relative to gallium-containing species close to the hot substrate.

Hence, the growth rate will not depend on the amount of NH3, but instead, be

dominated by the arrival rate of gallium-containing species at the growth front. For

this reason, surface reaction involving NH3 with free surface sites (S) is not critical,

but is included in the surface reaction mechanism (Table 3.3) for completeness.

The surface reaction mechanism is shown in Table 3.3. The rate of all ad-

sorption reactions is assumed to be controlled by two factors; the rate of collision

of gas-phase species with the surface and the fraction of incident molecules which

become adsorbed. Therefore, the adsorption rate of the ith species, RS
i , can be
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expressed as the product of the flux of species i, Fi, and its sticking probability, S.

RS
i = Fi · S (3.10)

The sticking probability lies in the range 0 ≤ S ≤ 1, where the two extremes

correspond to no molecules being adsorbed or complete adsorption by all incident

molecules, respectively. The flux, Fi, is derived from the kinetic theory of gases and

governed by the Hertz-Knudsen equation [40].

Fi =
P

(2πMiRgasT )0.5 · xi (3.11)

Here Fi represents the flux of species i (mol/area/time), P the total pressure, Mi is

the molecular weight of species i, Rgas is the ideal gas constant, T is the temperature,

and xi corresponds to the mole fraction of species i in the gas phase above the surface.

Sticking probabilities of unity and activation energies of 0 kcal/mol are assumed for

all surface reactions for simulations performed in this study. The use of (11) to

describe surface rates implies the process is operating under mass transport limited

regime. This is a reasonable assumption for high growth temperatures (1000-1300

K) typically used in MOVPE reactor designs. Reactions S1-S4 describes gallium

incorporation from TMG and its subsequent decomposition products. The adduct,

dimethylgallium amide, trimer, and GaN molecules deposit stoichiometric amounts

of Ga and N into the film and are represented by reactions S5-S8. Finally, reaction

S9 describes N incorporation from NH3. The surface mechanism detailed in Table

3 gives no insight into whether film growth is dominated by adduct-derived species

(upper route) or sub-alkyls (lower route) because a unity sticking probability is
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assumed for all surface reactions. Collectively, Tables 3.1, 3.2, and 3.3 describe the

overall kinetic network for GaN film growth.
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Table 3.1: Representative gas-phase reaction scheme for thermal decomposition

of TMG, methane generation, and ethane generation. Activation energies are in

(kcal/mol) and pre-exponentials are in (cm3/mol)α−1sec−1, where α is the order of

reaction. Rate constants are given by k = k0T
nexp(−Ea/RT ).

Rxn. No Reactions k0 Ea n Ref.

G1 (CH3)3Ga→ (CH3)2Ga+ CH3 3.5 x 1015 59.5 0.0 [32]

G2 (CH3)2Ga→ (CH3)Ga+ CH3 8.7 x 107 35.4 0.0 [32]

G3 (CH3)Ga→ Ga+ CH3 1.0 x 1016 77.5 0.0 [32]

G4 CH3 +H2 → CH4 +H 2.9 x 102 8.6 3.1 [38]

G5 CH3 + CH3 → C2H6 2.0 x 1013 0.0 0.0 [38]

G6 CH3 +H → CH4 2.4 x 1022 0.0 -1.0 [38]
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Table 3.2: Representative gas-phase reaction scheme for adduct formation and oligomerization starting from TMG and NH3.

Activation energies are in (kcal/mol) and pre-exponentials are in (cm3/mol)α−1sec−1, where α is the order of reaction. Rate

constants are given by k = k0T
nexp(−Ea/RT ).

Rxn. No Reactions k0 Ea n Ref.

G7 (CH3)3Ga+NH3 → (CH3)3Ga : NH3 coll.(Eq.2) 0.0 0.0 [5]

G8 (CH3)3Ga : NH3 → (CH3)3Ga+NH3 1.0 x 1014 18.5 0.0 [5]

G9 (CH3)3Ga : NH3 → (CH3)2Ga : NH2 + CH4 1013/1014 32.0/49.0 0.0 [8, 5]

G10 (CH3)3Ga : NH3 + NH3 → (CH3)2Ga : NH2 + NH3 + CH4 1.0 x 1012 15.0 0.0 [16]

G11 3[(CH3)2Ga : NH2] → [(CH3)2Ga : NH2]3 coll.(Eq.8) 0.0 0.0 [5]

G12 [(CH3)2Ga : NH2]3 → 3GaN + 6CH4 4.0 x 1015 60.0 0.0 [8]

36



Table 3.3: Representative surface-phase reaction scheme for gallium nitride growth.

S represents a free surface site. s = 1 corresponds to a sticking probability of unity.

Rxn. No Reactions k0 Ea

S1 (CH3)3Ga+ S → Ga(s) + 3CH3 s=1 0.0

S2 (CH3)2Ga+ S → Ga(s) + 2CH3 s=1 0.0

S3 (CH3)Ga+ S → Ga(s) + CH3 s=1 0.0

S4 Ga+ S → Ga(s) s=1 0.0

S5 (CH3)3Ga : NH3 + 2S → GaN(s) + 3CH4 s=1 0.0

S6 (CH3)2Ga : NH2 + 2S → GaN(s) + 2CH4 s=1 0.0

S7 [(CH3)2Ga : NH2]3 + 6S → 3GaN(s) + 6CH4 s=1 0.0

S8 GaN + S → GaN(s) s=1 0.0

S9 NH3 + S → N(s) + 1.5H2 s=1 0.0
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Figure 3.1: Gallium nitride chemical reaction pathway consisting of upper (adduct)

and lower (decomposition) routes.

(CH3)3GaNH3

CH3

+
(CH3)2Ga

CH3

+
(CH3)Ga

CH3

+
Ga

(CH3)3Ga:NH3

CH4

+
(CH3)2Ga:NH2

[(CH3)2Ga:NH2]3

6CH4 + 3GaN

WAFER

L
o

w
er

 R
o

u
te

(D
ec

o
m

p
o

si
ti

o
n

)
U

p
p

er
 R

o
u

te
(A

d
d

u
ct

)

38



Figure 3.2: Simulation results for thermal decomposition of TMG in a flow tube

reactor: PT = 76 Torr; x0
TMG = 0.05; τ = 1 sec.

500 600 700 800 900 1000
0

1

2

3

4

5

6

7

8

T (K)

P
ar

tia
l P

re
ss

ur
e 

(T
or

r)

P
tmg

P
methane

P
ethane

39



Chapter 4

GaN MOVPE REACTOR SHOWERHEAD SYSTEM

4.1 Precursor Delivery Showerhead as a Novel Chemical Re-

actor

The extent of gas-phase reactions can be controlled through the design of gas

delivery systems which range from those resulting in complete mixing to minimal or

no mixing of the precursors before being fed to the reactor chamber. It should be

noted that for designs that suppress reactions in the gas delivery system, complete

mixing of the precursors must take place close to the wafer surface to facilitate

uniform film thickness [5]. A detailed chemistry model is developed in this chapter to

study the interplay between the transport of reactants, adduct formation chemistry,

and deposition kinetics within a MOVPE reactor showerhead system. The reactor

consists of a cooled-wall horizontal chamber with a showerhead above a single wafer

resting on a heated susceptor (Figure 4.1). In this design, reactant precursors are

completely mixed before being fed to the showerhead allowing us to study one

extreme case for the range of gas delivery system designs discussed above. Holes are

arranged in a series of concentric rings in the showerhead and are drilled through

the lower quartz plate. The transparency of the showerhead provides a unique

design feature which enables us to make the connection between reactor design and
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chemical kinetics as concrete as possible: after each growth run, the showerhead is

removed from the reactor and significant deposition is observed (Figure 4.2). More

importantly, the deposition pattern is distinct in that there exists two physically

different regions: a central region with little or no deposits and an annular region

containing large amounts of deposits.

A detailed transport-reaction model is developed in this chapter and applied

to the showerhead portion of this reactor configuration. The model attempts to

capture the deposition process inside the showerhead in both a qualitative (spatial

distribution of deposition pattern) and quantitative (weight measurements) fashion.

The chapter is organized in the following manner - a brief overview of the heat and

transport model, and a discussion of the kinetic model are presented in Sections 4.2

and 4.3, respectively. In Section 4.4, comparison between experimental results and

model predictions is presented.

4.2 Heat Transfer and Species Transport Model

Expanding on some of the ideas for showerhead modeling presented in [50], a

physically based model describing heat transfer and gas transport through the show-

erhead was developed by Hoffman and Adomaitis [51]. Their model was constructed

from simplified descriptions of gas flow and heating through each component in the

showerhead. The model predicts gas velocity (v), gas density (ρ), gas temperature

(Tgas), and pressure (P ) at radial positions inside the showerhead. A complete de-

scription of the showerhead heat and transport model is found in the cited work
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[51]. However, because results obtained from their model are subsequently used as

inputs into the kinetic model developed in this thesis, key aspects of the showerhead

heat and transport model are presented in this section.

A cross-sectional view of the showerhead configuration is shown in Figure

4.3. Notation for some showerhead design parameters and simulation variables are

denoted as

hole ring radii : R1, · · · , RM

gas radial velocity inside showerhead : u1, · · · , u2M−1

reactant gas velocity through holes : v1, · · · , vM

and showerhead gas pressure : P1, · · · , P2M−1.

where m = 1, 2, · · · ,M (m = 1 always refers to the showerhead center, whether or

not a center hole is used).

4.2.1 Radial Flow Momentum and Mass Balances

A momentum balance for the radial component of the inter-plate gas velocity

field can be written as

ρ

2

∂v2
r

∂r
= −∂P

∂r
+ µ

∂

∂r

1

r

∂

∂r
rvr + µ

∂2vr

∂z2
(4.1)
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assuming ρ and µ are constant within each segment region1. Under the assumption

of fully developed laminar gas flow in the showerhead2, the radial component of gas

velocity vr can be written as

vr = vmax
r

[(
∆Z

2

)2

− z2

] (
4

∆2
Z

)
. (4.2)

Defining u to be the mean over z, we find

u(r) =
2

3
vmax

r . (4.3)

In between the rings of holes3, the continuity equation gives

d

dr
ru = 0. (4.4)

Therefore, if the velocity profile at the entrance to each inter-ring segment is vin
r,m(z),

the velocity profile within this segment can be written as

vr(r, z) =
vin

r,m(z)Rm−1

r
. (4.5)

Constant gas density in between the rings of holes is assumed in the derivation of

the continuity equation for the model developed in this section. However, it should

be noted that a small modification to the constant density continuity equation (4.4)

is used for the kinetic model developed in Section 4.3 in order to maintain accurate

species material balances. Substituting (4.3) into (4.2) and comparing the result to

1Note that the physical properties will vary from segment region to segment region depending

on the region’s temperature and mean pressure.
2Calculation of the Reynolds number for the gas flow between two parallel plates for nominal

operating condition shows this is a valid assumption.
3We assume Rm − Rm−1 >> Rh in the derivation of all modeling equations.
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(4.5), we see that

vr =
3

2
u2m−3

[(
∆Z

2

)2

− z2

] (
4

∆2
Z

)(
Rm−1

r

)
. (4.6)

Equation (4.6) now is differentiated twice with respect to z and the result is sub-

stituted into the last term of (4.1); the continuity equation (4.4) eliminates the

second-to-last term of (4.1) giving

ρ

2

dv2
r

dr
= −dP

dr
− 12µu2m−3

∆2
Z

(
Rm−1

r

)
+ g(u2m−3) (4.7)

where the nonlinear term g(u) accounts for deviations in the true contribution of

frictional losses due to non-fully developed flow and other effects. Because g(u) → 0

as u→ 0, linearizing this unknown function and incorporating it in (4.7) gives

ρ

2

dv2
r

dr
= −dP

dr
− 12µkfu2m−3

∆2
Z

(
Rm−1

r

)
(4.8)

where the friction factor kf > 0 will be determined from across-wafer uniformity

measurements [51]. Averaging (4.8) over z and assuming the pressure P is a weak

function of z gives

3ρ

5

du2

dr
= −dP

dr
− 12µkfu2m−3

∆2
Z

(
Rm−1

r

)
. (4.9)

Integrating (4.9) over one of the regions between consecutive hole rings gives

3ρ

5
(u2

2m−2−u2
2m−3) = −P2m−2+P2m−3−

12kfµu2m−3Rm−1

∆2
Z

ln
Rm

Rm−1
m = 3, 4, · · · ,M.

(4.10)

A momentum balance (after [52]) at each hole ring junction point gives

P2m−2 − P2m−1 = kpρ(u
2
2m−1 − u2

2m−2) m = 2, 3, · · · ,M (4.11)
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where a (positive) pressure jump occurs at each hole ring due to the drop in radial

velocity resulting from gas flowing out of the ring of showerhead holes. The cor-

rection factor 0 ≤ kp ≤ 1 is discussed in [52] and accounts for any radial velocity

component of the flow leaving the control volume through the showerhead holes.

4.2.2 Flow Through the Showerhead Holes

Each hole in the lower showerhead plate forms a cylinder with radius Rh and

length ∆L. The coordinate system for each hole consists of the local radial position

r′ (i.e., r′ = 0 at each hole centerline) and global axial direction z. A momentum

balance for the reactant gas passing through a showerhead hole gives

ρ

2

∂v2
z

∂z
= −∂P

∂z
− µ

1

r′
∂

∂r′

(
r′
∂vz

∂r′

)
.

If vm is the mean velocity of the gas passing though each showerhead hole and

accounting for any deviations from fully-developed flow in the same manner as (4.7),

the momentum balance equation can be reduced to the following simplified form:

2ρ

3
v2

m +
8ksµvm∆L

R2
h

=
P2m−2 + P2m−1

2
− Pc m = 2, 3, · · · ,M (4.12)

(compare this to equation (7) of [50]). We note this equation uses the mean of

the pressure difference across each hole row (4.11); the equation describing the gas

velocity through the center hole (v1) is

2ρ

3
v2

1 +
8ksµv1∆L

R2
h

=
P1 + 2Pft

3
− Pc (4.13)

with

Pft = P1 −
3ρ

5
u2

ft, uft = u2
r2
Rft

. (4.14)
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In these equations, Pft, uft, and Rft represent the feed tube pressure, velocity, and

radius, respectively.

4.2.3 Continuity Equations

A material balance over the center-most region of the showerhead gives:

Qρ1 − 2πR2∆Zu2ρ1 = πN1R
2
hv1ρ1 (4.15)

and a material balance at each showerhead ring junction gives:

2Rm∆z(u2m−2ρm−1 − u2m−1ρm) = NmR
2
hvmρm m = 2, 3, · · · ,M. (4.16)

Here,Q represents the total volumetric flow into the showerhead and Nm the number

of holes in each ring. Finally, the continuity equation between each ring relates the

radial velocity value at the downstream edge of one hole ring to the velocity at the

leading edge of the next ring:

Rmu2m−2 = Rm−1u2m−3 m = 3, 4, · · · ,M. (4.17)

Symmetry at r = 0 and no radial flow at r = Rsh (Rsh corresponds to the radius of

the showerhead) require

u1 = 0, u2M−1 = 0 (4.18)

and the centerline pressure P1 is approximated as the sum of the pressure drop

required to accelerate the gas to the radial velocity uft and the pressure difference

found using (4.10) evaluated over Rft ≤ r ≤ R2:

3ρ

5
u2

2 = −P2 + P1 −
12kfµuftRft

∆2
Z

ln
R2

Rft

(4.19)
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where uft was defined in (4.14). Recall that the pressure P1 includes the influence

of the (3ρ/5)u2
ft term contained in its definition (4.14).

4.2.4 Showerhead Temperature Model

The temperature distribution for the top showerhead plate Ttop(r), the bottom

showerhead plate Tbot(r), and the reactant gas flowing in between them Tgas(r)

is computed from an energy balance that takes into account three modes of heat

transfer: radiation, conduction, and sensible heat changes due to flow and heating

of the reactants inside the showerhead (Figure 4.4). Radiative heat transfer occurs

between the following reactor elements: heated susceptor (wafer) and showerhead

bottom and top plates; showerhead top and the reactor liner walls; and top and

bottom plates themselves. Conduction of heat occurs between the following reactor

elements: showerhead and susceptor; showerhead top and liner walls; and reactant

gas and showerhead top and bottom plates. Based on simulation studies of the heat

transfer model, an accurate representation of the radiative heat transfer between

the showerhead top plate and the susceptor as a result of reflection off the liner

tube reflective gold coating (qrrw in Figure 4.4) is essential in predicting accurate

temperature distributions. An important parameter in this energy balance is γ,

which represents the percentage of the liner surface that is covered with a gold

coating. The value of γ is set between the 0 and 1, where γ = 1 corresponds to a

fully coated (highly reflective) liner.

The temperature distribution of the showerhead plates and reactant gas is
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approximated by a piece-wise continuous and locally constant function. The mod-

eling equations to be solved consist of a large set of nonlinear algebraic equations:

the equations describe the spatially discretized showerhead gas energy balance, the

showerhead top and bottom plate energy balances, and the showerhead gas momen-

tum balances and continuity equations.

Results for gas velocity, pressure, gas temperature, and top and bottom show-

erhead plate temperatures are shown in Figure 4.5 for a nominal set of operating

conditions: pressure = 200 Torr; susceptor temperature = 1308 K; total flow(NH3

+ H2) = 20 slm. It is apparent in Figure 4.5 that the temperature of both the top

and bottom showerhead plates are hot relative to the gas temperature in the central

region of the showerhead. This is a result of the cool gas feed and radiative heating

of the showerhead. As the gas flows outward, the gas temperature increases and

reaches a level somewhere between the two plate temperatures. The result for gas

velocity and internal showerhead pressure are also shown in Figure 4.5. A decrease

in gas velocity is observed due to the cylindrical geometry of the inter-plate shower-

head space. The circles denote hole ring locations that give rise to jumps in velocity

and pressure observed in the figure. Note that the jump in velocity is a function of

the change in gas temperature and flow out the hole ring, and so maybe positive or

negative. The following section combines these results with a detailed kinetic model

to provide spatial chemical species distributions within the showerhead.
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4.3 Kinetic Model

A detailed one-dimensional showerhead reaction model is developed in this

section. Rate parameters for all gas phase reactions included in the model are given

in Table 4.1. The rate of G4 is assumed to be collision limited and is derived from

the kinetic theory of gases [40]. The bimolecular collision rate expression is given

by

k = πσ2
AB

(
8kBT

πµ

)0.5

(4.20)

where µ is the reduced mass, T the absolute temperature in the gas phase, kB the

Boltzmann’s constant and σAB is the mean collision diameter of molecule A and B

given by

σAB =
1

2
(σA + σB) (4.21)

In this case, σA and σB represent the individual collision diameters of TMG and

NH3 having values of 5.47 Å [37] and 2.92 Å [41], respectively. The activation energy

for the forward reaction is 0 kcal/mol indicating adduct formation is spontaneous.

Similarly, the rate of trimer formation represented by reaction G7 also is expressed

as being collision limited and is governed by the probability of a three-body collision

between three dimethylgallium amide molecules. The termolecular collision rate is

given by

k = πσ5
A

(
8kBT

πmA

)0.5

(4.22)

where the collision diameter, σA , of (CH3)2Ga:NH2 is calculated to be 5.39 Å based

on group contribution methods [41] and mA is the mass of (CH3)2Ga:NH2.

Up to this point, we have only discussed gas phase reactions that can occur
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between TMG and ammonia. Gas surface reactions which describe the interaction

of gas phase species with a reactive surface also are included in this model and are

shown in Table 4.2. The rate of all adsorption reactions is assumed to be controlled

by two factors: the rate of collision of gas-phase species with the surface and the

fraction of incident molecules which become adsorbed. Therefore, the adsorption

rate of the ith species, RS
i , can be expressed as the product of the flux of species i,

Fi, and its sticking probability, Si.

RS
i = Fi · Si (4.23)

The sticking probability lies in the range 0 ≤ Si ≤ 1, where the two extremes

correspond to no molecules being adsorbed or complete adsorption of all incident

molecules, respectively. The flux, Fi, is derived from the kinetic theory of gases and

governed by the Hertz-Knudsen equation [40]:

Fi =
P

(2πmiRgasT )0.5 · xi (4.24)

Here Fi represents the flux of species i (mol/area/time), P the total pressure, mi is

the molecular weight of species i, Rgas is the ideal gas constant, T is the temperature,

and xi corresponds to the mole fraction of species i in the gas phase above the surface.

In our model, we assume that the activation energies are all set to 0 kcal/mol. The

sum of the fluxes of TMG, DMG, MMG, Ga, DMG:NH2, and GaN are assumed to

govern the growth rate, and accordingly, sticking probabilities for those species are

set equal to unity while sticking probabilities for the remaining species are set to

zero.
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A material balance is written for each chemical species

1

R

d

dR
(cxiuR) = RG

i +
2RS

i

∆Z/2
(4.25)

Here c is the total concentration of the gas (c = P/Rgas/T for an ideal gas, P is

the total reactor pressure, and Rgas corresponds to the ideal gas constant), xi is

the mole fraction of the ith species, ∆Z the distance between the top and bottom

showerhead plates, RG
i the rate of generation of species i per unit volume due to

gas phase reactions and RS
i the rate of generation of species i per unit area due

to surface phase reactions. The quantity 2RS
i results from the assumption that

deposition occurs on both the bottom and top showerhead plates.

Equation 4.25 is written for each annular segment in the showerhead (region

between hole rings). The temperature profile within each annular segment is as-

sumed to be a linear fit between the trailing and leading segment gas temperatures,

derived from the stair-like function shown in Figure 4.5. The velocity profile within

each annular segment then is computed through the equation of continuity

d

dR
(uρR) = 0 (4.26)

It should be noted that the equation of continuity used for the transport-reaction

model developed in this section is slightly different than the one used in (4.4) in

order to maintain accurate chemical species material balances. In addition, inlet

mole fractions for all chemical species are set equal to the corresponding outlet mole

fractions from the previous segment.

Species mole fraction distributions of each chemical species are shown in Figure

4.6 based on the nominal set of operating conditions: pressure = 200 Torr; susceptor
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temperature = 1308 K; total flow (NH3 + H2) = 20 slm. The results indicate that

the adduct molecule, TMG:NH3, is the major gallium-containing species present

until a radial position of 2 cm. Thereafter, as the gas temperature increases, other

reactions become significant producing an array of gallium-containing species.

The deposition rate profile is a function of the gas phase mole fraction of TMG,

DMG, MMG, Ga, DMG:NH2, and GaN and is represented by

∆(R) =
N∑

i=1

RS
i · xi (4.27)

The deposition pattern predicted from the model corresponding to nominal reactor

operating conditions is compared to experimental observations in Figure 4.7. The

model accurately captures the deposition pattern left in the showerhead after one run

and now will be used to explore the interaction between the transport of reactants,

adduct formation chemistry, and deposition kinetics. All simulations were done

using the quadrature-based weighted residual method techniques of Adomaitis [15].

4.4 Experimental and Model Validation

4.4.1 Experimental Procedure

The experimental procedure was conducted in such a way to allow for both

qualitative and quantitative model validation. Before starting each growth run,

the showerhead was placed onto a scale to record its pre-growth weight. Typical

growth times for GaN were 45-60 minutes. Upon completion of the growth run, the

showerhead was removed from the reactor and again placed on the scale to record
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its post-growth weight to determine the change in showerhead weight attributable to

deposition incurred during the growth run. Additionally, a picture of the showerhead

deposition pattern was taken. Finally, the showerhead was placed in HF cleaning

solution to remove as much of the deposits as possible. It should be noted that the

normal lifetime of a showerhead is typically six or seven growth runs.

4.4.2 Qualitative Comparison

To test the validity of the reaction-transport model it seemed most reasonable

to study the effect susceptor temperature has on showerhead deposition; any change

in susceptor temperature will directly influence gas temperature inside the shower-

head, effectively changing the intrinsic showerhead kinetics and the corresponding

deposition pattern. Experiments were performed for three different susceptor tem-

peratures while keeping all other growth parameters constant (reactor pressure,

precursor flow rates, showerhead hole pattern, showerhead to susceptor gap, etc.).

The temperature range was expanded as much as possible (within reasonable reactor

limitations) in order to elucidate its effect on the observed showerhead deposition

patterns. Experiments were performed for susceptor temperatures of 1123 K, 1308

K, and 1523 K. Qualitative comparison between model predictions and observed

showerhead deposition patterns are shown in Figure 4.7 for the three cases. The

colors for each plot are normalized with respect to the maximum deposition rate

calculated for that particular showerhead.

The experiments reveal significant differences in showerhead deposition pat-
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terns as susceptor temperature is changed. The area of the central region of the

showerhead where little or no deposition occurs is significantly different in the three

cases. The central region of the showerhead corresponding to Tsus = 1123 K is much

larger in comparison to Tsus = 1308 K. Moreover, most of the deposition for the low

temperature case occurs towards the outer edge. It should be noted that the black

residue are deposits on the outside of the showerhead and should be ignored in the

comparison. The exact opposite is observed in the case where the Tsus = 1523 K.

In this case more deposition is seen towards the showerhead center and less towards

the outer edges.

In addition to the visual comparison illustrated in Figure 4.7, MATLAB’s im-

age processing toolbox [53] was utilized to correlate the color pattern of the shower-

head deposits in the experimental photographs to film thickness. In this approach,

the showerhead images were (1) imported into MATLAB; (2) converted into a grey

scale format; (3) placed onto a quadrature-grid to enable accurate interpolation [15];

and (4) rotated for the purpose of averaging. Cross-sectional slices of the rotation-

ally averaged showerhead deposits for the three susceptor temperatures are shown

in Figure 4.8.

The results reveal several key points about this system. For the nominal

(Tsus = 1308 K) and low temperature (Tsus = 1123 K) cases, the qualitative study

results indicate that the showerhead reaction-transport model is valid. The inward

movement of the deposition zone with increasing temperature is clearly seen in these

results and for normal operating conditions the model does a good job of predicting

experimental deposition patterns in the showerhead.
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However, for the high temperature (Tsus = 1523 K) run, the results indicate

that unmodeled phenomena may be at work in this system. It is reasonable to believe

that at high growth temperatures, greater heating of the feed tube may take place

resulting in significant gas phase reactions occurring upstream of the showerhead.

To capture these phenomena, more detailed modeling of the gas delivery system

upstream of the showerhead is required together with experiments to validate the

heat transfer characteristics of the system upstream of the showerhead. Likewise, it

is possible that additional experimental runs between the nominal temperature and

high temperature regime may shed more light on the differences seen here. However,

equipment availability and other resource limitations prevent such a study at this

time.

4.4.3 Quantitative Comparison

In addition to model validation based solely on qualitative means, quantitative

measurements also were performed, providing further evidence on the consistency of

the reaction-transport model developed in this thesis. Our approach is to calculate

from the model how much of the entering TMG is lost due to showerhead deposition

and compare that to showerhead weight experiments. Using the model predictions,

the calculation involves integration of the deposition rate profile and dividing the

result by the total amount of TMG fed to the showerhead:

εM =
1

φ

∫ Rsh

Rft

∆(R) rdr (4.28)
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Here φ represents the total inlet feed of TMG into the showerhead (mol/s). Based

on experiments, the amount of showerhead deposition is computed by

εE =
(Wpost −Wpre)

χ
(4.29)

Here χ denotes the total inlet feed of TMG into the showerhead (grams) and Wpost

and Wpre refer to post-growth and pre-growth weights of the showerhead (grams).

Figure 4.9 compares results between model predictions and experiments. Once

again, model predictions are in good agreement to the experimental data for suscep-

tor temperatures between 1123 K and 1523 K. It should be noted that no adjustable

parameters have been included in the kinetic model, and minimal parameter fitting

was done with respect to the thermal model. The only heat transfer model param-

eter that was fitted to the data was the liner gold coat fraction (γ). A value of

γ = 0.77 was found to be the best fit to the data, a reasonable value based on the

physical design of the reactor system.

4.4.4 Discussion of Results

Both the showerhead design and the reactor operating conditions have a signif-

icant influence on the selectivity of reaction pathways and on the observed shower-

head deposition patterns. We begin a discussion of the showerhead deposit patterns

by analyzing the deposition process from a modeling perspective. Figure 4.10 shows

the spatial distribution of the adduct molecule, TMG:NH3, for all three susceptor

temperatures. Taking a closer look at the TMG:NH3 profile for Tsus = 1308 K, as

the precursors enter the showerhead, the temperature of the gas is cool, and the only

56



gas-phase reaction that occurs is the spontaneous formation of the adduct species.

As the adduct molecules flow radially through the showerhead they can do either of

two things: exit the showerhead through the hole rings or remain in the showerhead

and begin to participate in further gas phase reactions downstream. It is important

to note that the adduct molecule has a sticking probability equal to zero in our

model and so the adduct species does not contribute to the deposition pattern. For

Tsus = 1308 K, the adduct is the major gallium-containing species until the third

hole ring junction (approximately R = 2 cm) and, therefore, little or no deposition

will occur until this location.

After the third hole ring junction, the temperature of the gas in the showerhead

is sufficiently high to promote further gas phase reactions, in particular, adduct

dissociation to produce TMG and NH3 (the lower route in Figure 3.1) or methane

elimination to form DMG:NH2 (upper route). This is reflected by the decrease in

adduct concentration starting at the third hole ring location shown in Figure 4.10.

Both reaction pathways are believed to occur based on our modeling work. The

upper pathway leads to DMG:NH2 which can either deposit inside the showerhead,

exit the showerhead, or undergo a three-body collision to form the trimer molecule.

The lower pathway of Figure 3.1 produces an array of sub-alkyls, each having the

potential to deposit inside the showerhead.

We believe that the direct sticking of these molecules (TMG, DMG, MMG,

Ga, GaN, and DMG:NH2) is what is responsible for the deposition observed in the

showerhead. Contrary to typical epitaxial growth involving adsorption, desorption,

surface migration, and surface reactions, we hypothesize that the deposition in the
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showerhead is a result of these molecules merely sticking to the surface. Thus, the

combination of carbon, nitrogen, hydrogen, and gallium atoms present in many of

the depositing species may be the basis for the dark brownish deposits seen in the

showerhead.

Returning to Figure 4.10, let us explain what happens to the TMG:NH3 pro-

files for when the Tsus is reduced to 1123 K or increased to 1523 K. When the

susceptor temperature is decreased to 1123 K, the gas temperature profile within

the showerhead decreases. Accordingly, gas phase reactions stemming off from the

initial adduct formation do not become significant until further downstream. There-

fore, in this case, showerhead deposition will not occur until about the fifth hole ring

junction. Furthermore, a smaller fraction of the total inlet TMG will deposit as more

of the adduct has an opportunity to exit the showerhead.

On the other hand, raising the susceptor temperature will have the opposite

effect on showerhead deposition. An increase in susceptor temperature causes the

gas temperature profile within the showerhead to increase. Adduct dissociation and

methane elimination begin to occur much earlier causing deposition to occur closer

to the showerhead center.
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Table 4.1: Representative gas-phase reaction scheme of gallium nitride growth from trimethylgallium and ammonia included in

the model for the single wafer MOVPE reactor showerhead system. Activation energies are in (kcal/mol) and pre-exponentials

are in (cm3/mol)α−1sec−1, where α is the order of reaction. Rate constants are given by k = k0T
nexp(−Ea/RT ).

Rxn. No Reactions k0 Ea n Ref.

G1 (CH3)3Ga→ (CH3)2Ga+ CH3 3.5 x 1015 59.5 0.0 [32]

G2 (CH3)2Ga→ (CH3)Ga+ CH3 8.7 x 107 35.4 0.0 [32]

G3 (CH3)Ga→ Ga+ CH3 1.0 x 1016 77.5 0.0 [32]

G4 (CH3)3Ga+NH3 → (CH3)3Ga : NH3 coll.(4.20) 0.0 0.0 [5]

G5 (CH3)3Ga : NH3 → (CH3)3Ga+NH3 9.5 x 109 18.5 0.0 [8]

G6 (CH3)3Ga : NH3 → (CH3)2Ga : NH2 + CH4 1.0 x 1014 49.0 0.0 [5]

G7 3[(CH3)2Ga : NH2] → [(CH3)2Ga : NH2]3 coll.(4.22) 0.0 0.0 [5]

G8 [(CH3)2Ga : NH2]3 → 3GaN + 6CH4 4.0 x 1015 60.0 0.0 [8]

59



Table 4.2: Representative surface-phase reaction scheme for gallium nitride growth

included in the model for the single wafer MOVPE reactor showerhead system. S

represents a free surface site.

Rxn. No Reactions k0 Ea

S1 (CH3)3Ga+ S → Ga(s) + 3CH3 S1=1 0.0

S2 (CH3)2Ga+ S → Ga(s) + 2CH3 S2=1 0.0

S3 (CH3)Ga+ S → Ga(s) + CH3 S3=1 0.0

S4 Ga+ S → Ga(s) S4=1 0.0

S5 (CH3)3Ga : NH3 + 2S → GaN(s) + 3CH4 S5=0 0.0

S6 (CH3)2Ga : NH2 + 2S → GaN(s) + 2CH4 S6=1 0.0

S7 [(CH3)2Ga : NH2]3 + 6S → 3GaN(s) + 6CH4 S7=0 0.0

S8 GaN + S → GaN(s) S8=1 0.0
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Figure 4.1: Single wafer MOVPE reactor showerhead system.
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Figure 4.2: Showerhead deposition pattern: before growth run (top) and after

growth run (bottom).
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Figure 4.3: A cross-sectional view of the showerhead configuration and notation for

the design parameters and simulation variables.
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Figure 4.4: A cross sectional view of a showerhead annular segment, showing all

relevant heat transfer terms.
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Figure 4.5: Showerhead gas temperature along with top and bottom plate temper-

atures (upper left); gas density (upper right); gas velocity (lower left); and pressure

(lower right) for nominal set of operating conditions: pressure = 200 Torr; susceptor

temperature = 1308 K; total flow(NH3 + H2) = 20 slm.
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Figure 4.6: Chemical species mole fraction distributions within the showerhead.
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Figure 4.7: Qualitative comparison between model predictions and observed show-

erhead deposition patterns: Tsus = 1123 K (top); Tsus = 1308 K (middle); Tsus

= 1523 K (bottom). The colors for each plot are normalized with respect to the

maximum deposition rate calculated for that particular showerhead.
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Figure 4.8: Qualitative comparison between model predictions and observed show-

erhead deposition patterns using MATLAB image processing toolbox. Tsus = 1123

K (top); Tsus = 1308 K (middle); Tsus = 1523 K (bottom)
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Figure 4.9: Quantitative comparison between model predictions and showerhead

deposition experiments: total Ga-containing species deposition.
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Figure 4.10: Spatial distribution of adduct molecule for three susceptor tempera-

tures. Showerhead hole rings are marked by the red circles
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Chapter 5

A NEW CRITERION FOR UNIFORMITY CONTROL

5.1 Uniformity Modes

Recently, an approach to film uniformity control in planetary reactor systems

was proposed in [14] based purely on the geometry of radial flow reactors with

the mode of wafer rotation. In this approach, a sequence of stalled-wafer (non-

rotating) deposition profiles are identified that, when rotated, produce perfectly

uniform films. Then, a deposition profile, produced either by simulation or by

an actual CVD process is projected onto this sequence of uniformity-producing

profiles to compute the ”Nearest Uniformity Producing Profile” (NUPP), which

under rotation would produce a uniform film. Thus, it becomes clear that one would

want to drive the current profile to the ”nearest” optimal profile, NUPP, giving an

unambiguous optimization criterion. Most importantly, the NUPP provides the

process engineer with physical insight on how reactor operating conditions should

be modified to drive the current profile towards the NUPP to improve uniformity.

This technique is extremely powerful because it can be applied to not only film

thickness but any distributed film quality for either process development or in a

run-to-run control system.

For any reactor configuration, we define reactor Ω(x, y) and wafer ω(r, θ) phys-

ical domains (Figure 5.1). Film growth takes place in Ω; a film property ∆(x, y) we
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wish to make spatially uniform is defined in at least a portion of this domain. Given

the complete basis function sequences {φi(x)}∞i=1 and {ψj(y)}∞j=1, we can represent

this film property by

∆(x, y) =
∞∑

i,j=1

ai,jφi(x)ψj(y)

≈
I,J∑

i,j=1

ai,jφi(x)ψj(y)

where the finite truncation numbers I, J can be used because of diffusion and other

physical phenomena that limit the maximum length scale that must be resolved by

the basis function expansion; for this work we find I = 10 and J = 1 are sufficient

to resolve the wafer deposition profiles.

Defining P as the operator that projects ∆ onto ω:

δ(r, θ) = P∆(x, y)

=
I,J∑

i,j=1

ai,jPφi(x)ψj(y)

=
I,J∑

i,j=1

ai,jpi,j(r, θ)

Representative pi,j are shown in Figure 5.2.

Defining R as the operator that determines the rotationally-averaged δ profiles:

δ̄(r) = Rδ(r, θ)

=
I,J∑

i,j=1

ai,jRpi,j(r, θ)

=
I,J∑

i,j=1

ai,jαi,j(r)

Now, we classify the pi,j according to the αi,j each produces:
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• Uniform αi,j These include the set {p0}n0
n=1 is defined as all pi,j corresponding

to trivial (zero value) αi,j, and the set {p̄}n̄
n=1 is defined as all pi,j corresponding

to uniform and nonzero αi,j. Even if trivial, these modes will be included as

part of the uniformity producing subspace.

• Nonuniform αi,j The set {p̂}n̂
n=1 is defined as all pi,j corresponding to nonuni-

form and nonzero αi,j. This is the subspace that contains all nonuniformity

producing profiles and some uniformity producing profiles, requiring further

analysis to separate the two. The rotationally averaged modes corresponding

to p̂ are α̂.

5.1.1 Uniformity Producing Profiles in span{p̂}

We define the sequence of functions αV as

αV = span{α̂}

and compute the set of αV using the singular value decomposition procedure; the

orthogonalization process removes redundant α̂; the process can be written in matrix

form

αV = Vα̂

where V are the right singular vectors from the SVD.

Our goal at this point is to determine the subspace of span{α̂} corresponding

to perfectly uniform profiles; one approach is to use the following algorithm:

1. Set nst = 1
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2. Compute αV corresponding to {α̂n}n̂
nst

where n̂ is the total number of functions

in α̂

3. Determine the coefficients b by projecting the αV onto a perfectly uniform

rotationally averaged profile with numerical value 1:

εnst = min
b

∥∥∥∥∥∥
∑

j

bjα
V
j − 1

∥∥∥∥∥∥

4. For εnst smaller than a tolerance given by physical grounds related to the

specific uniformity control problem, using the computed b, we reconstruct the

stalled wafer profiles that give uniform films under rotation using

bTαV = bTVα

Replacing each α in the equation above with its corresponding p̂ gives the

uniformity producing mode β̂nst:

β̂nst = bTVp̂

5. Set nst = nst + 1 and return to Step 2.

When we can no longer find uniformity producing modes that satisfy the error

tolerance set for ε, we orthogonalize and normalize the p0 ∪ p̄ ∪ β̂ modes to produce

the basis

{βn}N
n=0

spanning p0 ∪ p̄ ∪ β̂ and defining all unifomity producing wafer profiles in that

subspace. Representative βn modes are shown in Figure 5.3. Note that when

generating the sequence β̂n, we remove the αm, m = 1, 2, . . . in turn, not the αV
m.
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5.1.2 Defining the Nearest Uniformity Producing Profile (NUPP)

Because all linear combinations of the final set of βn modes are guaranteed to

generate flat profiles, we can use these βn to generate a useful basis onto which a

deposition profile can be projected to immediately determine whether the particular

profile will generate uniform films under rotation and, if it does not, predict the

shape of the “nearest” profile that does. Likewise, we can use these modes as a part

of an efficient means of optimizing the deposition process for uniformity. Defining

the inner product of two functions,

〈f, g〉 =
∫ 2π

0

∫ rw

0
(f(r, θ)g(r, θ))ρ(r, θ)r dr dθ

the NUPP is simply computed using the projection operation:

NUPP: Nu(r, θ) =
N∑

n=0

βn(r, θ) 〈δ, βn〉

In the definition of the inner product, ρ = 1 when the 〈f, g〉 notation is used, and

is a specified function when 〈f, g〉ρ is used. A measure of distance between the

current deposition profile and its NUPP can be minimized as part of a simulation-

based process recipe development procedure or in a run-to-run control system; for

example, one definition of the distance to the NUPP is to define the residual of the

projection of a film property profile δ(r, θ) onto the βn modes:

S(r, θ) = δ(r, θ)−Nu(r, θ) (5.1)

and so the distance to the NUPP can be computed using the weighted inner product

d = 〈S, S〉ρ where the weight function ρ can be used to focus uniformity control on
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regions of the wafer relevant to where devices are to be constructed (e.g., the central

region of the wafer).
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Figure 5.1: Quadrature grids over the deposition (larger/blue; Ω(x, y)) and wafer

domains (smaller/red; ω(r, θ)).
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Figure 5.2: Projection of a complete set of basis function over the deposition domain

onto the wafer domain (pi,j).
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Figure 5.3: First four βn modes spanning the space of all deposition profiles that

produce perfectly uniform films under rotation for ∆.
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Chapter 6

APPLICATION OF ”NUPP” FOR FILM UNIFORMITY

OPTIMIZATION IN A PLANETARY GaN CVD

REACTOR SYSTEM

6.1 Planetary GaN CVD Reactor Model Development

The design of efficient CVD reactors requires a complete knowledge of the

chemical kinetics that take place during the process. The choice of reactor operating

conditions and physical designs have a significant influence on the selectivity among

different reaction pathways, as is the case in GaN where two competing reaction

pathways exist. Some studies have focused on careful design of gas delivery systems

for GaN reactors in order to suppress or avoid the adduct formation pathway [5, 6].

In this section, we use the planetary radial-flow CVD reactor system to make the

connection between reactor design and chemical kinetics as concrete as possible.

A vertical cross-sectional view of a radial-flow planetary reactor system along

with its physical domain, R0 ≤ R ≤ Rsus, is shown in Figure 6.1. The precursors

and carrier gas species are injected into the center of the reactor through a 2-flow

gas inlet design and flow outwards over wafers arranged in circular patterns over the

susceptor. The 2-flow gas inlet design allows group III compounds to be introduced

separately from group V compounds. In these reactors, the wafers are placed on
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rotating satellites which in turn rotate around the central axis of the susceptor plate.

The radial flow geometry combined with the substrate planetary motion mechanism

is commonly employed to produce uniform deposition profiles on the wafers [54]. It

should be noted that reactors of this type can be run with both rotating and stalled

(non-rotating) wafers.

A detailed two-dimensional transport and reaction-kinetic model is developed

for this reactor system. The goal here is to show a direct connection between re-

actor geometry, deposition kinetics, and operating parameters. This transport and

reaction-kinetic model is based on fundamental equations accounting for momen-

tum, heat, and mass-transfer within a compressible gas with temperature-dependent

physical properties. Because the mixture of reactants and products in the carrier

gas (H2) is dilute, it is valid to neglect the heat of reaction along with any expansion

or contraction of the mixture due to chemical reactions. Moreover, the precursor

species and all products formed from subsequent reactions between the precursors

exist in low concentration relative to the carrier gas. Therefore, multicomponent

diffusion need not be considered and binary diffusion coefficients of the reactants

and products in the carrier gas (H2) are utilized. The continuity equation, equa-

tion of motion, equation of energy, and mass balances of each chemical species for

temperature-dependent density (ρ), viscosity (µ), heat capacity (Cp), and thermal

conductivity (k) are expressed as the following

Mass Continuity:

5 · (ρv) = 0 (6.1)
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Momentum Balance:

ρ
Dv

Dt
= −5 P −5 · τ + ρg (6.2)

subject to boundary conditions

vR = v0 P = PT at R = R0

dvR

dR
= 0

dP

dR
= 0 at R = Rsus

vR = 0
dP

dZ
= 0 at Z = 0

vR = 0
dP

dZ
= 0 at Z = L

Energy Balance:

ρCp(v · 5T ) = 5 · (k5 T ) (6.3)

subject to boundary conditions

vRρCp(T0 − T ) = −k dT
dR

at R = R0

dT

dR
= 0 at R = Rsus

T = TS at Z = 0

dT

dZ
= 0 at Z = L

Mass Balances:

5 · (cxiv) = 5 · [cDi(5xi)] −RG
i (6.4)

subject to boundary conditions

xicvR = x0
i cvR − cDi

dxi

dR
at R = R0

dxi

dR
= 0 at R = Rsus

cDi
dxi

dZ
= RS

i at Z = 0

−cDi
dxi

dZ
= RS

i at Z = L

82



The term (
Dv

Dt
) in equation 6.2 represents the substantial time derivative.

In addition, the components of the viscous stress tensor (τ ) in equation 6.2 for

Newtonian fluids in cylindrical coordinates are:

τR R = −µ[2
∂vR

∂R
− 2

3
(5 · v)]

τθθ = −µ[2
vR

R
− 2

3
(5 · v)]

τR Z = −µ[
∂vR

∂Z
]

These equations in conjunction with their appropriate boundary conditions are

used to compute the velocity (v), pressure (P ), temperature (T ), and species mole

fraction (xi) distributions for this system. The computational domain is shown

in Figure 6.2. The computational domain extends from R0 ≤ R ≤ Rsus and

0 ≤ Z ≤ L; where R0 denotes the radius of the central feed tube and L is the spacing

between the wafer top surface and the reactor roof which is assumed to be perfectly

insulating. The notation used in (6.1-6.4) is the following: inlet gas velocity (v0);

total reactor pressure (PT ); inlet gas temperature (T0); susceptor temperature (TS);

inlet mole fraction of species i (x0
i ); total concentration of the gas (c = PT/Rgas/T

for an ideal gas where Rgas corresponds to the ideal gas constant); binary diffusion

coefficients of species i (Di); rate of generation of species i per unit volume due to

gas phase reactions (RG
i ); and the rate of generation of species i per unit area due

to surface phase reactions (RS
i ).
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The system of non-linear partial differential equations, written in two coordi-

nates (R and Z), were discretized by collocation and subsequently solved by imple-

menting the Newton-Raphson method as described in chapter 2. The flow and heat

transfer equations were solved first to compute the gas temperature and velocity

distributions. The mass transfer and kinetic problem was subsequently solved on

the same grid to compute the species distribution.

A representative set of operating parameters used to deposit gallium nitride

for this reactor geometry is taken from Beccard et al. [55]. In their planetary reactor

system, they reported the following operating conditions: pressure 37.5 torr, suscep-

tor temperature (TS) 1373 K, and a total flow 6.5 slm. Based on these parameters

and assuming that the total flowrate of 6.5 slm is split equally between the top and

bottom inlets, T0 = 300K and L = 1.5cm [54], an initial value for v0 = 3.85m/s is

computed.

There are two essential questions in the analysis of this system: 1) which

chemical reactions should be considered for this reactor geometry and, 2) what Ga-

containing species are present above the wafer location? For this system, the answer

to these questions depends on two issues: the entrance mixing effect between the

precursors and the temperature distribution of the gas. It is completely valid to

assume that the 2-flow gas inlet design minimizes precursor interaction until shortly

before the wafer location [55]. Therefore, the extent of TMG thermal decomposition

(lower route) is computed for R0 ≤ R ≤ Rsus where R0 = 0.01m, susceptor radius

Rsus = 0.2m, satellite wafer centerline radius Rs = 0.1m and wafer radius rw =

0.04m. The sum of the fluxes of monomethylgallium (MMG) and elemental gallium
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(Ga) are assumed to govern the growth rate and, accordingly, their surface reaction

chemistry is also included in the computation.

Representative simulation results describing gas temperature and velocity dis-

tributions are shown in Figure 6.3. The results indicate rapid gas heating inside

the reactor system. The increase in gas velocity observed shortly after the inlet is

related to the rapid expansion of the gas due to density decrease associated with gas

heating. The species mole fraction distributions of each chemical species are shown

in Figure 6.4. The profiles are normalized with respect to the inlet TMG mole frac-

tion. This was done because the precursor is fed into the reactor with the carrier gas,

H2, which plays little or no role in gas-phase or surface-phase reactions. Therefore,

the only chemical species that are of interest are TMG and its sub-alkyls. It is evi-

dent from the results that TMG is rapidly consumed well before the wafer location

and that the only species present over the wafer are DMG, MMG, and Ga. This

is directly related to the rapid gas heating inside the reactor which encourages the

dissociation of the first methyl group from TMG. Because no TMG is present over

the wafer, the adduct pathway (upper route) is suppressed as NH3 begins mixing

with the organometallic stream shortly before the wafer location. This is a perfect

example of how reactor geometry influences deposition kinetics. The geometry of

the planetary radial-flow reactor completely avoids the adduct route and drives the

lower route, while at the same time, providing adequate mixing over the growth

region.

In addition to the detailed 2D model, a simplified, but physically valid, one-

dimensional model is developed for this reactor system. This simple 1D model will
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serve as a convenient and computationally cost effective test bed for performing sen-

sitivity analysis of reactor parameters to be carried out in this thesis. The equation

of continuity for the total gas molar flow rate is used to obtain the gas velocity

d

dR
(vρR) = 0 or v =

v0R0T

T0R
(6.5)

where the assumption of the ideal gas law is used to determine an explicit relation-

ship between gas temperature (T ), radial position (R) and gas velocity (v). The

energy balance equation in cylindrical coordinates is obtained by assuming (Cp)

and (k) of the carrier gas are independent of temperature; the parameter values are

evaluated using the average of the inlet temperature (T0) and susceptor temperature

(TS):

Cp
1

R

d

dR
(RρvT ) =

k

R

d

dR
(R
dT

dR
) +

2k

L2
(TS − T ) (6.6)

with boundary conditions

T = T0 at R = R0 (6.7)

dT

dR
= 0 at R = Rsus (6.8)

Integrating this expression gives the steady-state temperature distribution of the gas

inside the reactor. Finally, a material balance is written for each chemical species

1

R

d

dR
(cxivR) = RG

i +
2RS

i

L/2
(6.9)

The quantity 2RS
i assumes that deposition occurs on both the susceptor and reactor

roof. The quantity L/2 represents the distance that Ga-containing precursors must

travel in order to adsorb onto either the suscepter or reactor roof after the divider

(refer to Figure 6.1). This is valid assuming both gaseous feed streams are set
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to the same volumetric flowrate and spread evenly after the divider to fill half of

the vertical volume. Initial conditions for each chemical species material balance

equation is equal to known mole fractions at the inlet, xi(R = R0) = x0
i . In

addition, interaction between Ga-containing species and NH3 molecules is neglected

as Ga-containing species pass through the NH3 phase and travel towards the wafer

front.

The results describing gas temperature and mole fraction profiles computed

from the 1D model are shown in Figures 6.5 and 6.6 respectively. The results

indicate rapid gas heating inside the reactor system which compares well to the

temperature profile calculated using the detailed 2D model. The results for mole

fraction profiles also match well with the 2D model. The precursor, TMG, is rapidly

consumed well before the wafer location and the only species present over the wafer

are DMG, MMG, and Ga. Based on these results, we conclude that the 1D model

can be used for the optimization studies discussed in the following section. It is

important to mention that the detailed model could just as easily been used in

the optimization studies to follow, but it is not essential in this case. Instead, the

optimization will be perfomed with the 1D model, and the detailed 2D solution will

be used after optimization for verification purposes.
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6.2 Uniformity Optimization

The deposition rate profile is a function of the gas phase mole fraction of MMG

and Ga and is given by

∆(R) = RS
MMG · xMMG +RS

Ga · xGa (6.10)

For the planetary reactor deposition system simulation under consideration, the

“nearest” deposition rate profile f that generates a uniform film upon rotation is

shown in Figure 6.7 for TS = 1373K and Total Flowrate = 6.5slm. This opti-

mal profile f , henceforth referred to as the NUPP (Nearest Uniformity Producing

Profile), is computed as the projection of the deposition profile ∆(R) onto the βn:

f =
N∑

n=1

βn

∫ rw

0
∆(R)βn rdr

When f and ∆ intersect at the wafer center R = Rs (Rs = 0.1 in this diagram),

Cd = 0 and we are guaranteed of uniformity in the center region of the wafer. These

observations lead to an unambiguous design criterion of Cd = 0 for improved wafer

uniformity in the central region of the wafer - in many cases, the region where

uniformity is most desired.

From Figure 6.7, it is obvious that this criterion is not met, seeing as, δbar,

which is the profile that results from rotation of the current ∆(R), is not uniform.

However, the results immediately indicate that uniformity can be achieved if we

could somehow shift the current deposition rate profile upward and to the right

(northeast direction), so that the Cd value is minimized. Physical intuition based

on knowledge of gallium nitride growth chemistry suggests decreasing the susceptor
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temperature as a potential means to improving uniformity relative to the original

set of operating conditions.

It is apparent from the chemistry, that a decrease in susceptor temperature

will reduce the rates of the decomposition reactions, which in turn, should spread

the peak of ∆(R) and push it toward the northeast direction. At the same time,

lowering the susceptor temperature also will decrease the deposition rate. A min-

imization procedure was implemented to find the optimal susceptor temperature

that minimizes Cd, guaranteeing a uniform deposition rate profile in the neighbor-

hood of the wafer center. A plot of Cd versus TS is shown in Figure 6.8. For

this reactor system, we find the optimal susceptor temperature to be TS = 1312

K. This analysis also reveals that the Cd value approaches zero at very low suscep-

tor temperatures. This is expected because minimal decompositon of the precursor

occurs in this regime causing ∆(R) to be nearly zero. Figure 6.9 clearly shows

the improvement is uniformity in the center region of the wafer using the optimal

susceptor temperature.

However, it is also obvious from Figure 6.9 that some degree of nonuniformity

still exists towards the outer portion of the wafer. This occurs because ∆(R) and f

do not completely overlap at the two ends of the wafer location. These results imply

that modifying the susceptor temperature alone cannot be used to achieve uniform

films over the entire wafer surface for this reactor system for a fixed set of other

operating conditions. As a result, an analysis of the combined effect of susceptor

temperature and total feed flowrate is performed. A measure of the nonuniformity
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is defined as

χ =

√∫ rw

0
(δbar − fbar)2 rdr. (6.11)

The total flowrate is decreased from 6.5 slm to 3.5 slm by increments of 1 slm

and the computation of Cd with respect to susceptor temperature is performed in

each case to find the optimal values of the parameters. A plot of χ as a function

of total flowrate is shown in Figure 6.10. The value of χ is calculated at the

optimal susceptor temperature. The results illustrate that low flowrates lead to a

reduction in nonuniformity. A plot of Cd versus TS for the case when the total

flowrate is 3.5 slm is shown in Figure 6.11. Under these conditions, the optimal

susceptor temperature occurs at TS = 1200 K and the results for the rotated profiles

are shown in Figure 6.12. These results immediately convey the improvement in

uniformity towards the outer portion of the wafer. The reason for this improvement

is attributable to the lower total flowrate’s effect of increasing reactor residence

times, pushing the peak of the deposition rate profile (∆(R)) closer to the nearest

uniformity producing profile (f).

The optimization studies up to this point were performed using the simple 1D

model. In order to validate the accuracy of these results, detailed simulations were

carried out for three sets of operating conditions i) TS = 1373K, Total Flowrate

= 6.5slm; ii) TS = 1312K, Total Flowrate = 6.5slm; and iii) TS = 1200K, Total

Flowrate = 3.5slm. Film thickness profiles along the susceptor are shown in Figure

6.13 for these three cases. The results immediately highlight similar trends when

compared to the deposition profiles in Figures 6.7, 6.9, and 6.12. The rotated
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optimal profiles generated from the detailed simulation are given in Figure 6.14 and

clearly illustrate the improvement in uniformity.
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Figure 6.1: A vertical cross-sectional view of gallium nitride radial-flow planetary

reactor with a 2-flow gas inlet design (top); and the physical domain (bottom).
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Figure 6.2: Computational grid used for 2D simulation for a gallium nitride radial-

flow planetary reactor.
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Figure 6.3: 2-dimensional simulation results for gas temperature and velocity.
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Figure 6.4: 2-dimensional simulation results for individual chemical species.
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Figure 6.5: Simulation results for gas temperature distribution inside radial-flow

planetary reactor: TS = 1373 K; T0 = 300 K. Location of wafer: 0.06m ≤ R ≤

0.14m.
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Figure 6.6: Simulation results for individual chemical species (normalized): TS =

1373 K; x0
TMG = 1.0; Location of wafer: 0.06m ≤ R ≤ 0.14m.

0.05 0.1 0.15 0.2
0

0.2

0.4

0.6

0.8

1

R (m)

X
T

M
G

0.05 0.1 0.15 0.2
0

0.2

0.4

0.6

0.8

R (m)

X
D

M
G

0.05 0.1 0.15 0.2
0

5

10

15

x 10
−4

R (m)

X
M

M
G

0.05 0.1 0.15 0.2
0

1

2

3

4

5

6

x 10
−5

R (m)

X
G

a

97



Figure 6.7: Wafer deposition profile ∆, the resulting profile upon rotation δ̄ and the

nearest uniformity generating profile f and its profile upon rotation f̄ for TS = 1373

K and total flowrate = 6.5 slm. Wafers are located in non-shaded region.
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Figure 6.8: Uniformity criterion Cd value as a function of susceptor temperature

(total flowrate = 6.5 slm).
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Figure 6.9: Results for optimal susceptor temperature of TS = 1312 K (total flowrate

= 6.5 slm).
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Figure 6.10: Measure of nonuniformity, χ, at the Cd = 0 conditon as a function of

total flowrate.
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Figure 6.11: Uniformity criterion Cd value as a function of susceptor temperature

(total flowrate = 3.5 slm).
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Figure 6.12: Results for optimal susceptor temperature of TS = 1200 K (total

flowrate = 3.5 slm).
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Figure 6.13: Wafer deposition profiles for three sets of operating conditions com-

puted by the detailed 2D transport and reaction-kinetic model.
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Figure 6.14: Rotated full wafer plots for three sets of operating conditions.
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Chapter 7

IMPLEMENTATION OF ”NUPP” FOR FILM

UNIFORMITY CONTROL IN A PLANETARY SiC CVD

REACTOR SYSTEM

In recent years, improvements in the growth of SiC by CVD have been stud-

ied by both experimental and computational methods. Common precursors used to

grow SiC are silane (SiH2) and propane (C3H8), where hydrogen is the carrier gas.

Physically based models that take into account heat, momentum, and mass trans-

fer effects within CVD reactors have been detailed in several papers [56, 57, 58].

Such models are routinely used to optimize the design and operating parameters to

produce films of SiC with a spatially uniform thickness.

7.1 Planetary SiC CVD Reactor Model Development

A vertical cross-sectional view of a radial-flow planetary reactor system along

with its physical domain, R0 ≤ R ≤ Rsus, is shown in Figure 7.1. The precursors,

SiH4 (silane) and C3H8 (propane), and carrier gas species, H2, are injected into the

center of the reactor through a 2-flow gas inlet design and flow outwards over wafers

arranged in circular patterns over the susceptor leading to SiC growth:

C3H8(g) + 3SiH4(g) → 3SiC(s) + 10H2(g) (7.1)
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In these reactors, the wafers are placed on rotating satellites which in turn rotate

around the central axis of the susceptor plate; in this reactor system, susceptor and

satellite rotation rate is sufficiently low as to not disturb gas flow over the susceptor

and wafers. The radial flow geometry combined with the substrate planetary motion

mechanism is commonly employed to produce uniform deposition profiles on the

wafers [54, 55]. It should be noted that reactors of this type can be run with both

rotating and stalled (non-rotating) wafers.

A detailed two-dimensional transport and reaction-kinetic model is developed

in this thesis for a SiC reactor system similar in form to the one developed in

chapter 6 for gallium nitride. This transport and reaction-kinetic model is based on

fundamental equations accounting for momentum, heat, and mass-transfer within

a compressible gas with temperature-dependent physical properties. Because the

mixture of reactants and products in the carrier gas (H2) is dilute, it is valid to

neglect the heat of reaction along with any expansion or contraction of the mixture

due to chemical reactions. Moreover, the precursor species and all products formed

from subsequent reactions between the precursors exist in low concentration relative

to the carrier gas. Therefore, multicomponent diffusion need not be considered and

binary diffusion coefficients of the reactants and products in the carrier gas (H2) are

utilized. The continuity equation, equation of motion, equation of energy, and mass

balances of each chemical species for temperature-dependent density (ρ), viscosity

(µ), heat capacity (Cp), and thermal conductivity (k) are expressed as the following

Mass Continuity:

5 · (ρv) = 0 (7.2)
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Momentum Balance:

ρ
Dv

Dt
= −5 P −5 · τ + ρg (7.3)

subject to boundary conditions

vR = v0 P = PT at R = R0

1

R

∂

∂R
(ρRvR) = 0

∂P

∂R
= 0 at R = Rsus

vR = 0
∂P

∂Z
= 0 at Z = 0

vR = 0
∂P

∂Z
= 0 at Z = L

Energy Balance:

ρCp(v · 5T ) = 5 · (k5 T ) (7.4)

subject to boundary conditions

vRρCp(T0 − T ) = −k ∂T
∂R

at R = R0

∂T

∂R
= 0 at R = Rsus

T = TS at Z = 0

∂T

∂Z
= 0 at Z = L

Mass Balances:

5 · (cxiv) = 5 · [cDi(5xi)] −RG
i (7.5)

subject to boundary conditions

xicvR = x0
i cvR − cDi

∂xi

∂R
at R = R0

∂xi

∂R
= 0 at R = Rsus

cDi
∂xi

∂Z
= RS

i at Z = 0

−cDi
∂xi

∂Z
= RS

i at Z = L
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The term (
Dv

Dt
) in equation 7.3 represents the substantial time derivative.

In addition, the components of the viscous stress tensor (τ ) in equation 7.3 for

Newtonian fluids in cylindrical coordinates are:

τR R = −µ[2
∂vR

∂R
− 2

3
(5 · v)]

τθθ = −µ[2
vR

R
− 2

3
(5 · v)]

τR Z = −µ[
∂vR

∂Z
]

These equations in conjunction with their appropriate boundary conditions are

used to compute the velocity (v), pressure (P ), temperature (T ), and species mole

fraction (xi) distributions for this system. The computational domain is shown

in Figure 7.2. The computational domain extends from R0 ≤ R ≤ Rsus and

0 ≤ Z ≤ L; where R0 denotes the radius of the central feed tube and L is the spacing

between the wafer top surface and the reactor roof which is assumed to be perfectly

insulating. The notation used in (7.2-7.5) is the following: inlet gas velocity (v0);

total reactor pressure (PT ); inlet gas temperature (T0); susceptor temperature (TS);

inlet mole fraction of species i (x0
i ); total concentration of the gas (c = PT/Rgas/T

for an ideal gas where Rgas corresponds to the ideal gas constant); binary diffusion

coefficients of species i (Di); rate of generation of species i per unit volume due to

gas phase reactions (RG
i ); and the rate of generation of species i per unit area due

to surface phase reactions (RS
i ).
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The system of non-linear partial differential equations, written in two coordi-

nates (R and Z), were discretized by collocation and subsequently solved by imple-

menting the Newton-Raphson method as described in chapter 2. The flow and heat

transfer equations were solved first to compute the gas temperature and velocity

distributions. The mass transfer and kinetic problem was subsequently solved on

the same grid to compute the species distribution.

Representative simulation results describing gas temperature and velocity dis-

tributions are shown in Figure 7.3. The results indicate rapid gas heating inside

the reactor system. The increase in gas velocity observed shortly after the inlet is

related to the rapid expansion of the gas due to density decrease associated with

gas heating.

A reaction mechanism describing gas-phase decomposition of SiH4 and C3H8

is used for the reaction-kinetic model developed in this thesis. Rate parameters

for both silane and propane decomposition are taken from [58] and given in Table

7.1. SiC is formed on the surface by equal amounts of silicon and carbon atoms.

Therefore, the growth rate is computed by examining the individual deposition

rates of silicon and carbon. In order to maintain a stoichiometric deposition on the

growing surface, the smaller of the two deposition rates is used. This technique

is commonly employed by other research groups [56] as well as the simulations

performed in this thesis. The products generated from the breakdown of silane and

propane govern the growth rate, and accordingly, the film growth rate is determined

by the flux of these species at the growth surface. The flux of these species to

the surface is derived from the kinetic theory of gases and governed by the Hertz-
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Knudsen equation [40]:

Fi =
P

(2πMiRgasT )0.5 · xi (7.6)

Here Fi represents the flux of species i (mol/area/time), P the total pressure, Mi is

the molecular weight of species i, Rgas is the ideal gas constant, T is the temperature,

and xi corresponds to the mole fraction of species i in the gas phase above the surface.

Sticking probabilities for the reacting species are taken from [56] and given in Table

7.2.

Representative simulation results for species mole fraction distributions from

silane decomposition are shown in Figure 7.4. These profiles correspond to thermal

decomposition of silane into SiH2 and Si. This SiC model was tested against exper-

imental data taken from multiple stalled wafer runs and the results were in good

agreement (Figure 7.5). It is evident from the results that an increase in flowrate

reduces the growth rate near the wafer leading edge and raises the growth rate

towards the wafer trailing edge. This is directly related to the decomposition chem-

istry taking place combined with a reduction in reactor residence times. Moreover,

Figure 7.5 shows that the crossing point where the growth rate profiles intersect is

seen in model predictions and observed experimentally. Finally, it should be noted

that no adjustable parameters have been included in this model.

7.2 Run-to-run Film Uniformity Control

The reactor system illustrated in Figure 7.1 can process 5 wafers in a single

deposition run; to implement a run-to-run control algorithm based on minimizing
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(5.1), the reactor system would be operated with 4 of the 5 production wafers

undergoing rotation and a single sacrificial stalled wafer. After each deposition run,

the stalled wafer desired film property would be measured and projected onto the

βn modes to obtain the NUPP and (5.1). The reactor deposition model then would

be used to determine a search direction based on minimizing the uniformity criteria,

and the reactor operating conditions would be adjusted accordingly. A stalled wafer

is processed again only when the controlled film property falls out of specification or

a major process change is implemented (e.g., process recipe adjustment or physical

reactor modifications).

7.2.1 An industrial application

A commercial, multi-wafer planetary reactor system is used for SiC CVD by

the Northrop Grumman Corporation. Film growth rates have been observed to

be highly sensitive to changing operating conditions. This is not surprising given

the order-of-magnitude difference in measured growth rate across the stalled wafer

under normal operating conditions. In this section, capabilities of a NUPP-based

run-to-run control strategy to improve film uniformity across the wafer is evaluated

for this system.

The growth rate for SiC is represented by ∆(R). Based on the good agree-

ment between model and experiments shown earlier (Figure 7.5), the feasibility of

a NUPP-based run-to-run control strategy was evaluated for this system. Results

from an experiment with operating conditions corresponding to a susceptor temper-

112



ature 1600 oC, pressure = 125 mbar, Flowrate = 35 slm, SiH4 = 170 sccm, and C3H8

= 70 sccm are shown in Figure 7.6. This figure shows an across wafer slice of mea-

sured deposition thickness along a chord from the wafer leading edge to the trailing

edge. The growth rate, ∆(R), was then projected onto the βn modes to compute

the NUPP. From Figure 7.6, it is apparent that ∆(R)rotated, which is the profile that

results from rotation of the current ∆(R), is not uniform. From a physical stand-

point, intuition suggests increasing the flowrate as a potential means to improving

uniformity relative to the original set of operating conditions; the physical reasoning

is described below. Thus, the detailed 2D reactor deposition model developed in this

thesis was used to minimize a uniformity criterion, UCR, with respect to flowrate,

keeping all other operating conditions constant, where UCR is defined as

UCR =
〈S, S〉

〈Nu, Nu〉
(7.7)

This criterion is similar to (5.1), but now incorporates the mean thickness in the

denominator so both uniformity and film deposition rate are factored into the ob-

jective function. The prediction from the model suggested that an improvement

in uniformity is possible at higher flowrates. Similar trends are observed from two

additional experimental runs shown in Figure 7.7. It is evident from Figure 7.7 that

uniformity has greatly improved in these experimental runs. The reason for this

improvement is attributable to the higher total flowrate’s effect of reducing reactor

residence times, pushing the peak of the deposition rate profile (∆(R)) closer to the

nearest uniformity producing profile (Nu). Quantitative results of the uniformity

criterion, UCR, are tabulated in Table 7.3 and plotted in Figure 7.8 to show the im-
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provement in uniformity that can be obtained through this NUPP-based run-to-run

control strategy and furthermore, show that the improvement does not come at the

expense of decreased film thickness.
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Table 7.1: Representative gas-phase reaction scheme for decomposition of SiH4 and

C3H8. Rate coefficients are in the form k = aT bexp(−c/T ).

Rxn. No Reactions a b c units

G1 SiH4 → SiH2 +H2 6.671 x 1029 -4.795 3.188 x 104 s−1

G2 SiH2 → Si+H2 1.060 x 1014 -0.880 2.261 x 104 s−1

G3 SiH2 +H2 → SiH4 2.868 x 1022 -4.203 6.279 x 103 m3kmol−1s−1

G4 Si+H2 → SiH2 1.045 x 107 -0.388 -2.391 x 103 m3kmol−1s−1

G5 C3H8 → C2H5 + CH3 1.698 x 1016 0.000 4.263 x 104 s−1
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Table 7.2: Sticking probabilities of the reacting species included in the silicon carbide

surface model.

Species Sticking Probability

Si 1.0

SiH2 0.7

C2H5 0.03

CH3 0.01
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Table 7.3: Uniformity criterion for run-to-run control in SiC reactor.

Run no. Flowrate (slm) UCR Mean Thickness (µm/hr)

1 35 0.0183 2.2614

2 40 0.0147 2.3576

3 50 0.0015 2.8056
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Figure 7.1: A vertical cross-sectional view of silicon carbide radial-flow planetary

reactor with a 2-flow gas inlet design (top); and the physical domain (bottom).
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Figure 7.2: Computational grid used for 2D simulation for a silicon carbide radial-

flow planetary reactor.

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
0

0.005

0.01

0.015

0.02

R (m)

Z
 (

m
)

119



Figure 7.3: 2-dimensional simulation results for gas temperature and velocity.
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Figure 7.4: 2-dimensional simulation results for individual chemical species.
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Figure 7.5: Comparison of growth rate for simulation and experiments where the

only operating parameter changing is flowrate.
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Figure 7.6: Calculation of the NUPP from a stalled wafer experiment for SiC CVD:

Flowrate = 35 slm; susceptor temperature = 1600 oC; Pressure = 125 mbar; SiH4

= 170 sccm; C3H8 = 70 sccm.

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
−1

0

1

2

3

4

5

6

7

8

Wafer Region (m)

G
ro

w
th

 R
at

e 
(µ

m
/h

r)

∆(R)
∆(R) rotated
N

u
N

u
 rotated

123



Figure 7.7: Calculation of the NUPP from stalled wafer experiments for SiC CVD:

Flowrate = 40 slm (top); Flowrate = 50 slm (bottom). All other operating con-

ditions remain constant: susceptor temperature = 1600 oC; Pressure = 125 mbar;

SiH4 = 170 sccm; C3H8 = 70 sccm.
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Figure 7.8: Uniformity criterion (UCR) as a function of flowrate from model and

experiment.
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Chapter 8

CONCLUSIONS

8.1 Validating Gallium Nitride Growth Chemistry

Gallium nitride growth chemistry can be characterized as having two com-

peting reaction pathways. The intricate adduct formation pathway produces high

molecular weight adduct species which are believed to ultimately breakdown into

large amounts of GaN and methane molecules. On the other hand, the thermal

decomposition pathway of TMG is relatively well known with products being low

molecular weight sub-alkyls. Nonetheless, a clear consensus on all aspects of the

gallium nitride growth chemistry is still under debate. The extent to which these

pathways occur is a function of reactor geometry, operating conditions, and the

degree of precursor mixing as determined by the design of gas delivery systems.

Different types of reactor designs have been proposed in the literature, exist as com-

mercial systems, or are in use in research laboratories, that range from complete

precursor mixing to those where minimal precursor mixing occurs.

A transport-reaction model was developed for a planetary radial-flow GaN

CVD reactor system to make the connection between reactor design and chemical

kinetics as concrete as possible. It was clearly shown for the planetary radial-flow

reactor, that the combination of reactor geometry and the minimal amount of pre-

cursor mixing promoted the TMG thermal decomposition pathway over the adduct
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formation pathway for growth of gallium nitride. By pre-heating the organometallic

precursor, the decomposition chemistry of TMG was initiated. Consequently, TMG

was completely depleted before NH3 comes into the picture, which in turn shut off

the adduct formation route.

Moreover, a detailed deposition chemistry model was developed and applied to

an industrial GaN MOVPE reactor showerhead system. A physically based model

describing heat transfer and gas transport through the showerhead was previously

developed and used in conjunction with this deposition model to study the interplay

between the transport of reactants, adduct formation chemistry, and deposition

kinetics within a MOVPE reactor showerhead system. The model predictions are in

good agreement with experimental data with minimal parameter fitting with respect

to the thermal model. No adjustable parameters were used in the kinetic model.

Spatial distributions of deposition patterns predicted from the model are reproduced

by experiments. Furthermore, quantitative validation of the model to showerhead

weight experiments also demonstrates good agreement. This study has provided

further insight into the physical and chemical mechanisms underlying gallium nitride

epitaxial film growth

8.2 Application of Novel Geometrically Based Uniformity

Criterion

A new approach to uniformity control was applied to a gallium nitride radial-

flow chemical vapor deposition system with planetary wafer rotation. This approach
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provides a process engineer with physical insight on what design parameter(s) should

be adjusted to improve uniformity. The results showed that by modifying the sus-

ceptor temperature, uniform films of gallium nitride can be produced upon rotation

in the planetary radial-flow reactor system.

A new approach for run-to-run uniformity control was applied to a SiC radial-

flow chemical vapor deposition system with planetary wafer rotation. The results

showed that by modifying the flowrate, uniform films of SiC can be produced upon

rotation in the planetary radial-flow deposition system. Furthermore, one can envi-

sion applying this technique under a real-time run-to-run control setting, assuming

the technology becomes available to obtain real-time, full wafer images of instanta-

neous deposition profiles.
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Chapter 9

FUTURE WORK

9.1 Gallium Nitride Research

The Northrop Grumman Corporation has purchased a multiwafer state-of-the-

art MOCVD reactor system for gallium nitride epitaxial growth. This reactor system

has a completely different physical design than any of the reactors discussed in this

dissertation. As a preliminary effort, I have developed a detailed 2D transport-

reaction model for film thickness that takes into account complex gallium nitride

reaction kinetics. The first task may involve comparing modeling and experimental

measurements to further understand the interplay between reactor geometry and

deposition kinetics. This may improve GaN reactor deposition uniformity, reduce

run-to-run variability and increase reactor efficiency.

The second task is to investigate wafer edge effects within the system. One

problem that is observed for this system is that the deposition significantly increases

towards the wafer edge. Initial modeling taking into account several heat transfer

terms shows that the wafer temperature is slightly higher at this location. Is this

responsible for the increase in deposition seen experimental? Does this imply a

reaction rate limited deposition rate? Answers to these questions may be possible

through more detailed modeling of the heat transfer.
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9.2 Silicon Carbide Research

The reactor system illustrated in Figure 7.1 can process 5 wafers in a single

deposition run; to implement a run-to-run control algorithm based on minimizing

the uniformity criterion, the reactor system would be operated with 4 of the 5

production wafers undergoing rotating and a single sacrificial stalled wafer. After

each deposition run, the stalled wafer deposition profile would be measured and

projected onto the βn modes to obtain the NUPP and UCR. The reactor deposition

model then would be used to determine a search direction based on minimizing

the uniformity criteria, and the reactor operating conditions would be adjusted

accordingly.

In order to carry out this investigation, an accurate model of silicon carbide

growth is needed. The model can be in the form of a physical model based on

fundamental physics as discussed in this thesis or can be an empirical model based

on growth rate data from various stalled wafer runs. Work is underway to develop

an empirical model that will be used to minimize the uniformity criterion. One can

also envision using both physical and empirical models to determine the optimal

search direction.

In addition to film uniformity, the Northrop Grumman Corporation has an

interest in achieving better nitrogen concentration uniformity across the wafer. This

would require modifying the uniformity criterion to include both film uniformity and

nitrogen concentration uniformity terms. Currently, a good understanding of the

physics involved during nitrogen incorporation is absent. Thus, an empirical model
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similar in form to SiC growth is needed.

We believe this additional work would further validate the ”Nearest Unifor-

mity Producing Profile” methodology and help the Northrop Grumman Corporation

become the leader in SiC and GaN device electronic manufacturing.
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