
ABSTRACT 
 

LI, YANXIN.  First Principles Modeling of Non-Equilibrium Gas Phase Environments for 

AlN and Diamond Growth from the Vapor. (Under the direction of Dr. Donald W. Brenner)    

 The purpose of this research has been to understand, at a fundamental level, non-

equilibrium gas-phase environments for the vapor deposition of crystals and thin films.  This 

study is based on three fundamental insights:  

• the existence of a chemical potential minimum in the gas phase as a function of 

temperature for crystal and thin film growth from the vapor;  

• the approximation of non-equilibrium gas phase environments by a combination 

of statistical mechanical states in local equilibrium (i.e. a state in chemical 

equilibrium at each temperature);  

• the construction of appropriate combinations of statistical states based on their 

chemical potential for some given growth conditions. 

Using these insights we established two ab initio non-equilibrium models describing the gas 

phase environments for AlN and diamond growth.   

Our gas phase model for AlN sublimation growth contains 62 species and 3 statistical 

states.  The following new information regarding AlN crystal growth was obtained from the 

model.   

• AlmN (m=1,2,3,4) and Alm (m=1,2,3) species are supersaturated in the crystal 

layer and therefore are proposed as growth precursors; N2 is undersaturated and 

therefore it is not likely a precursor; 



 

• A transition temperature, Tt, was identified that characterizes growth conditions.  

It is the temperature at which the AlN source vaporization pressure is equal to 

the inlet N2 pressure.  

• Optimal source temperature and the total temperature difference ∆T between the 

source and crystal are interpreted in terms of Tt.  

The model can quantitatively interpret all available experiments. 

 

  Our gas phase model for diamond deposition focuses on the pure hydrogen system, 

which we assert contains the dominant features of typical growth conditions.  In the model 

there are H atoms and rovibrationally excited H2molecules, which together form 143 

metastable statistical states.  The establishment of the model consisted of three steps.  

• First, a sub-model of H equal probability population was developed to calculate 

supersaturated hydrogen atom concentrations as the function of temperature.  It 

assumes only those statistical states without spontaneous evolution tendency 

contributing to the concentration, with each of these states having an equal 

weight.  

• Second, another sub-model of H2 maximum participation was developed to 

calculate the rovibrational population of H2 as the function of temperature. It 

assumes that only those statistical states without spontaneous evolution 

tendency contributing to the concentration.  Each of these statistical states 

contributes the same as its corresponding part within the other statistical state 

immediately below it along chemical potential axis.  



 

• Finally, the two sub-models are unified into one model based on the highest 

metastable statistical states populated.  In the unified model, H2 maximum 

participation model is responsible for the measured gas temperatures. 

 

This unified model provides the following new insights: 

• Supersaturated H atoms produced at the filament surface are stabilized in the 

entire gas phase due to the existence of metastable statistical states that are 

caused by rovibrationally excited H2.  

• The overall non-equilibrium concentration of rovibrationally excited H2 is 

maximized due to the existence of supersaturated H atoms.  

• The formation of temperature drops is related to the spontaneously chemical 

process.  All observed “irregular” temperature drops are further classified into 

four cases. 

• The discrepancy among experimentally measured effective activation energies 

for H atom production is interpreted based on the embedded relation among 

filament temperature, gas-phase temperature, total pressure and concentration 

distributions in the unified model.  

• The mechanism of acetylene conversion to methane is attributed to 

rovibrationally excited H2 addition chemistry due to states |v=2,J=1> ~ 

|v=3,J=1> of H2.  
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1. Introduction   

Wide band-gap materials (such as III-nitride, SiC and diamond) are promising for 

optoelectronic devices and high power/temperature electronics.1-3  There are a variety of 

approaches to the synthesis of these materials in the form of either bulk crystals or thin films.  

One of these synthesis approaches is gas phase deposition, a technique that includes 

sublimation, evaporation and chemical vapor deposition (CVD).  While the details of these 

methods differ from one another, a common concern is to understand the underlying growth 

mechanism such that high quality materials can be synthesized.   

To begin to model growth processes on the surface, the gas phase environment must be 

understood. This environment includes the type, amount and quantum state of the growth 

precursors in the gas phase immediately away from the surface, the control of which can be 

used to promote desirable surface processes and diminish undesirable surface processes.  

Relatively precise information about gas phase environments is necessary before one can 

pinpoint and characterize surface processes that dominate crystal growth. Because the same 

crystal can grow in very different gas phase environments, there should be some general 

relationship among growth processes.      The present work intends to reveal the general 

fundamental relationship between gas phase environments and growth conditions at the 

atomic level.  Toward this goal we focus on AlN sublimation growth and hot filament (HF) 

CVD diamond growth. 

 

1.1 Research motivation and objective for AlN sublimation growth 

The properties of crystalline AlN make it a desirable ceramic material for electronic 

device applications. These properties include a wide band-gap, high thermal conductivity, 
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low electrical conductivity, moderately low dielectric constant and a thermal expansion 

coefficient that is close to that of silicon.4  Routes for the gas phase deposition of crystal AlN 

are sublimation of a prepared solid AlN5, vaporization of liquid Al6 and CVD from 

AlCl3NH3
7. Among these approaches, AlN sublimation growth is the most widely used due 

largely to its relatively high growth rate (~1cm/hr) and high crystal quality (overall 

dislocation density ~ 103cm-2).   

AlN crystal growth through sublimation is a process of sublimation and deposition.  The 

source material is prepared AlN that is easy to make (e.g. through liquid Al evaporation in a 

N2 environment) and is in low quality for economic reasons.  The prepared AlN is then 

heated at a source temperature that allows AlN vaporization at a given pressure of inlet N2.  

The vaporized species containing Al and N are then transported at some flow rate from the 

source to the seed through a distance ~1cm.  The seed temperature is lower than that of the 

source temperature.  The three major controllable parameters of growth conditions are the 

total pressure of the inlet N2, the source temperature and the total temperature difference 

between the source and the crystal (or seed). 

Through modeling, a great deal of progress has been made in fundamentally 

understanding the gas phase environment for AlN sublimation growth8-10. These efforts 

include growth rate calculations and transport mechanism studies. However, only two gas 

phase species have been considered in previous models, Al and N2.  The well-known low N2 

sticking coefficient, 10-5, is not able to explain measured growth rates.  In addition, more 

stable species containing Al and N, such as Al3N, have been recently experimentally 

identified. However, it is not clear if these species make a significant contribute to AlN 

growth. 



Chapter 1.      Introduction                                                                                                 .  3

Of current concern with regard to the AlN sublimation technique is controlling the aspect 

ratio of the growing crystal and the effect of impurities on AlN growth, both of which can 

potentially be addressed by models of surface processes at the atomic level.  Based on our 

current understanding of AlN growth, we begin our model development with the gas phase.  

Specifically, our objective is to look for fundamental relationships between gas phase 

concentration distributions and growth conditions (e.g. total inlet N2 pressure, source 

temperature and total temperature difference).  

 

1.2 Research motivation and objective for HF CVD diamond growth 

As a wide band-gap material, CVD diamond is also one of the more important materials 

for electronic applications where thermal management is a significant challenge, because it is 

both an excellent heat conductor and an excellent electrical insulator.  Industrially interesting 

techniques for producing diamond include direct current (DC) arcjet discharge, HF CVD and 

microwave plasma-enhanced (MPE) CVD.11   

DC CVD produces very high growth rates and is used to produce diamond films for 

thermal management.  Companies that use DC CVD include Norton Diamond Film, 

Northboro, Massachusetts and Crystalline Materials, Phoenix, Arizona.  In this technique, 

ionized carbon-containing gaseous species flow from an anode (high temperature) to a 

cathode (low temperature). The species are produced and maintained by a DC voltage across 

the electrodes.  

HF CVD is used to produce commercial CVD diamond substrates, e.g. Diamonex Inc., 

Allentown, PA.  The technique activates a gaseous flow of hydrocarbons plus H2 at a high 
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temperature filament, transports the activated gaseous to a low temperature substrate, and 

deposits diamond on the substrate.   

MPE CVD is the most widely applied technique for commercial purposes.  The energy 

needed to activate the inlet gaseous species is provided through a magnetron that produces 

microwave energy at 2.45 GHz.  An advantage of the technique is that there is no electrode 

and therefore no contamination from the electrode materials.  

For the purposes of fundamental research, HF CVD is the most widely used technique for 

two reasons.  First, this method involves the fewest number of chemical processes both in the 

gas phase and on the surface because there is typically no ionization and combustion.   

Therefore it is in principle a simpler process to understand than other growth methods, 

Second, it is believed that the dominant processes responsible for diamond growth are similar 

among all diamond growth techniques.  For this reason most available experimental 

measurements and theoretical calculations focus on HF CVD systems. For these reasons we 

focus on HF CVD systems in this work. 

In the past two decades, theoretical studies on the gas-phase environment for CVD 

diamond growth have made great progress in understanding the fundamentals of this system.  

Almost all experimental observations can be qualitatively reproduced with assistance of 

adjustable parameters.  Calculations to quantitatively explain specific experimental 

measurements have also bee attempted, and some of these calculations have been 

successful12, 13.    However, currently there is no model that is able to explain all available 

experimental data.  Even for the simplest system, containing hydrogen only, such a model 

does not exist. 
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    Obviously there is a need to understand non-equilibrium phenomena that generally 

exist in the techniques of gas phase deposition. The diamond environment is one of a few 

deposition systems that is sufficiently mature for such a theoretical exploration.  In the last 

two decades the non-equilibrium characteristics of this system has been quantitatively 

characterized through a group of spectroscopy techniques. We list the quantitatively 

expressed characteristics below as open questions in this field.  Therefore the diamond 

environment provides an abundance of experimental measurements that can be used to 

develop and evaluate models for non-equilibrium phenomena involved in gas phase 

deposition techniques.  Our objective is to try to use one model to explain all experimental 

measurements.    

Given below are the well-known open questions regarding the gas phase environment for 

HF CVD diamond growth. The fundamental feature of this system is the existence of 

supersaturated H atoms.  We are trying to explain all questions starting from this point only.  

No such study has been previously reported. 

• During diamond HF CVD growth, understanding the temperature profile is 

essential to understanding the gas phase environment.  In the vicinity of the 

filament surface, experimental measurements confirm the existence of 

temperature drops that determine the temperature profile.  The drop is 

attributed to a temperature jump based on gas kinetics, due largely to the 

interaction between the gas and the surface14, 15.  This explanation, however, 

does not explain why the drops can range from 10K to 103K under similar 

growth conditions.  
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• In HF CVD diamond growth, the hydrogen content is over 99%.  Zumbach et 

al. suggested the importance of excited H2 because the H2 concentration is 

dominant compared to other carbon containing species.13  The rovibrationally 

excited H2 concentration was quantitatively measured.  A corresponding 

calculation, however, underestimates the measured results.   

• A supersaturated H atom concentration is crucial to diamond growth.  

However, a discrepancy in the measured H activation energy is still not 

understood.  Activation energies determined from Van’t Hoff plots measured 

under similar growth conditions yield different activation energies.  Prior 

studies have failed to explain the discrepancy between experiments that 

appear to use the same growth parameters.    

• Again for the supersaturated H atom concentration in diamond HF CVD 

growth, it is not clear how a chemically active H atom can be inert, i.e. 

without associating into H2, in a transport environment.18. 

• The concentration distribution of carbon containing species in the gas phase 

environment for diamond growth presumably determines the diamond film 

quality.  The inter-conversion between methane and acetylene in the gas 

phase significantly contributes to the concentration distribution.  However, 

how acetylene converts to methane is not well understood.19, 20   
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2. Our Models for Gas Phase Environments for AlN and Diamond Growth   

To optimize the growth conditions for the gas phase deposition of crystals, there is a need 

to understand the gas phase environment in the growth reactors. Presented in this chapter is 

an overview of the fundamental basis, development, and results of our theoretical models for 

AlN and diamond depositions. Our models are both able to shed light on several specific 

unresolved growth issues, and predict optimal growth conditions for the two systems. 

 

2.1. Fundamental insights for model development 

We use three fundamental insights to develop our gas phase models.  These insights are 

the basis for our approach to addressing non-equilibrium issues related to gas phase 

environments for crystal growth through gas phase deposition:   

1. The existence of a chemical potential minimum in the gas phase as a function of 

temperature. 

2. The approximation of non-equilibrium gas phase environments through a 

combination of statistical mechanical states in local equilibrium (i.e. a state in 

chemical equilibrium at each temperature)  

3. The construction of appropriate combinations of statistical states based on their 

chemical potential for some given growth conditions. 

Our qualitative interpretations of these assumptions are as follows. First, there exists a 

chemical potential minimum as a function of gas phase temperature in these systems. Starting 

at low temperatures, as the gas phase temperature increases, molecular entropy increases. 

This increase leads to a chemical potential decrease with a rate that is close to linear, 

.  However, above some high temperature bond breaking is initiated, which leads to )ln( TTO
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an increase in chemical potential with increasing temperature with an approximately 

exponential rate ))(exp( 1
T−O .  These two opposing effects result in a chemical potential 

minimum at some temperature T0. Crystal growth from the vapor phase requires the presence 

of a chemically active gas-phase species that is typically formed by some high-temperature 

bond-breaking process. At the same time bond formation (ionic, covalent or metallic) 

between the gas-phase species and the crystal surface is needed. This places an upper limit on 

a practical temperature for crystal growth. Because of these two competing effects, we assert 

that the temperature of vapor-phase growth chambers generally corresponds to somewhere 

near To. We define the existence of a chemical potential minimum in a growth environment 

as an intrinsic stability because bond breaking is intrinsically embedded in the requirement 

for crystal growth from the vapor phase.  It is central to understanding various experimental 

measurements and to optimize growth conditions. 

Second, we assume that for gas phase deposition of a crystal, a non-equilibrium gas phase 

environment can be approximated by a combination of statistical states, each of which is in 

local equilibrium.  The growth of low-defect crystals generally requires a stable gas phase 

environment, i.e. the concentration of the dominant growth precursor in the vicinity of crystal 

must be larger than its fluctuation in the gas phase.  This requirement implies a stationary 

concentration distribution in the gas phase.  Measurable profiles of gas phase concentration 

distributions, such as those made during HF-CVD deposition of diamond, experimentally 

confirm the existence of stationary concentration distributions.   

The final insight that underlies our model is that an appropriate combination of statistical 

states in local equilibrium can be constructed to describe the non-equilibrium characteristics 

of the system.  Basically all non-equilibrium information is embedded in this construction.  
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At present, however, there is no general formula to construct a proper combination for every 

gas phase environment. However, the chemical potential minimum can provide important 

clues to constructing an appropriate combination.  For example, our construction of a 

combination of states to describe the H concentration distribution in a diamond HF-CVD 

system is based on an assumption of an equal probability population at each chemical 

potential minimum. Furthermore, our construction of combinations of states to describe the 

excited H2 concentration distribution is based on an assumption that the maximum amount of 

H2 is excited at each chemical potential minimum.  Details can be found in Chapter 5. 
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Fig.2.1  Molecular mean free path as a function of pressure and temperature. 

 

We need a description of the valid range of growth conditions under which our approach 

is appropriate to study gas phase environments.  The assumption of a combination of 

statistical states requires that there is sufficient time such that the number of collisions is high 

enough to reach local equilibrium at each temperature in the chamber. Plotted in Fig.2.1 is a 

calculated molecular mean free path in mm as a function of pressure at several temperatures.  
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This plot demonstrates that as long as the pressure is greater than about 1 torr, the mean free 

path is smaller than 0.1 mm.  This results in ~102 molecular collisions per species as each 

species is transported from the source to the crystal (a typical distance of ~1cm). In terms of 

transport theory, this is the condition of continuum flow satisfying Knudsen number Kn = λ/d 

<0.01, where λ is the mean free path and d distance between source and crystal.  In addition, 

the gas phase temperature must be sufficiently high to ensure the existence of chemical 

processes.  This temperature is material-dependent.  For wide band gap materials, it is 

usually in the range of 1000 – 3000K. These two conditions are satisfied under typical 

growth conditions for AlN (250 –760torr, ~2000oC-2500oC) and for HF CVD diamond 

growth (20 – 50 torr, ~800oC-2200oC).  

 

 2.2. Gas phase model for AlN sublimation growth 

There are three features to the chemical and physical characteristics of an AlN 

sublimation growth system that are considered in our model.  The first is the source of the 

gas phase species.  The gas phase environment for AlN sublimation growth consists of two 

elements, Al and N, and the gas phase species come from two sources, solid AlN and inlet 

N2.  The solid contributes to the gas phase concentration distribution through its vaporization 

pressure as a function of temperature. The N2 contributes to the gas phase through the 

difference between the inlet pressure and the solid vaporization pressure.  The second feature 

is the intrinsic stability that arises largely from Al and N2, where the Al atom is the most 

important chemically active species.  The third feature is the exclusion of vibrationally and 

rotationally excited N2.  The most efficient route to producing these species is the 

combination of N atoms (followed by a third body collision) to produce excited N2. 
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However, the mole fraction of N is typically smaller than 10-5, and so collisions of N atoms is 

insignificant. Thermal collision induced N2 rovibrational excitation is also ignored. 

There is need in experiment to optimize growth parameters.  Therefore we explore if any 

given gas phase species tends to deposit onto or evaporate from the crystal surface, and how 

this tendency relates to growth parameters.   

Our theoretical model decomposes the gas-phase environment into three regions, an 

isothermal layer immediately away from the source surface, an isothermal layer immediately 

away from the crystal surface, and a bulk gas layer between the two. The first (source layer) 

and second (crystal layer) regions are in equilibrium with the source and crystal, respectively. 

In the bulk gas region each isothermal layer is assumed in local equilibrium. The local 

temperature, the source layer composition, and the inlet pressure determine the 

concentrations in this region.  

There are 62 species initially considered in the model for each statistical state. The 

concentration distribution for each species in a given statistical state is calculated through 

chemical equilibrium as a function of temperature.  Details are given in Sec. 3.4.1.2. 

The output of this model provides the following information related to AlN sublimation 

growth: 

• AlmN (m=1,2,3,4) and Alm (m=1,2,3) species are supersaturated in the crystal layer 

and therefore are proposed as growth precursors; N2 is undersaturated and therefore 

it is not likely a precursor; 

• A transition temperature, Tt, is identified that characterizes growth conditions.  It is 

the temperature at which the AlN source vaporization pressure is equal to the inlet N2 
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pressure. Detailed analysis shows that this is the best source temperature to optimize 

transport efficiency.  

• The total temperature difference ∆T between the source and crystal should satisfy the 

relation ∆T ≤ Ts – T0 where T0 is the temperature at which the chemical potential of 

the bulk gas state is at a minimum.  For ∆T beyond this limit, there are two factors 

that are unfavorable for crystal growth, one that is due to a significant reduction of 

driving force for gas phase species transport, and another that is due to the gas phase 

loss of chemical activity.   

Various groups of optimized growth parameters are predicted based on these results and were 

found to agree with empirically chosen conditions for experimental studies of AlN growth.  

 

2.3    Gas phase model for HF CVD diamond growth 

To address HF CVD, our model needs to consider three features of this system. The first 

is a pure hydrogen approximation.  All source materials come from an inlet mixture of 

CH4/H2 with ratio less than 1%.  Such a gas phase environment is very close to a pure 

hydrogen system in many respects, including a similar supersaturated H concentration 

profile, a similar temperature profile, and the same effective activation energy.  Therefore 

pure hydrogen systems are quite often studied to understand an HF CVD diamond growth 

environment. Our calculations indicate that as long as the CH4/H2 ratio is less than 1%, the 

chemical potentials of the two systems are essentially the same. The second feature that 

needs to be considered is the existence of supersaturated H atoms that have a concentration 

that is larger than equilibrium by a factor over 102.  The third is the existence of 
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rovibrationally excited H2, the concentration of which is at, or significantly above, that of the 

activated carbon containing species in the growth environment.  

In this field, generally speaking experiment is far ahead of theory.  Many non-equilibrium 

properties have been experimentally characterized, as listed in Chapter 1, using optical and 

mass spectroscopy.  The challenge is to develop a model that can quantitatively account for 

these measurements without the need of adjustable parameters. Facing this challenge, our 

theoretical model for the pure HF CVD diamond gas phase environment focuses first on 

concentration distributions of supersaturated H and rovibrationally excited H2, because a 

correct description of these concentration distributions is needed to understand the dominant 

features of this growth environment. Our model is a combination of 143 metastable statistical 

states, and uses highly accurate H2 ab initio data (reported accuracy of 10-3 cm).  Therefore 

the accuracy of the model depends on a proper combination of statistical states, and not the 

input data.  Our overall model was developed through the following three steps. 

1. First, a model was developed to calculate hydrogen atom concentrations under 

conditions of supersaturation as a function of total pressure and filament temperature.  

This model assumes that at a given gas phase temperature, the H atom concentration 

can be constructed from a combination of metastable statistical states. Starting with a 

Boltzmann distribution and all allowed rovibrational states, each subsequent 

metastable state in this hierarchy is created by excluding the lowest rovibrational 

quantum state from the prior statistical state. Only those statistical states with 

temperatures below that of the chemical potential minimum for that state contribute to 

the concentration, with each of these states having an equal weight in their 
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contribution to the H atom concentration. We call this the H equal probability 

population model. For a quantitative description, see Chapter 5 in this dissertation. 

2. Second, a model was developed to calculate the population of H2 according to their 

rovibrational quantum state as a function of total pressure and filament temperature. 

This model assumes that at a given gas phase temperature, the H2 concentrations can 

be constructed from a combination of metastable statistical states. As in (1), these 

statistical states begin with a Boltzmann distribution at a particular total pressure. 

Each subsequent metastable state in this hierarchy is created by excluding the lowest 

rovibrational quantum state from the prior statistical state, including the contribution 

of the excluded quantum state makes to the total pressure. Only those statistical states 

with temperatures below that of the chemical potential minimum for that state 

contribute to the concentration of each H2 in a given rovibrational state.  Each of 

these statistical states contributes the same as its corresponding part within the other 

statistical state immediately below it along chemical potential axis.  We call this the 

H2 maximum participation model.  Similar to the H equal probability population 

model, the H2 profile can also be labeled as  { },...2,1],[ 2 =mmH . For a quantitative 

description, see Chapter 5 in this dissertation. 

3. Finally, the two models are unified into one model based on an isostructure 

correspondence: 

• The combination of H2 statistical states is determined from the measured gas 

temperatures. 

• To match experiment, an appropriate combination of statistical states 

describing the H concentration is then chosen to match the H2 state. 
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For a quantitative description, see Chapter 6 in this dissertation. 

Based on quantitative comparisons with experimental measurements, this unified model 

provides the following new insights into the gas phase environment of HF CVD diamond 

growth: 

• Supersaturated H atoms, which are produced at the filament surface, are stabilized in the 

entire gas phase due to the existence of metastable statistical states that are caused by 

rovibrationally excited H2. For a quantitative description, see Chapter 5 in this 

dissertation. 

• The contribution of H2 molecules in excited states to the overall concentration of H2 is 

maximized due to the existence of supersaturated H atoms.  The rovibrationally excited 

H2 population is in a non-equilibrium state, where the concentration of highly excited 

species is higher than that given by a Boltzman distribution. For a quantitative 

description, see Chapter 5  

• Temperature drops, at least in some cases, can be related to the chemical potential of the 

H2 molecules.  If they are produced at a temperature higher than that corresponding to the 

chemical potential minimum, they are in a chemically active statistical state that is not 

stable, and they spontaneously go to a state of lower temperature until they arrive at the 

chemical potential minimum.  In addition our calculations suggest that temperature drops 

arise from other unknown causes.  Current experimental information is not sufficient to 

support further theoretical investigation into the unknown causes.  For a quantitative 

classification, see Chapter 6 in this dissertation. 

• Experiments have determined an effective activation energy for H atom production from 

Arrhenius plots of H atom concentration as a function of filament temperature. Two 
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groups have measured different activation energies for filaments made of two different 

materials, a result that suggests that the concentrations are kinetically controlled by 

surface chemistry on the filament and or the substrate. This observation apparently calls 

into question the assumption of a local equilibrium at the filament that depends on 

temperature only. To explain this apparent discrepancy between models based on local 

equilibrium and experiment, we show that effective activation energies can be a function 

of the position at which the H concentration is measured. 

• The mechanism of acetylene conversion to methane is due to rovibrationally excited H2 

addition chemistry.  States |2,1> ~ |3,1> of H2 are responsible for the conversion.  Each 

elementary reaction in this conversion has a negative Gibbs free energy change.  The 

conversion rate is of the same order of magnitude as that to convert methane to acetylene 

in the vicinity of the substrate. For a quantitative description, see Chapter 8 in this 

dissertation. 
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3. Modeling the Gas Phase Environment for Vapor-Phase AlN Growth  
 

 
3.1. Abstract    

A concentration analysis of the gas-phase for AlN growth is presented.  This analysis 

is based on a new model that combines statistical mechanics and quantum chemistry without 

assistance of any adjustable parameters.  The atomic electron energies, which are calculated 

from ab initio quantum chemistry, are further calibrated based on standard formation 

enthalpies from the JANAF tables.  A Gibbs free energy discrimination scheme is developed 

for selecting the gas-phase species that are used in the model. The non-equilibrium properties 

of the gas-phase are approximated by three statistical states. This approximation obeys 

pressure and composition conservation.  The interaction between the N2 from the inlet and 

the vaporized source gases is quantitatively analyzed. A consistency between the output of 

this model and calculated gas-phase species stability is presented.  For AlN sublimation 

growth, the model suggests that AlmN are the growth precursors for m=2,3,4.  It is found that 

the gas-phase can be characterized by a new quantity, a transition temperature, which 

consistently explains optimal growth conditions, pressure ranges for growth, and the 

relationship among growth parameters.  A criterion based on the transition temperature is 

proposed to optimize growth conditions.  For Al vaporization growth, an inconsistency 

regarding Al and AlN vaporization among published data is identified and analyzed by the 

model. 

 

3.2. Introduction 

The vapor phase growth of crystals and thin films is a widely applied technique for the 

production of optoelectronic materials1-3. In this growth technique, the crystal quality 
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depends on the gas-phase concentration distributions, which in turn can be controlled by 

growth parameters such as source temperature, total pressure, and the temperature difference 

between the source and the growing crystal4,5.  However, how growth conditions determine 

the concentration distributions is currently unknown, indicating a fundamental deficiency in 

relating observed crystal quality to growth conditions.   

One opto-electronic material produced in this way is bulk crystalline AlN, which is 

grown using AlN sublimation6-8.  Presented in this chapter is a first principles calculation of 

gas-phase concentrations to help bridge the gap between growth conditions and the observed 

crystal quality.  This chapter starts with an overview of prior related theoretical work, and 

also includes the development of our model.  

 

3.2.1. Current Status of Theoretical Calculations 

Prior theoretical approaches that have been used to develop a better understanding of the 

growth of AlN crystals include quantum chemistry, thermodynamics and transport theory.  

This section provides an overview of these theoretical calculations on the gas-phase 

environment for AlN vapor deposition.  The purpose of this part is to (1) identify the 

contributions that each approach has made to understanding AlN (including cluster 

properties), and (2) show how the results through these approaches potentially impact the 

development of our model.  

 

3.2.2. Ab Initio Calculations 

For convenience, we consider two kinds of species (in this work species may refer to an 

atom, molecule or free radical) in the gas phase for AlN vapor growth, the metal clusters Alm, 
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and the ionic clusters AlmNn. Ab initio calculations can provide information about the 

stability of these species.  Given in this subsection is an overview of the current status of ab 

initio calculations on Alm and AlmNn species. 

 

3.2.2.1. Alm   

Determining the stability of Alm clusters as a function of atom number m has been a 

central focus of theory. Theoretical challenges for accurately calculating Alm cluster 

stabilities come from two factors. First, even small clusters exhibit low-lying electronic states 

that are very close in energy, necessitating, in general, a multiple reference-configuration 

interaction treatment when using quantum chemical methods. Second, clusters of metal 

atoms are extremely floppy, usually leading to numerous minima in potential hypersurfaces. 

The largest cluster whose properties have been measured experimentally (through 

photoelectron spectroscopy9) is m=102, while density functional theory (DFT) calculations10 

have examined clusters as large as m=153.  Concepts related to electrical shell filling and 

geometrical packing have both been used to understand stability patterns as a function of m.  

The jellium model has been used to try to understand the effect of electronic shell filling 

on Al cluster stability11-15.  In this model, the potential arising from the nuclei and core 

electrons is smeared into a continuous potential, which is taken as a sphere for a cluster. The 

corresponding Hamiltonian is therefore spherically symmetric, and the resulting electronic 

orbitals, which are analogous to those in a spherical atom, can be identified by a principle 

quantum number n and azimuthal quantum number l.  In this model structures with enhanced 

energies correspond to those with completely filled electronic shells.  
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While the jellium model apparently works well for alkali metal clusters, its applicability 

to Al clusters is not clear. In particular, for small clusters, the valence 3s and 3p states are 

well separated, 3.6eV16, suggesting a monovalent jellium model (i.e. only the 3p electron 

contributes to the filling of the jellium shells). For larger clusters, however, the 3p and 3s 

orbital shells overlap, suggesting a tri-valent jellium model. Photoelectron measurements of 

the electron intensity versus binding energy of Alm
- for m between 1 and 162 show overlap 

between the 3s and 3p electron energies starting at about m=9. Evidence for closed shells 

consistent with the trivalent jellium model for clusters with 9<m<~75-100 was given. 

Geometrical packing is believed to be another important factor that influences the 

stability of clusters, where particular values of m that correspond to the completion of filled 

geometrical shells may produce particularly stable clusters. For example, a cluster with 12 

atoms surrounding a central atom represents a close packed structure with a filled geometric 

shell.  

Fig.3.1  Alm Binding Energies
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Plotted in Fig.3.1 are binding energies per atom, defined as  

mAlEAlE mm /)()( −=ε                                                 (3.1) 
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 for Alm clusters as a function of m as calculated by Rao and Jenna using DFT.17 E(Al) is the 

energy for an isolated atom, while E(Alm) is the cluster energy. These calculations were 

carried out to explore the applicability of the jellium model to Al clusters. These calculations 

suggest that the trivalent jellium model works well for charged clusters for m ≥ 7, but that the 

jellium model cannot be used to rationalize the stability of neutral clusters.  

The binding energies given by Eq.(3.1) are important for developing our gas-phase model 

described in §3.3 because they provide the range of cluster size that must be considered. The 

authors report that the relative cluster energies are accurate to within 0.1eV17, which is 

sufficiently accurate for our model. 

 

3.2.2.2. AlmNn 

Ab initio calculations on AlmNn species have been performed that have examined either 

the gas phase chemistry of (AlN)n formation18, the nature of AlmNn chemical bonding19-21, or 

the properties of AlmNn species (e.g. structure, energy, vibrational frequencies and Gibbs free 

energy22-28).  

Timoshkin, Bettinger and Schaefer have used free energies for (AlN)n formation 

chemistry18 determined from ab initio DFT and Hartree-Fock (HF) calculations to develop a 

cluster formation mechanism in the gas-phase that helps to explain CVD AlN growth from 

AlCl3:NH3:He = 0.4:8:91.6 at atmospheric pressure within the temperature range 700oC ~ 

1100oC. In these experiments, cluster formation is believed to be a key step toward bulk AlN 

growth based on experimental determination of cluster sizes determined by measuring 

molecular diffusion coefficients from the film growth rate under the condition of diffusion 

limited growth29.  From the theoretical studies18, the elementary reactions AlCl3NH3  
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(AlN)n were proposed to explain CVD AlN growth.  The change of Gibbs free energy for 

each step in (AlN)n cluster formation was calculated at 1000K.  The overall Gibbs free 

energy change is negative.  

The ab initio studies that examined the nature of AlmNn chemical bonding19-21 focused on 

two issues. The first was identifying how the bonding characteristics change with cluster size 

m for the cluster AlmN20.  Based on Mullikan populations and bonding strengths from DFT 

calculations, Nayak et al. concluded that for small m the bonding is polar covalent, consistent 

with bulk AlN, and that starting at m=6 the bonding becomes more metallic. In addition, the 

Al3N cluster was found to be anomalously stable. The second issue centered on how the 

strong multiple bond of N2 is destabilized with increasing Al coordination21. The covalent N-

N bond gradually decreases its strength due to charge transfer from the Al atoms. The 

nitrogen atom charge is seen to be proportional to the metal coordination, being thus a bond-

related property.  

The ab initio calculations that examined the stability of AlmNn species involved 

calculations of electronic structure, total energies, vibrational frequencies and Gibbs free 

energy for various geometries18, 22-26, 28.  These calculations emphasized molecules that are 

stoichiometric with bulk AlN (i.e. (AlN)m)22, 26, 28. In general, three-dimensional structures 

were found to be more stable than planar structures.  These calculations also predicted that 

the molecule Al3N has an enhanced stability23, 26, 27 in agreement with experiment24.   

 

3.2.3. Thermodynamics 

Thermodynamic calculations have been used to predict equilibrium concentrations 30, 31, 

and combined with the Hertz-Knudsen-Langmuir equation32 
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( ) 2/12 MRT
PJ

π
=                                                          (3.2) 

to estimate growth rates31, 33-36.   

In the thermodynamic calculations30, 31, 33-36, only two gas-phase species were assumed, 

Al and N2.  The calculations were based on the 1971 JANAF tables37.  In these calculations, 

Al partial pressures were used in Eq.(3.2). Several issues related to these calculations remain 

unresolved. First, for temperatures over 2000oC in AlN sublimation, the gas-phase species 

may not be limited to Al and N2
38.  However, thermodynamic studies involving other species 

have not been reported. Second, how the inlet N2 pressure affects the concentrations of the 

entire system has not been adequately explored.6-8 Third, key processes occurring both in the 

gas-phase and on the seed surface leading to growth have not been determined. Finally, the 

assumption of equilibrium in an essentially non-equilibrium system has not been adequately 

addressed.  Specifically, is it possible to approximate a non-equilibrium gas-phase through a 

group of equilibrium states?  Such an approximation is interesting for purposes of both 

fundamental theory and practical applications because it has the potential to offer a group of 

controllable growth parameters to control non-equilibrium processes. 

 

3.2.4. Transport Theory 

Transport theory has been extensively used to model reactors at the macroscopic scale.  

Using conservation of momentum and energy as well as continuity of mass and species 

transport in the reactor, the theory provides spatially resolved concentration profiles subject 

to some boundary conditions.  The theory uses a group of kinetic phenomenological 

coefficients to correctly describe the conservation and continuity at each micro spatial 

element.  The accuracy of transport theory calculations depends on correct boundary values 
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and phenomenological coefficients.  Both in turn require an understanding of detailed growth 

mechanisms. 

  Liu and Edgar as well as Segal et al. studied AlN sublimation growth using transport 

theory39, 40. Both studies focused on the effect of growth conditions on the growth rate.  

Rather than numerically solving the Navier-Stokes equation, equilibrium boundary layer 

approximations were combined with composition conservation, which lead to analytic 

solutions for growth rates as a function of temperature. However, these models assumed that 

the sublimation products are limited to Al and N2. As shown below, there are likely other 

species in this system that contribute to the gas-phase chemistry and to crystal deposition. 

 

3.2.5. Unresolved Issue: Bridging Crystal Growth and Growth Conditions 

The central issue of the present study is to correctly calculate the range of concentration 

distributions in the gas phase as a function of growth conditions (e.g. pressure, temperature, 

temperature gradient from the source to the crystal), and to relate crystal growth to these 

conditions. A central issue is how to deal with non-equilibrium vapor processes for AlN 

sublimation growth.  The current status of the three kinds of theoretical studies identified 

above with regard to the issue of non-equilibrium conditions can be analyzed as follows.   

In transport theory, the non-equilibrium information is hidden inside the boundary 

conditions and the phenomenological parameters, many of which are not known.  Similarly, 

thermodynamic studies are currently limited to applying published data, much of which is 

unavailable. Quantum chemistry calculations can provide information about the structure and 

properties of molecular species, but such data has not been largely incorporated into either 
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thermodynamics or transport theory calculations. This analysis results in the scenario in 

which this work proceeds. 

 

3.3. Computational details 

Our calculations overcome the current limitations of thermodynamic and transport 

calculations mentioned above by combining the output of quantum chemical calculations 

with statistical mechanics. The details of these calculations are presented here.  

 

3.3.1. Quantum Chemistry Method: B3PW91/Aug-cc-Pvtz 

The quantum chemistry DFT and composite Hartree-Fock calculations were performed using 

Gaussian98.41 The goal of these calculations was to determine the level of theory that 

provides the best overall fit to experimental heats of formation where known, and to then use 

data from the calculations to determine free energies as a function of temperature for the 

species of interest. The best overall fit to the heats of formation, rather than the best fit to 

each molecule, was used to produce a data set with a consistent minimal error. The DFT 

calculations used the B3LYP, B3PW91, MP2FC density functionals and 6-311G*, cc-pVTZ, 

Aug-cc-PVTZ and LanL 2DZ basis sets. The composite Hartree-Fock calculations used the 

CBS-Q, G1, G2, G3 and G2M2 basis sets available in Gaussian98. The resulting heats of 

formation are given Table 3.1. Our calculations indicate that the composite Hartree-Fock 

method is good for species without ionic bonds, but that DFT is able to better describe both 

covalent and ionic bonds (such as the Al2 molecule in the Table). The overall best choice was 

DFT with the B3PW91 density functional and Aug-cc-pVTZ basis set. 
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Table 3.1  Accuracy Comparisons among Various Ab initio Theories  
for Species Containing Ionic, Covalent and Metallic Bonds 

Density Functional Composite Hartree Fock
exp. B3LYP

/cc-pVTZ
B3PW91
/Aug-cc-

pVTZ

MP2FC
/cc-pVTZ

B3LYP
/6-311G*

CBS-Q G3 G2 G2M2 G1

Al2 158.7 118.4 138.9 -146.5 113.7 -122.6 -123.7 -130.5 -132.5 -131.4
AlH 288.6 297.8 287.4 280.5 294.1 304.1 303.5 305.4 305.6 304.9
NH 332.2 349.6 341.2 303.8 334.5 328.7 337.9 329.8 328.6 326.8
OH 427.8 429 423.9 413.3 402.4 429.4 431.3 428.6 429.6 423.9
H2 436 439.6 418.4 411.6 430.9 440.7 437.9 440.5 440.5 436.9

AlH2 489.2 504.9 498.7 481 497.9 504.4 499.6 501.1 498.9 498.7
O2 498.4 511.4 516.7 520.7 502.9 498.1 490.8 485.3 486.8 484.4

AlO 512.3 492.3 484.8 441.7 474.6 507.6 511.3 498.9 502.9 509.9
NO 631.6 640.3 634.4 620.3 629.5 633.3 629.9 633.6 no data 631.9
NH2 718.3 712.2 726.7 618.3 710.1 718.4 722.4 720.3 719.7 713.4
HNO 832.8 833.7 824.8 818.6 813.9 832.7 827.9 835.8 839.3 832.4
AlH3 855.1 852.3 834.9 817.6 842.4 860.3 854.2 861.2 857.6 859.4
H2O 927 909.3 903.4 911.1 858.3 926.6 924.2 926.7 930.3 916.9
NO2 936.8 958 941 951.6 939.5 945.6 934.1 938.2 943.5 935.5
N2 945.4 947.6 931.1 948.4 931.8 936.9 936.6 940.2 940.7 944.3

N2O 1112.9 1134.9 - 1151.8 1209.8 1110.8 1103.7 1108.7 1103.7 1109.7
 

           B3LYP   Hybrid functionals42 of exchange functionals43, Slater + Becke, and correlation functionals, LYP44 + VWN45. 
B3PW91 Being the same as B3LYP, but the correlation functionals are based on the Perdew 91 expression46 
MP2FC Being a Hartree-Fock calculation followed by a Møller-Plesset (MP) correlation energy correction, truncated at second- 

order for MP247 with frozen core (FC) approximation.     
CBS-Q    Complete basis set (CBS) with CBS-QCI/APNO accuracy and CBS-4 speed48 
G-n          Gaussian-n theory, n=1,2,349 
Aug-cc-pVTZ  Dunning's correlation consistent basis sets (triple-zeta), cc-pVTZ, with additional one diffuse function of each 

function type in use for a given atom, Aug.50  
 6-311G*  A specified basis in which the 1st row atoms is based on 51, 52,  the 2nd row atom is based on 53, 54, the 1st transition row 

is based on 55, and the 3rd row is based on 56-58.   It includes diffuse functions 55,. 
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3.3.2. Calibration of relative energies for elements 

The concentration calculations required not only accurate bonding energies for each 

molecular species, but also accurate relative energies from one atom to another. Therefore 

the energies from the quantum chemical calculations were calibrated to the appropriate 0K 

atomic energies in the JANAF tables38.  The values from the JANAF tables are given in 

Table 3.2. 

Table 3.2  List of Atomic Energy Calibrations Based on the JANAF Tables 
Elements Al N O H C 
E(KJ/mol) 327.30 470.82 246.79 216.04 711.19 

Standard 
Matter 

Al crystal N2 O2 H2 Graphite

 

3.4. Results 

 

3.4.1. Gas-phase model design 

Our gas-phase model consists of two parts, the gas-phase species and the gas-phase 

structure.  The former refers to microscopic information, including species’ geometry, 

rotational moment of inertia, rotational symmetry number, electronic energy, and vibrational 

frequency.  The latter refers to macroscopic information that reflects our current 

understanding of the non-equilibrium behavior of the system. 

 
3.4.1.1. Gas-phase species design 

Described in this section is a Gibbs free energy discrimination scheme that is used to 

determine what species need to be incorporated into our model. Also presented in this section 

are the calculated structural properties of these species.   
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3.4.1.2.          A Gibbs free energy discrimination scheme 

Three classes of species are considered in our model, pure metal atomic clusters Alm, 

mono-nitrogen species AlmN, and multiple nitrogen species AlmNn.  A Gibbs free energy 

discrimination scheme was developed to determine appropriate values for m and n.  

Based on our calculations, only Alm clusters with m ≤ 3 need to be considered for the 

gas-phase growth environment.  From Fig.3.1, the cluster binding energy increases as m 

increases, with the largest gain being about 1 eV as m increases from 1 to 2.  Balancing this 

energy gain at high temperatures is the loss of translational entropy for the association 

process Alm + Al  Alm+1. Our calculations for the free energy using the molecular data 

below indicates that at temperatures for AlN sublimation growth, greater than 2000K, the 

mole fraction of Al3 is only ~10% of that for Al2, and that the mole fractions of larger 

clusters are negligible for the purposes of our model.   A quantitative discussion of these 

effects can be found in Section 8.4.2.4 of this thesis.   

For the mono-nitrogen species, our calculations suggest that those species with m ≤ 4 

should be included in the growth model.  As m increases, there is an energy gain maximum 

at m=3 because the chemical valence of an N atom is three as illustrated in Fig.3.2.20  

Although the existence of species with higher m has been confirmed experimentally,20 

species where m ≥ 5 are unfavorable at high temperatures again due to entropy effects. 

For the di-nitrogen species, our calculations suggest that those species with m ≤ 2 should 

be included in the gas-phase model.  In this kind of species, it is energetically favorable for N 

atoms to bond to one another.  For m=1 and 2, the N atoms connect to each other through 

double bonds.   If m=3, the energy gain due to the formation of an extra N-Al bond is 
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balanced by the need to break a N-N π bond.  Further consideration of the entropy effects on 

the Gibbs free energy suggests that the dissociation reaction 
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Fig.3.2  Bonding Energies of AlmN Species 

 

Al2NNAl  AlNNAl + Al                                              (3.3) 

is favorable at high temperatures. 

A similar analysis was performed for the 27 impurity species.  Because the concentration 

of these species in a typical growth environment is less than 10-6, we have omitted this part of 

the analysis from this thesis.  We also did not find that the excited N2 species contribute 

significantly to the growth environment. Because of this result, coupled with a current lack of 

experimental evidence that these species affect crystal growth, further analysis of these 

species has not been made. Future research will examine the possible role of the impurity and 

excited species on the growth processes.  
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3.4.1.3. Gas-phase species 

Based on the considerations mentioned above, there are a total of 62 gas-phase species in 

this model.  Sixteen of these are used to model a typical growth environment for AlN 

sublimation growth.  Because these species consist only of Al and N, we call these “pure” 

species.  Twenty-seven of the species considered are included for investigating the effect of 

impurities on the growth environment. These “impurity” species are composed of Al, N, O, 

H and C.  Nineteen of the species considered are used to characterize the effect of excitation 

on the growth environment. These “excitation” species consist of 19 rovibrational excited 

states of N2, {|v,J>; v=1,2,…,19; J=0}, where v is vibrational quantum number, J is rotational 

quantum number, and the |0,0> state is N2 in the “pure” species.  All 62 species are listed in 

Table 3.3-5.  The superscript number at the upper left corner for some species is the 

molecular multiplicity, i.e. 2S+1. 

Table 3.3    List of Sixteen “pure” species AlmNn 
Al N N2 Al2 3Al2 Al3 ALN 3AlN 

AlN2 AlN3 Al2N Al2N2 Al3N Al4N NAlN N3 

 
 

Table 3.4   List of Twenty Seven “impurity” species AlmNnHoOpCq 
O H C O2 H2 C2 

3C2 ALH ALH2 

AlH3 NH NH2 NH3 AlHNH AlH2NH2 AlH3NH3 AlO2 AlO 

AlNO Al2O OH NO2 NO N2O HONO H2O HNO 

 
 

Table 3.5     List of Nineteen Rovibrationally Excited N2 species {|v,J>} 
|1,0> |2,0> |3,0> |4,0> |5,0> |6,0> |7,0> |8,0> |9,0> |10,0> 

|11,0> |12,0> |13,0> |14,0> |15,0> |16,0> |17,0> |18,0> |19,0>  
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Table 3.6  Comparisons of Electron Energies of 16 “Pure Species” 

Electronic Energy (hartree)
B3PW91/Aug-cc-pVTZ

Atomization Energy (in eV)

species Before
Calibration

After
calibration

This
work

Expta Nayak 20

BPW91
BelBruno22

B3LYP
Leskiwc

PBE96
Chang26

BP86
Rao17

BPW91
N -54.581 0.12466 0
Al -242.33 0.17933 0
N2 -109.52 -0.10923 9.757 9.76 10.12

Al3N -782.00 0.24379 11.40 11.44 11.94
Al4N -1024.40 0.37363 12.74 12.9 13.74
Al2 -484.70 0.33242 0.7138

3Al2 d -484.72 0.30568 1.441 1.56 1.53 1.43
Al3 -727.14 0.40213 3.697 3.3
AlN -296.97 0.25327 1.380 3.782 3.981

3AlN d -297.01 0.20830 2.604 3.08
2.86b

2.78 3.04 2.823

AlN2 -351.86 0.063204 9.944
AlN3 -406.62 0.013479 14.69
Al2N -539.53 0.20457 7.585 5.24 8.25
Al2N2 -594.24 0.20166 11.06 10.74
NAlN -351.66 0.26754 4.384

N3 -164.13 -0.015871 10.61
 

a: from reference 59., b: from reference 38, c: from reference 60, d: the multiplicity of total electron spin 
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3.4.1.4. Electron energies  

Our calculated electron energies for all sixteen species are given in Table 3.6, 

together with comparisons of the atomization energy with available experimental data 

and other theoretical calculations.  The table shows reasonably good consistency between 

our values and experimental data and other calculations. An apparent exception is AlN, 

where our calculations yield a triplet ground state, while experiment predicts a singlet 

ground state. For the purposes of our model, however, the spin state is irrelevant, and 

therefore we use the triplet energy state in our calculations. The energy used does not 

change the energy ordering of the AlmN species discussed below.  

 

 
3.4.1.5. Rotational moments of inertia 

The calculated rotational moments of inertia are listed in Table 3.7. 

Table 3.7  Calculated rotational moments of inertia 
species Rotational moment of inertia (in AMU)

 N2 29.76 29.76
 Al3N 487.0 487.6 974.7
 Al4N 769.4 770.7 1540.
 Al2 310.7 310.7
 3Al2 298.0 298.0
 Al3 306.0 306.3 612.2
 AlN 92.49 92.49
 3AlN 106.2 106.2
 AlN2 355.0 355.5 129.4
 AlN3 3.730E-03 659.1 659.1
 Al2N 571.6 571.6 81.56
 Al2N2 1.210E-06 0.7749 0.7749
 NAlN 1.100E-04 327.2 327.2

 N3 1.000E-05 137.3 137.3  
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3.4.1.6. Vibrational frequencies 

Calculated vibrational frequencies for the pure species are listed in Table 3.8.  

Table 3.8  Calculated vibrational frequencies of the pure species 
species Vibrational frequencies  (in cm-1)

N2 2458.
Al3N 144.8 144.9 200.9 434.1 763.9 764.7
Al4N 27.72 41.83 54.45 193.7 230.2 282.9 364.5 514.3 515.8
Al2 317.9
3Al2 344.4
Al3 240.2 240.5 360.0
AlN 943.4
3AlN 744.4
AlN2 306.1 1988.
AlN3 42.88 511.5 619.8 620.0 1486. 2300.
Al2N 532.9 1060.
Al2N2 55.38 99.24 144.5 298.1 349.7 610.9 1809.
NAlN 143.6 572.2 877.9

N3 512.4 1388.9 1735.

 

 

3.4.1.7. Rotational symmetry number 

Although symmetry numbers are theoretically calculable, we follow the Gaussian-98 

output for consistency with the numerically identified molecular symmetry.  The 

calculated rotational symmetry numbers for the pure species are listed in Table 3.9.  

Table 3.9  Calculated rotational symmetry number 
species N2 Al3N Al4N Al2 3Al2 Al3 AlN 3AlN AlN2 AlN3 Al2N Al2N2 NAlN N3

rotational symmetry number 2 2 1 2 2 1 1 1 1 1 2 2 1 1

 

3.4.2. Gas-phase structure design  

The growth environments of interest are under steady state conditions (i.e. 

concentration profiles do not change with time), but are inherently nonequilibrium in the 

sense that the concentrations do not necessarily correspond to Boltzmann distributions. 

Steady-state conditions are necessary to produce crystals with low defect concentrations. 
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Because this nonequilibrium environment is in a stationary state, we are able to capture 

the properties of this system by a combination of statistical states, each of which is in 

local equilibrium, with its own constant temperature, as a function of temperature.  

Approximating a non-equilibrium system using a combination of equilibrium states is 

convenient for understanding AlN sublimation growth, because it allows us to model the 

system with equilibrium constants that are derivable from statistical mechanics using 

accurate quantum chemical information. Rate constants, which are more difficult to 

obtain accurately from theory and that are not generally available from experiment at the 

temperatures of interest, are not needed. Recent transport theory calculations of growth 

rates have used a two equilibrium state model to define boundary conditions39 and to 

calculate concentrations that were related to growth rates40.  However, adjustable 

parameters were still required, and so the interpretation of their results was limited.  

 

3.4.2.1 Experimental Background and gas-phase structure 

Our gas-phase structure design is based on an experimental reactor for AlN 

sublimation growth.7, 8  A schematic diagram is shown in Fig.3.3  The system uses a 

crucible that is 8×2.5 cm, with a small opening of 2mm on its side wall to maintain a 

constant pressure inside and outside of the crucible.  

To obtain a gas-phase structure for AlN sublimation growth, a description of the gas-

phase composition is needed.  First, in the surface vicinity of the AlN source and crystal, 

the vaporization relation 

AlN(s) ⇌ Al(g) + ½N2 (g)                                    (3.4a) 

or 
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                                                      (3.4b) KPP NAl 10
2/1 log

2
−=

must be satisfied, where K is given in the JANAF tables.38  In the reactor, the vaporized 

material originating at the surface of the source flows toward the growing crystal. While 

the vaporization occurs at a fixed source temperature, during flow the gas species 

experience a temperature gradient.  The N2 gas from the inlet may be present both at the 

vaporization and transport regions of the reactor as long as the pressure of the vaporized 

gasses at the given temperature is less than the inlet pressure.  The presence of the inlet 

N2 gas implies that the total ratio of N to Al in the gas phase species may not match the 

1:1 AlN stoichiometry of the source and crystal in the chamber.  We refer to this as 

nonstoichiometric growth conditions.  

crystal

seed

source

AlmNn

Feed Gas

Heater

Reaction tube

Crucible

 
a. Growth reactor                            b. Inside the crucible 

Fig.3.3  Schematic diagram of a growth reactor   

The reactor description above leads to a natural partitioning of the gas-phase structure 

in the chamber into three parts, a source layer, a crystal layer, and a bulk gas between 

these two layers. The source layer is an isothermal layer that is immediately away from 

the source surface. This layer is assumed to be in equilibrium with the source, and 

therefore its temperature is the same as that of the source.  The composition of the source 
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layer is maintained through the source temperature and the inlet N2 pressure.  The crystal 

layer is an isothermal layer immediately away from the crystal surface.  It is assumed to 

be in equilibrium with the crystal, and its composition is determined by the temperature 

(which is the same as the crystal temperature) and the inlet N2 pressure. The bulk gas is 

the remaining part in the gas-phase.  Each isothermal layer in this part is assumed in local 

equilibrium, which in turn determines the gas concentrations based on the source layer 

composition and the inlet N2 pressure.   

This system partitioning provides a three-statistical-state combination to approximate 

the gas-phase structure.  A quantitative description of each state is necessary to perform 

numerical calculations. 

 

3.4.2.2      Pressure and composition conservation 

The contribution of the source and crystal layers to the gas environment in our model 

corresponds to the linearized solution of Segal’s sublimation model,40 which follows 

Eq.(3.4).  However as indicated by Chase et al38, the gas-phase components may not be 

limited to Al and N2 only, especially at high temperatures.  Therefore how to apply 

Eq.(3.4) to include other gas-phase species is a central issue in this work.  An exact 

description can be obtained through the conservation of pressure and composition. 

Let us assume that the gas-phase species are composed of Al and N only, with 

formulas {AlmNn; m,n =0,1,…}.  The total constant pressure Ptotal can be expressed as a 

sum of partial pressure from each species as  

∑=
n,m

NAltotal nmPP                                                                      (3.5) 
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This mole fraction distribution can be thermodynamically determined from the relative 

Gibbs free energies among all species.  Eq.(3.5) is the condition of pressure conservation.   

Eq.(3.5) itself is not sufficient to fully determine a solution for a single equilibrium 

state because it contains an arbitrary content ratio of Al to N.  This ratio is controlled 

experimentally by manipulating the total pressure and the source temperature (i.e. the 

vapor pressure).  The contribution to the pressure from N and Al can be given separately 

as  and , respectively. Because the ratio of the contribution of the 

Al and N from the AlN source must be 1:1, the difference between the N and Al 

contributions to the pressure must be from the inlet N

∑
n,m

NAl nmnP ∑
n,m

NAl nmmP

2 gas, i.e. 

)PP(2mPnP vtotal
n,m

NAl
n,m

NAl nmnm −=− ∑∑                                      (3.6) 

where Pv is the AlN vaporization pressure.  Eq.(3.6) is the condition of composition 

conservation. 

An interesting case is Ptotal < Pv.  In this situation, the gas outside of the crucible 

cannot get into the chamber.  Instead the inside stoichometric gas flows out through the 

small opening on the crucible wall to keep the pressure constant.  Therefore the Pv 

automatically decreases to Ptotal and Eq.(3.6) becomes 

0mPnP
n,m

NAl
n,m

NAl nmnm =− ∑∑                                                      (3.7) 

Segal et al considered only the two species Al and N2
40.  Starting with   

                                 PAl + PN2 = P0   (3.8.a) 

2
N

2
Al KPP 2 =                                                                            (3.8.b) 

they obtained the expression  
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                                     ( ) 3
13

2

2
c K2

2
3K

2
33P =










=      (3.8.c) 

where their is our , and  is our .  They assumed that there is no solution for 

 and two solutions for .     

cP vP 0P

0P

totalP

0c PP > cP>

Their assumption of no solution for  does not match our reactor model 

demonstrated in Fig.3.3.  Our model assumes that no matter how low the inlet N

0c PP >

2 

pressure, sublimation always proceeds as a function of temperature.   

 

3.4.2.3      Vapor pressure and gas-phase composition 

The relative Gibbs free energy among all species determines their partial pressures as 

a function of all the elemental partial pressures.  For AlN sublimation growth Eqs.(3.5) 

and (3.6) serve as the two conditions from which to get the elemental partial pressures PAl 

and PN. The sole uncertainty remaining in Eqs.(3.5) and (3.6) is how to calculate Pv. This 

corresponds to how to apply Eq.(3.4). 

In the case of a stoichiometric gas environment, Pv can be determined from the 

following three equations: 

o
N

o
Alv 2

PPP +=                                                             (3.9a) 

o
N

o
Al 2

P2P =                                                                 (3.9b) 

and  

( ) )K(logPP 10
o
N

o
Al

2
1

2
−=                                               (3.9c) 

Pv can be taken as accurate because it is the experimentally measured pressure.  The 

superscript “o” indicates that these Al and N2 pressures are under an zero order 
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approximation that no other species are present in the gas-phase, and do not necessarily 

correspond to actual pressures in the system.   

In the case of a gas environment whose composition is non-stoichiometric with 

respect to the source and crystal, let us assume that the partial pressures of Al and N2 are 

o
N

o'
N

o
Al

1o'
Al 22

PP,PP α
α

==     (3.10a) 

This assumption satisfies Eq.(3.10).  If the relative increment of the vapor pressure is β, 

then 

v
'
v P)1(P β+=                                                                (3.10b) 

A combination of Eqs.(3.9a), (3.10a) and (3.10b) leads to 

α
αβ 23 +=                                                                 (3.10c) 

The strategy for the solution of a non-stoichiometic gas-phase composition consists of 

the following four steps:   

1. Calculate Pv through Eqs.(3.9);  

2. Apply  to calculate β through Eq.(3.10b); '
vtotal PP =

3. Calculate α through Eq.(3.10c); 

4. Apply Eq. (3.10a) to calculate  o'
N

o'
Al 2

PandP

In this study, we always use Eqs.(3.9a-c) to calculate Pv as the input to resolve 

Eqs.(3.5) and (3.6).  The partial pressures  in a non-stoichiometric 

environment or  in a stoichiometric environment serve as initial values 

from which Eqs.(3.5) and (3.6) can be iteratively solved. 

o'
N

o'
Al 2

PandP

o
N

o
Al 2

PandP
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Therefore in this work Eq.(3.4) is used to determine both the vapor pressure and the 

vapor composition.   It is worth pointing out that the concentration means the partial 

pressures of the gas-phase species, and that the composition means the elemental content 

ratio.  

 

3.4.2.4      Concentration calculation of the three equilibrium states 

As discussed above, the gas-phase environment is partitioned into three parts, the 

source layer, the crystal layer and a bulk gas.  In the case of AlN sublimation growth, the 

strategy proposed above for solving Eqs.(3.5) and (3.6) can be applied to the source layer 

and crystal layer.  A small supplement is necessary for the bulk gas calculation. 

In the source/crystal layer calculation through Eq.(3.9) or (3.10), Pv is a function of 

the temperature of the gas-phase and the temperature of the source region. As the 

evaporated gas leaves the source layer, the total aluminum content is constant from one 

isothermal layer to another. Therefore the vapor pressure Pv(T) in the bulk gas at a 

position at which the temperature is T is given by 

s
svv T

T)T(P)T(P =                                                  (3.11) 

where Ts is the temperature of the source.   

 
3.4.2.5       Calculation of Al vaporization growth 

Al vaporization growth is another technique to deposit AlN crystals.7  It is similar to 

AlN sublimation growth, but it uses liquid Al as a source material.  Its gas-phase 

structure is the same as that for AlN sublimation growth, i.e. Eq.(3.5) still holds.  Because 
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the vaporized gas consists of Al only, the content ratio of Al to N is  

)PP(2
P

vtotal

v
nP

mP

n,m nNmAl

n,m nNmAl

−
=

∑

∑

 

or 

[ ] 0Pm)PP(2nP
n,m

NAlvtotalv nm =∑ −−                                                 (3.12) 

Here Pv is the Al vapor pressure calculated from data in the JANAF tables.38  Eq.(3.12)  

substitutes for Eq.(3.6) in calculating properties related to Al vaporization growth. 

 

3.4.3     AlN Source/Crystal State in an N2 Environment 

Applying the model proposed above, we are able to calculate concentration 

distributions for various growth conditions, and relate these conditions to different crystal 

growth mechanisms.  Apparently the source layer is decisive because it determines the 

composition of the entire gas-phase.  Therefore we first study the AlN source / crystal 

state.  Plotted in Fig.3.4 are our results for the total pressures of 250, 400, 500 and 750 

torr.  Curves in Fig.3.4 can correspond to either the source layer concentration or crystal 

layer concentration depending on the temperature being that of the source or the crystal.  

New information regarding AlN growth contained in Fig.3.4 consists of pressure and 

source temperature effects on concentration.  The predicted effect of pressure on 

concentration can be identified from these plots.  There is a temperature at which all 

curves are derivative discontinuous.  We define this temperature as the transition 

temperature, Tt.  Because this temperature determines if an AlN sublimation system is able 

to deposit a crystal, we shall discuss it separately in another section.  The temperature Tt is 

the point at which the vaporization pressure from the source or crystal is equal to that of 
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the inlet pressure, and the appropriate description of pressure is given by Eq.(3.7) rather 

than Eq.(3.6) as described above.  As pressure increases, Tt increases.  For N2 pressures of 

250torr, 400torr, 500torr and 750 torr, the values of Tt
 are 2375K, 2490K, 2590K and 

2650K, respectively. 
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Fig. 3.4 Calculated source/crystal layer concentrations for AlN sublimation under 
different pressure conditions. 
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The effect of temperature on concentration can also be understood from Fig.3.4. For 

all T > Tt, the pressure ratio of Al to N2 is almost constant, indicating that the gas-phase 

is close to stoichiometric with respect to the source and crystal.  As T decreases for T< Tt, 

however, the Al mole fraction rapidly goes down reflecting how fast the AlN vapor 

pressure varies.  Over the same temperature range the N2 mole fraction tends to be 

constant because more and more inlet N2 flows into the crucible.  

Fig.3.4 also reveals how different molecular structures contribute to the gas phase 

concentration distribution.  For the Alm clusters, Fig.3.4 indicates that the mole fractions 

satisfy the relations 

Al > 3Al2 > Al3.                                                                (3.13) 

Therefore their standard Gibbs free energy must be in a reverse sequence.  Because the 

energy gain is an increasing function of m, Eq.(3.13) indicates that the entropy 

contribution overwhelms that of energy to the Gibbs free energy for T > 2000K.  

Eq.(3.13) demonstrates that including Alm clusters with m>3 into our model would not 

significantly change our results, consistent with our analysis in developing our model in 

§3.4.1.2 

For AlmN clusters, Fig.3.4 indicates that the mole fractions satisfy 

Al3N > Al4N> Al2N> AlN.                                                (3.14) 

Eq.(3.14) can be explained in terms of binding energy.  The number of Al-N bonds 

increase as m increases.  This explains the Al3N > Al2N> AlN mole fraction trend. 

Because a N atom has a valance of three, the fourth Al-N bond is not as strong as the first 

three.  The Al3N –Al species is actually an adduct, instead of a compound. The deficient 

energy gain during the fourth Al-N formation explains Eq.(3.14). 
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The different m-dependent concentration sequences of Eqs.(3.13) and (3.14) reflect 

the thermodynamic competition between metallic bonds, covalent bonds and entropy 

effects.  Under the typical temperature ranges for AlN growth (T > 2000oC), the 

contribution to the concentration distribution in Fig.3.4 is  

Covalent  > Entropy > Metallic                                           (3.15) 

This relationship provides a criterion to determine if a new suggested species might be 

important to AlN growth based on Fig.3.4.   

 

3.4.4.    Al source layer in an N2 environment 

As discussed above, our model is applicable in the vapor growth of AlN from a liquid 

Al source.  In contrast to sublimation growth, however, the crystal layer (AlN) is different 

from the source layer, and therefore a second set of curves for the source layer is needed.   

Plotted in Fig.3.5 are our results for total pressures of 250, 500 and 750 torr. The 

black curves are for the Al source layer, while for comparison the pink curves (which are 

identical to those in Fig.3.4.) are for the AlN crystal layer.  In each of the source curves 

there is a temperature at which the mole fractions of Al and N2 cross.  We define this 

temperature as the transition temperature for Al vaporization, .  This temperature 

originates from the vaporized Al pressure being equal to the inlet N

t
AlT

2 pressure.  Therefore 

it is a monotonically increasing function of N2 pressure.   

The pressure effect on  is similar to that of T .  For Nt
AlT t

AlN 2 pressures of 250torr, 

500torr and 750 torr,  T t
Al  is 2465K, 2590K, and 2630K, respectively.  The change in 

transition temperature with the change in pressure is less than that of AlN sublimation.  

Therefore T and T  become closer as Nt
Al

t
AlN 2 pressure increases. 
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Fig.3.5  Source layer concentration (in black) and crystal layer concentration (in 
pink) for Al vaporization. 

 

Around  all of the concentrations for the Alt
AlT mN species reach their maximum 

value.  At higher temperatures, the nitrogen content is deficient.  At lower temperatures, 

the Al content is deficient.  In addition, the concentrations for all of the Alm clusters 
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monotonically increases with increasing temperature; this results from the increase in Al 

vapor pressure with increasing temperature.  The ordering of the concentrations for the 

Alm and AlmN clusters are consistent with those for sublimation growth (Eqs.(3.13) and 

(14)). This is expected, because in our model the relations arise from the equilibrium 

properties of these clusters and not the kinetic path that produces them.   

A central feature of Fig.3.5 is that the Al vapor pressure from liquid Al is always 

lower than that from solid AlN.  This relation is opposite from the well-known work of 

Slack30 and Dryburgh31, who suggested that the Al vapor pressure from liquid Al is 

always higher than that from solid AlN. Their data, however, appears to contradict the 

data for the Al vapor pressure over AlN at low temperatures in the most recent set (1998) 

of JANAF tables.   The reason for this discrepancy is not clear, although it may be due to 

an apparently inappropriate extrapolation of high temperature data for AlN.  

 

3.5     Discussion 

 

We have calculated concentration distributions for AlN growth systems that use 

either AlN sublimation or Al vaporization as the Al source.  The concentration 

distribution, which is a function of inlet N2 pressure, contains the information needed to 

relate the reactor environment to growth conditions (e.g. relationships between 

temperature and pressure, and the degree of supersaturation of potential growth species).  

In this section, we illustrate the implications of these background features to AlN crystal 

growth through the calculation of bulk gas concentrations.   
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3.5.1   AlN Sublimation in an N2 Environment: Experimental observations 

AlN growth using sublimation of an AlN source is a principle technique for 

synthesizing bulk AlN crystals.40  In recent experiments7, 8, the fastest growth has been 

observed in the c-direction under the conditions Tsource  =  2260oC, PN2 = 400torr,  ∆T ~ 

100oC, and N2 flow rate = 100sccm. In addition, crystal growth appears to be restricted to 

the N2 pressure range 250-750 torr.  Our calculations presented in this section address 

two questions related to these experimental observations: (1) "Under what conditions is 

crystal growth possible?" and (2) "What occurs at the boundary pressures of 250 torr and 

750 torr?". 

 

3.5.2    Calculated concentration distributions  

The results of our calculation of the bulk gas concentrations, which are used to 

address the questions above, are given in the Fig.3.6.  The pink curves are the bulk gas 

concentration, and the black curves are for the source / crystal layer.  The red and blue 

lines indicate the source and crystal temperatures, respectively.    

It is generally assumed that only Al atoms and N2 are present in the gas phase under 

sublimation growth conditions, and that the crystal growth rate is a function only of the 

amount of Al atoms available at the crystal surface.39, 40  Implicit in this assumption is 

that the N2 molecules are ready to deposit after addition of the Al to the surface. 

According to Fig.3.6, however, N2 above the crystal is undersaturated with respect to the 

vaporization pressure of nitrogen from the crystal, and therefore nitrogen must deposit 

from a different precursor. In addition, calculations predict an energy barrier of 3.0eV for 

the dissociation of N2 on a liquid Al surface, further suggesting that N2 is not a viable 
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growth species.61   From Fig.3.6, however, it is apparent that all Al containing species are 

supersaturated, including those containing N, and therefore they are ready to deposit on 

the surface.  In this way nitrogen is carried to the surface through the AlmN species. 
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 Fig.3.6  Calculated concentrations for AlN sublimation in 400 torr N2.  The black 
curves are for source/crystal layer concentrations and the pink are for bulk gas.  The red 
and blue lines are to indicate the source and crystal temperatures respectively. 

 

3.5.3    Transition Temperature Tt 

The most important feature in Fig.3.6 to characterize AlN deposition is the transition 

temperature Tt as defined in 3.4.2; i.e. the temperature at which the inlet N2 pressure is 

equal to AlN sublimation pressure.  In this section we use Tt to explain an experimental 

observation first, then give its implication for AlN growth.   

Experiment has suggested that growth of crystalline AlN via sublimation is restricted 

to the pressure range ~250 torr to about 750 torr.7, 8 Our calculations, the results of which 

are given in Fig.3.7, suggests the underlying reason for this observation. 
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AlN Sublimation in 750 torr N2 at 2260oC
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Fig.3.7  Calculated concentrations for AlN sublimation growth.  The meaning of each 
curve is the same as that given in Fig.3.6 

 

The plot at the left of Fig. 3.7 is for the case of AlN sublimation at 2260oC in 250torr 

N2.  The total temperature difference between the source and crystal is 100oC, and the   

crystal temperature is higher than Tt.  Between the temperatures of the source (the 

vertical line in red) and the crystal (the vertical line in blue), the sublimation occurring at 

both the source and crystal are stoichiometric.  Therefore there is no supersaturation at 

the crystal layer, and hence no deposition.  A careful analysis of the figure indicates that 

all AlmN species are actually undersaturated at the crystal layer, supporting our 

conclusion that there would be no deposition at these conditions.  The undersaturated 

AlmN is an effect of the total temperature difference.  As the source sublimated gas flows 

toward the crystal layer, its temperature decreases leading to a volume decrease.  At 

constant pressure, the decrease must be supplemented through the inlet N2 leading to the 
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N2 mole fraction increasing and all other species decreasing. This analysis suggests that 

an optimal condition requires T . t
crystal T<

The plot at the right of Fig.3.7 is for AlN sublimation growth at 2260oC in 750 torr 

inlet N2 for all T .  This may not be unfavorable for crystal growth if the 

absolute concentration of Al

t
source T<

t T=

mN remains high.  The relationship between T  and T  

will be more thoroughly examined in Chapter 4.  Here we just cite our conclusion that the 

optimal condition is T . 

source
t

source

In the context of AlN sublimation growth, our calculations show thatT  is the upper 

boundary of the crystal temperature to produce supersaturated Al

t

t

mN at the crystal 

surface, and the optimal source temperature for the purposes of mass transport.  If the 

crystal temperature is higher than T , the Alt
mN species at the crystal surface are 

undersaturated and no deposition can occur.  If T  is much higher than T , conditions 

are unfavorable for mass transport as demonstrated in the following chapter.  Therefore 

our analysis suggests that an optimal growth crystal and source temperatures are  

source

source
t

crystal TTT =<      (3.16) 

where the temperature range Tcrystal< T < Tt is favorable for the deposition of the  gas 

species on the crystal. Worthy of note is that the total inlet N2 pressure determines the 

value of Tt, and that Tt determines appropriate source and crystal temperatures. Therefore 

there is a reasonably wide range of growth parameters that satisfy Eq.(3.16).  We suggest 

that surface thermodynamics and kinetics, which are not treated here, may further restrict 

growth conditions to a specific temperature, which in turn determines the total pressure.   
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3.6     Conclusions 

A new gas-phase model was developed to calculate gas-phase concentration 

distributions for AlN growth via sublimation and vaporization techniques.  The model 

uses the results of quantum chemical calculations, which are calibrated from the JANAF 

tables, in a statistical mechanical formalism.  The model allows the fundamental physics 

and chemistry of this system to be analyzed without adjustable parameters.  

A Gibbs free energy discrimination scheme was developed to choose appropriate 

species to be considered in our model. The free energies are calculated from ab initio 

energy calculations and high temperature entropy effects.   

A combination consisting of three chemical equilibrium statistical states was 

developed to model the reactor for AlN sublimation growth. The combination is intended 

to capture the non-equilibrium character of the system.  In this model pressure and 

composition conservation are included. Using this model, relationships between 

saturation state, inlet and total pressure, source and crystal temperatures were analyzed 

and used to both rationalize experimental growth conditions, and to define ranges of 

system parameters over which growth can occur.  
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4 Intrinsic Stability Approach for Gas-Phase Environments For Crystal Growth 

4.1. Abstract    

We propose the concept of intrinsic stability in the gas phase as a model explaining the 

vapor deposition of crystals.  The concept is illustrated for two systems, AlN sublimation 

growth and hot filament CVD diamond growth.  For AlN growth, the concept explains the 

driving force for mass transport, the optimal growth temperature, and the optimal 

temperature difference between the source and crystal.  Agreement between the results of our 

model and experiment is very good.  For the H2 gas phase environment, our model explains 

the maximum measured temperature in the gas phase.  The agreement between the theoretical 

predication and experiment is within 10K. 

 

4.2. Introduction 

A new approach, termed the intrinsic stability approach, is developed in this thesis that 

quantitatively reproduces experimentally measurable quantities associated with the vapor 

phase growth of crystals and thin films.  The approach assumes that the entire gas phase in 

the reactor chamber can be described by a combination of metastable statistical states that are 

in local equilibrium, with the non-equilibrium characteristics of the system embedded in how 

the statistical states are combined.  This assumption of combining statistical states is valid for 

systems that are stationary (i.e. the concentration distributions are time independent) and 

each section is in local equilibrium. As discussed in Chapter 2, these are typical conditions 

for vapor-growth reactors that are intended to produce low-defect crystals. An example of 

statistical state combination can be found in Chapter 3, the gas-phase structure of the three 

states.   
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Intrinsic stability is a central concept in this theory; it can be defined as the existence of a 

chemical potential minimum as a function of temperature in the gas phase.  Usually the high 

temperature side of the minimum is related to at least one dominant chemical process that 

overwhelms the Gibbs free energy gain.  Thus this gas phase process can proceed 

spontaneously as temperature is decreased to that at the chemical potential minimum.  In this 

way a system described by this chemical potential tends to be stabilized/attracted (or driven) 

to the minimum.  We shall demonstrate in this thesis that this fundamental feature determines 

a variety of measurable properties.   

In this chapter, we focus on the remaining issues of AlN sublimation growth, including 

(1) the driving force for mass transport in the gas phase; (2) the deposition mechanism in 

terms of chemical potential; (3) the optimal source temperature; and (4) the maximum 

temperature difference between the source and the substrate. We shall illustrate how each 

issue is essentially determined by the intrinsic stability of the gas phase system.   

In this chapter we also provide an introduction to the intrinsic stability concept for 

another wide bandgap material, diamond. For diamond film growth from the vapor phase, 

there is a wealth of experimental data dating back almost two decades that is related to the 

concentration and temperature profiles in the gas-phase.  At present, there is no one set of 

theoretical calculations that are able to quantitatively reproduce all of these experimental 

results.   

 

4.3. Intrinsic Stability Embedded in the Bulk Gas for AlN Sublimation Growth 

Presented in Chapter 3 is a concentration analysis that predicts vapor deposition 

conditions based on the saturation status of the system species, where the transition from 
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undersaturated to supersaturated conditions is theoretically characterized by a transition 

temperature Tt.  Based on this model, it follows from Fig.3.6 that the AlmN species are likely 

growth precursors in the gas-phase.  However, the concentration of these species is higher at 

the crystal side than at the source side of the growth chamber.  This result apparently 

contradicts a diffusion mechanism of mass transport that entails species moving from a 

higher concentration to a lower concentration.  If diffusion is not the driving force for mass 

transport, how are the predicted growth precursors driven to the crystal surface from the 

source?   This issue is addressed below. 

 

4.3.1. Driving force for AlmN transport 

Two kinds of driving forces in the bulk gas, diffusion and convection, can be responsible 

for mass transport.1  In diffusion there is no net change in the number of chemical bonds,  

and therefore the driving force is an increase of entropy due to mixing.  Convection can be 

conveniently described by two mechanisms, thermal convection and chemical convection.  

The former, which is driven by gravity, is caused by differences in density due to 

temperature gradients. The latter class of convection results from chemical reactions leading 

to variations in concentration.  For chemical convection, bond breaking and formation can 

significantly contribute to gains in both energy and entropy, where a favorable Gibbs free 

energy decrease leads to the driving force.  The dominant driving force in a given reactor 

results from a competition between diffusion and convection.   

For the high temperature system of AlN sublimation growth, both driving forces of 

diffusion and chemical convection coexist.  We shall qualitatively analyze the competition 

between the two.  Our analysis involves comparing changes in Gibbs free energy. Essentially 

our intrinsic stability concept and convection describe the same phenomena from different 
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viewpoints.  The former viewpoint is of stability or energy, addressing the reason for 

transport, while the latter is of motion, addressing the mechanism of transport.  Thus this 

study of convection is performed through the intrinsic stability concept.  Our study on the 

driving force begins by describing the entire system in terms of the chemical potential.   

4.3.1.1. Calculation of the bulk gas  µ(T) 

The chemical potential for a bulk gas is calculated in this work as follows: 

∑=
i

ii TGxT )()(µ      (4.1a) 

where 

     
total

i
i P

Px =                   (4.1b) 

and 

i
o
ii PRTTGTG ln)()( +=      (4.1c) 

For AlN crystal growth from the vapor phase, the source temperature is typically close to 

the Al boiling point of 2790.8K. At these temperatures neither evaporation nor deposition of 

Al atoms can be ignored, suggesting that Al metal bond breaking or formation is involved in 

the chemical driving force. 

 

4.3.1.2. µ(T) clarification for the bulk gas in AlN growth 

To understand the driving force for mass transport in AlN sublimation growth, our 

calculation is first performed using the concentrations in Fig. 3.6 and 3.7 to calculate the 

chemical potential.  The results are given in Fig.4.1, where the thin and dark red curves 

correspond to the chemical potential for the gas-phase and the source/crystal layer, 

respectively.  
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AlN Sublimation in 750 torr N2 at 2260oC

1950 2150 2350 2550 2750

T (K)

M
ol

e 
Fr

ac
tio

n

-170

-150

-130

-110

-90

-70

µ
(k

ca
l/m

ol
)

101

100

10-1

10-2

10-3

10-4

10-5

Al3N

3Al2

N2

Al2N

Al

Al3

Al4N

Al2

c
Fig.4.1  Chemical potentials in AlN sublimation growth at different pressures.  The 
plum line denotes the source temperature and the blue line denotes the crystal temperature.  
For species mole fractions the black curves correspond to the source/crystal layer, and the 
pink correspond to the bulk gas.   For chemical potentials the thick red curve is for the 
source/crystal layer and the thin red curve is for the bulk gas. 
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The minimums in the chemical potential curves in Fig.4.1 imply an intrinsic stability.  

The origin of these minimums can be generally understood as follows. At low temperatures, 

the dominant species are N2 and Al3N.  As temperature increases, the entropy of both 

species increases leading to the overall decrease in Gibbs free energy.  At high temperatures 

the dominant species are N2, Al3N and Al, with the Al content exceeding that of Al3N due to 

entropy effects.  The increase in Gibbs free energy with increasing temperature in the high 

temperature range can be attributed to the zero binding energy of Al atom.  Therefore the 

higher the Al mole fraction, the higher the chemical potential.  These two effects result in 

the minimum chemical potential at intermediate temperatures.  

The chemical potential of the bulk gas is higher than that of the source/crystal layer, 

which results from the difference in composition of the two regions.  The entire Al content 

in the gas phase is the same as that of the source/crystal layer at the source temperature, 

while the Al content in the source/crystal layer is a monotonically decreasing function of 

temperature.  The lower the Al content, the higher the N2 content.  The extraordinary 

stability of N2 determines the lower chemical potential of the source/crystal layer in Fig.4.1. 

The physical significance of the intrinsic stability can be explained as follows.  There 

are two ways of evolving toward the chemical potential minimum; the temperature can 

decrease from the right of the minimum, or the temperature can increase from left of the 

minimum.  For the former, the state of the bulk gas (e.g. temperature, pressure, composition) 

is initiated at the source layer.  As the gas moves away from the source, the state of the bulk 

gas evolves in a direction that is independent of the source layer because its chemical 

potential is downhill toward the minimum at a lower temperature. The evolution toward this 

minimum is an exothermic chemical process due to bond formation, so that the bulk gas 
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evolution toward lower temperatures can proceed spontaneously (provided that there is a 

mechanism for dissipating the released energy).   

For low temperature systems, motion toward a higher temperature is downhill in 

chemical potential. However, the system cannot proceed spontaneously without the release 

of chemical energy or external heating. For our system of interest there are no exothermic 

chemical processes that would spontaneously heat the system, therefore extra work is need, 

such as substrate heating, to drive the system to its minimum chemical potential state.  

Therefore, the intrinsic stability is able to drive the bulk gas evolution from the source 

temperature to any lower temperature that is higher than that at the chemical potential 

minimum. 

 

4.3.1.3. Driving force: diffusion or intrinsic stability? 

Because the bulk gas evolution direction from the right side of the chemical potential 

minimum (i.e. high to low temperature) is counter to the natural diffusion direction from 

high to low concentration for the AlmN species (see Fig 4.1), we need to examine if the 

evolution of the system driven by chemical potential can overwhelm diffusion.  For the 

system going from high to low temperature, Al and N2 chemically converts to AlmNn.  The 

unfavorable loss of translational entropy due to Al atom association is overwhelmed by the 

gain in bonding energy, which from Fig.4.1a is as much as 35kcal/mole.  The chemical 

potential gain from diffusion is due mainly to the Al3N species, which has the largest ratio 

of concentration from high to low temperature in Fig. 4.1a (a ratio of 10). The total 

chemical potential gain due to diffusion in the low-to-high temperature direction is  

~   
1

2
2112 lnln)(

P
P

RTPTTR +−   
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or 

     
1

2
2 ln~

P
PRT . 

where the subscripts 1 and 2 represent Al3N at low and high temperatures, respectively. The 

change in chemical potential is about 2500Rln(10/2), or 8.0kcal/mole for the condition in 

Fig. 4.1a.  Therefore the intrinsic stability gain overwhelms that of diffusion.  The bulk gas 

evolution on the right side of the chemical potential minimum in Fig. 4.1 can therefore 

proceed spontaneously toward a lower temperature.  Such transport is a chemically 

spontaneous process during which growth precursors are produced at a lower temperature 

rather than transported to the region at the lower temperature.   

The conclusion that diffusion is not the dominant mechanism for mass transport in this 

system is consistent with analyses by Dryburgh2, and Liu and Edgar3 in their models that 

just assumed that N2 and Al are present in the system.  Similarly, Segal et al4 proposed the 

solution for growth rate at first order of accuracy as 

( ) d
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2
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∆ρ
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= −  

where Rf is a convection resistance of the Knudsen layer adjacent to the reactive surface of 

the source, Rd is a diffusion resistance of the gas confined between the source and the 

crystal, ρAlN is the density of the solid AlN, and  and  represent the partial pressures 

of Al and N

o
AlP o

2NP

2 at the source and crystal, respectively.  Diffusion dominates only if 

.  The partial pressures in this formula are in 

equilibrium, and the temperature is taken as the average of that of the source and crystal.  

Fig.4.1 indicates that such a favorable condition for diffusion occurs only at those 

0
2N

0
Al

0
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0
Al

2 P2Pwhere,1PP/ −=>> ΩΩ
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temperatures far below the crystal temperature.  Again this agrees with our exclusion of 

diffusion.  

 

4.3.2. Intrinsic stability explanation of AlN sublimation growth 

We have identified the dominant contribution to the intrinsic stability that explains the 

chemical driving force for mass transport in the gas phase. In this section intrinsic stability 

is used to explain the growth conditions under which AlN condenses on the crystal. The 

intrinsic stability concept as applied to AlN sublimation growth reveals additional 

information that could not be obtained from the analysis of the concentrations in the prior 

chapter. 

 The curves in Fig.4.1.a are calculated using typical conditions for AlN sublimation 

growth5.  The vertical plum line indicates the source temperature and the vertical blue line 

indicates the crystal temperature.  The two chemical potential curves cross at a point that is 

between the source and crystal temperatures.   The temperature at the crossing point, which 

we note as Tcross, is slightly lower than the transition temperature Tt. 

The state of the bulk gas tends to spontaneously evolve from Tsource to Tcrystal due to the 

intrinsic stability discussed above (i.e. it is downhill in chemical potential). During this 

downhill evolution the chemical potentials between the source and crystal temperature 

satisfy the relations 

sourcecrosssourcebasbulk TTTif),T()T( ≤≤≤ µµ     (4.2.a) 

crystalcrosscrystalbasbulk TTTif),T()T( ≥>> µµ     (4.2.b) 

Eq.(4.2.a) indicates that the bulk gas is more stable than the source layer suggesting that 

source sublimation is thermodynamically favorable.  Eq.(4.2.b) indicates that the bulk gas is 
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less stable than the crystal layer suggesting that vapor deposition is thermodynamically 

favorable.  Therefore Eq.(4.2) explains why the growth condition illustrated in Fig.4.1a is 

typical for AlN sublimation growth.  

We defined Eq.(3.16) as an optimal condition for AlN growth.  Eq.(4.2) suggests the 

reason why Tcross is of such critical importance for AlN growth.  From Fig.4.1a, if Tsource < 

Tt, Tsource will be equal to Tcross and Eq.(4.2a) no longer holds.  Under this condition, the 

chemical driving force is reduced such that transport of evaporated materials from the 

source to the crystal is less favorable.  This explains why the conditions in Fig.4.1.c are not 

good for AlN sublimation growth; the chemical driving force is reduced to ~ 5kcal/mole, the 

same order of magnitude as the change of chemical potential due to diffusion.   

Similarly, if the Tcrystal > Tt, Tcrystal will be greater than Tcross and Eq.(4.2b) does not 

apply. This condition is unfavorable for vapor species deposition and therefore unfavorable 

for crystal growth.  This explains why the conditions in Fig.4.1.b are not good for AlN 

sublimation growth. 

 

4.3.3. Optimal source temperature as a function of N2 inlet pressure 

Eq.(3.16) cited the relationship Tsource = Tt, which is explained in this section. The source 

temperature is an important controllable parameter for AlN sublimation growth.  It 

determines the available amount of AlmN species in the gas phase. Conventionally, the 

temperature is determined experimentally on a trial-and-error based on the vapor pressure of 

the source materials.  The work in this subsection was carried out to theoretically explore 

the synergistic relation between the source temperature and other parameters. 
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4.3.3.1.  A general relation 

The source temperature is a function of the N2 inlet pressure.  Based on Eq.(4.2a) the 

lowest source temperature is Tt, and under the conditions Tsource ≥ Tt, the lower Tsource the 

larger the chemical driving force is for AlmN transport.  Similarly, under the condition of Tt 

≥ Tsource, the higher Tsource, the larger the chemical driving force for AlmN transport.  

Therefore,  

Tsource = Tt      (4.3) 

 ∆T = Tsource - Tt = 0 at 400torr N2

1800 1900 2000 2100 2200 2300 2400 2500 2600

T (K)

M
ol

e 
Fr

ac
tio

n

-170

-160

-150

-140

-130

-120

-110

-100

-90

-80

-70

µ
(k

ca
l/m

ol
)

101

100

10-1

10-2

10-3

10-4

10-5

Al3N

3Al2

N2

Al2N

Al

Al3

Al4N

Al2

 
Fig.4.2 AlN sublimation in 400 torr N2 atmosphere at optimal source temperature.   

The meaning of each curve is the same as that given in Fig.4.1. 
 

is an optimal condition for mass transport.  Note that Tt is a function of N2 inlet pressure. At 

a typical pressure of 400 torr N2, Fig.4.2 gives mole fractions and chemical potential as a 

function of temperature.  The source temperature used in Fig. 4.2,  2474K, satisfies Eq.(4.3). 
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4.3.3.2.  A quantitative comparison between experiment and theory 

Eq.(4.3) provides the first experimental growth parameter that can be predicted from our 

intrinsic stability theory, and therefore it provides an initial opportunity to evaluate our 

model.  Eq.(4.3) is also able to provide a prediction regarding the optimal source 

temperature.   
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Fig.4.3 The optimal source temperature as a function of N2 pressure 

Based on Eq.(4.3), our calculation of Tt as a function of inlet N2 pressure is plotted in 

Fig.4.3.  The dashed line indicates the prediction of the optimal source temperature 2474K 

or 2201oC at 400 torr N2 pressure.  This prediction is in agreement with typical experimental 

values (400torr, 2200oC)5.   

More recent experiments have grown AlN at lower source temperatures (400torr, 

2100oC~2200oC).6  In our model, this temperature corresponds to the case of Tsource < Tt.  

The lower boundary Tsource at 400torr can be determined from Fig.4.2 as 2390K or 2117oC.  

For temperatures below the lower boundary, there is no driving force to transport the AlmN 
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species from the source to the crystal layer, leading to some other concentration distribution 

that in turn results in other growth mechanisms.  Information7 from experiment indicates 

that for temperatures below 2100oC AlN vapor pressure is insufficient to yield crystal 

growth.  In addition, for temperatures below 2150oC the AlN vapor pressure is not sufficient 

for growth in the basal plane.  Thus theoretical predictions from Eq.(4.3) are in accord with 

experiments.  

The case of Tsource > Tt is obviously not optimal.  The positive difference of Tsource - Tt 

does not yield any extra amount of AlmN species than a zero difference does.  This explains 

why experimental source temperatures tend to be close to or lower than Tt (see Table 4.1).  

Fig.4.1 also indicates that as long as Tsource is greater than that at µ(T) minimum, Tmin, 

the bulk gas chemical potential is always downhill toward the Tmin.  This suggests that in the 

vicinity of the source the bulk gas content always tends to move to the crystal.  This 

prediction explains why AlN sublimation growth can last longer than Al evaporation growth 

without coating the source.5, 6, 8 

In summary, Tt is an intrinsic property of the gas phase in AlN sublimation growth.  It is 

a function of inlet N2 pressure.  Based on an analysis of intrinsic stability, an optimal source 

temperature is equal to Tt, which corresponds to the highest mass transport efficiency.  

 

4.3.4. Total temperature difference 

The total temperature difference or temperature gradient is the temperature difference 

between the source and the crystal.  It is an important experimentally controllable parameter 

that is related to the growth quality of AlN crystals.  Experimentally, the total temperature 
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difference is typically 10~400oC.2-6  The intent of this subsection is to illustrate the physical 

meaning of the temperature difference based on intrinsic stability theory. 

The theoretical total temperature difference can be defined based on the following 

analysis.  The major function of the gas phase is to “transport” growth precursors to the 

crystal layer.  Our intrinsic stability analysis of the transport driving force indicates that 

transport is actually a chemical process that converts Al and N2 into AlmN species. Based on 

Fig.4.2, this mechanism of chemical transport can spontaneously proceed as long as the 

crystal temperature is higher than that at the chemical potential minimum, Tmin.  Therefore 

the total temperature difference can be defined as 

minTTT source −=∆       (4.4) 
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Fig.4.4 Total temperature difference as function of N2 pressure at optimal Tsource  
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Combining Eq.(4.3) and (4.4) provides a maximum effective ∆T.  We term this the  

“effective” temperature because for Tsource > Tt the difference in temperature Tsource - Tt 

contributes nothing to the “transport” function.   

Our calculated maximum effective ∆T is plotted in Fig.4.4 as a function of inlet N2 

pressure. The dashed arrows indicate a typical growth condition of 400torr N2.  The 

maximum effective ∆T is 499K, which is less than the difference typically used in growth 

chambers, indicating that room remains for experimentally increasing the ∆T.  

 
Table 4.1 Comparison of theoretical ∆T with that from experiments 

Tsource 2100oC 2200oC 2180oC 2180oC

∆Ttheory 360oC 490oC 480oC 480oC

∆Texp 200oC 70oC 400oC 450oC

 
 

In practice, the Tsource is often lower than Tt.  In such a situation ∆T needs to be 

calculated through Eq.(4.4) only, and again such a calculation gives an upper boundary for a 

∆T in practice.   

For the purposes of comparison with experiment, several experimental ∆T values are 

listed in Table 4.1.6, 7 along with the theoretical values. The inlet N2 pressure is 400torr for 

all cases. The derivation of the theoretical ∆T values in the table is demonstrated in Fig.4.5.  

The plum line indicates the source temperature and the blue is the crystal temperature.  The 

dashed arrow shows the theoretical boundary.  It is clear from Table 4.1 that all ∆Texperiment 

< ∆Ttheory.  This agrees with our expectation that ∆Ttheory is the upper bound.   
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 ∆T = Tsource - Tcrystal = 200K at 400torr N2
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a. Tsource = 2100oC 

 ∆T = Tsource - Tcrystal = 70K at 400torr N2
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 ∆T = Tsource - Tcrystal = 400 and 450K 
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b. Tsource = 2200oC                                          c. Tsource = 2180oC 

Fig.4.5 Comparison of theoretical ∆T ranges with experimental ∆T values.  The 
meaning of each curve is the same as that given in Fig.4.1.  The black dash arrow points to 
the minimum crystal temperature predicted by Eq.(4.4)  
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∆Texperiment can be fixed at any value greater than ∆Ttheory . What will happen if 

∆Texperiment >> ∆Ttheory? This results in conditions under which the chemical driving force is 

used up and diffusion effects become stronger.  It is therefore unfavorable to “transport” the 

growth precursor to the crystal surface chemically at these temperatures. 

In summary, we defined ∆Ttheory based on the intrinsic stability of the gas phase, a 

property that reflects the effective range for chemical action.  The quantity ∆Ttheory provides 

an upper bound for ∆Texperiment under conditions for which Tsource ≤ Tt and whose amount of 

AlN vapor is sufficient for crystal growth.  No experimental values for ∆Texperiment could be 

found in the literature that exceed ∆Ttheory, consistent with ∆Ttheory being an upper limit for 

crystal growth.  

 

4.4. Intrinsic Stability in an H2 Gas Phase Environment for Diamond Growth 

Diamond is another example of a wide bandgap material with potential for applications 

in high-power, high-temperature microelectronic and/or opto-electronic devices. Growth of 

diamond films has been achieved through chemical vapor deposition.  The gas phase 

environment in this technique is typically dominated by H2 (usually over 99%) with 

supersaturated H atoms.9 It is believed that diamond growth is a kinetically favorable 

process10 and that the gas phase environment is metastable11. 

To understand nucleation and growth mechanisms, a great deal of effort has been 

invested into investigating both the gas phase and substrate surface.  Among the many 

quantitative measurements, diagnostics of the hydrogen environment in HF CVD has 

received special attention because the hydrogen environment plays a central role in growth, 

and because it is (presumably) less complicated to understand than the environment of other 
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deposition methods such as oxy-actylene torch and plasma deposition.  Issues of particular 

important include the following:    

• The effect of pressure on the gas phase temperature;12-14 

• Temperature drops in the vicinity of both the hot filament15-24 and substrate19-22; 

• Spatially resolved H atom concentrations14, 20; 

• Spatially resolved concentrations for H2 and its rovibrational excited states22; 

• Determination of an effective activation energy for H atom production14, 22, 25. 

Qualitative deviations still exist regarding the theoretical explanation of these 

measurements, implying that the fundamental chemical and physical processes are still not 

understood.  In the following chapters, we propose a model based an intrinsic stability to try 

to reach a uniform understanding of these issues.  

 

4.4.1. Hydrogen species for the H2 gas phase environment 

In this work we do not consider any species other than hydrogen (in the form H and H2), 

which typically accounts for over 99% of the species in the gas phase of a HF CVD 

diamond growth chamber.  For H2, our analysis uses primarily the orthohydrogen quantum 

state oddgug
S vJvJI +±+ Σ=Λ 1

,
12 ,1, , which accounts for 75% of the molecular hydrogen in 

nature. Parahydrogen eveng vJ+Σ1,0  is occasionally used as a high level correction.  The 

seven quantum numbers I, Λ, v, J, S, ±, and g/u correspond to nuclear spin, orbital angular 

momentum along the molecular axis, vibration quantum number, rotational quantum 

number, total spin angular momentum of the electrons, the reflection symmetry of electrons 

about a plane crossing through the molecular axis, and the inversion symmetry of electrons 
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about the molecular geometric center, respectively. Because the difference between the two 

electron-energy-levels and difference between the two nuclear energy levels are large ( > 4 

eV)  compared to kT in the temperature range of interest, the molecule notation is simplified 

to ), oddJv

,1,0v =

,1J odd =

J even

 which emphasizes the importance of vibrational and rotational excitation. 

Our H2 molecular data come from ab initio calculations that include nonadiabatic 

corrections.26  The claimed accuracy is ~10-3cm-1 or ~10-7eV compared to infrared and 

Raman rotation-vibration spectra.  In our gas phase model, the quantum number ranges are 

12,11,10,9,8,7,6,5,4,3,2  

9,7,5,3  

and  

 , 10,8,6,4,2,0=

which totals 143 rovibrational states. This range is sufficient to cover the temperature and 

pressure ranges associated with the H2 environment in typical CVD diamond growth. 

 

4.4.2. Application of Wolniewicz’s H2 structure data 

Wolniewicz’s first principles H2 data is highly accurate, but does not explicitly cover all 

of the atomic and molecular data required for our model.  For the purposes of fully 

employing this accuracy, we use the data in Table 4.2 to derive a set of fundamental 

molecular data that can in turn be used to obtain data not in the table, such as a full set of the 

dissociation energies, noted as D0(v, J) in this work. Fig.4.6 provides a schematic 

illustration of the meaning of the data in Table 4.2.  

Table 4.2  Wolniewicz’s data employed to derive other data 
Re(a.u.) EH2 (a.u.) D0(H2)(cm-1) D0(D2)(cm-1) D0(T2)(cm-1) 
1.4011 1.174475930742 36118.069 36748.364 37028.498 
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Fig. 4.6  Schematic show fundamental data for H2 structure 

The first quantity needed to derive additional data is the H atom ground state energy, EH.  

For consistency with Wolniewicz’s data, we take this quantity as -0.500049986456 Hartree, 

calculated from  

( )0H2
1

H DEE 2 +=          (4.5a) 

The second quantity is the vibrational frequency, which is calculated from the isotope D0 of 

H2, D2 and T2.  Because the chemical bonding is the same for H2 and D2 , ( ) ( )2e2e DDHD =  

and .  Therefore 22 DH kk = ( ) ( ) ([ 2020H HDDD22hv
2
1

−+= )].  Similarly, for T2 we have 

( )H 33 += ( ) ( )[ ]2020 HDTDhv
2
1

− .  The H2 vibrational frequency resulting from the former 

is 2151.962cm-1, and from the later is 2154.098cm-1.  This work uses the average of these 

two values.   
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The last quantity that is needed for our calculations is the rotational moments of inertia.  

These quantities are calculated in three cases based on the value and status of v and J.  For a 

|v, J> state of J≠0, the formula in cm-1 is 

( ))0,v(D)0,v(D100
1

c8

)1J(hJ)0J,v(I
002 −

+
=≠

π
    (4.5b) 

based on a rigid rotor approximation of  

)1J(J
I2

E
2

J +=
h        (4.5c) 

For a |v, J> state of J=0 and v≠0, we calculate the rotational moment of inertia as the 

average of those of its neighbors, specifically  

[ ])1J,v(I)8J,1v(I)0J,0v(I 2
1 =+=−==≠     (4.5d) 

For the |0, 0> state, we follow the original definition  

2
eH2

12
eH RmR)0J,0v(I ==== µ      (4.5e) 

All calculated rotational moments of inertia monotonically increase as D0(v,J) decreases, 

consistent with the physical significance of this quantity. 

 

4.4.3. Intrinsic Stability in H2 Gas-Phase Environments For Diamond Growth 

Based on the intrinsic stability theory, a non-equilibrium solution is a combination of 

statistical states, each of which has an intrinsic stability.  If we focus on the dominant 

species, there is only one chemical process of interest in the gas phase,  

HH 22 = ,      (4.6) 

the chemical potential for which can be calculated as a function of temperature at constant 

pressure from Eq.(4.1).  If we consider only the rovibronic ground quantum state, it is a two 

species system.  The result is given in Fig.4.7. 
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Fig. 4.7  Chemical potential of H-H2 system at 20 torr 
 

 The red curve in the Fig.4.7 is the total chemical potential of the system, taking into 

account the relative concentrations of the two species.  The two black curves are the 

chemical potential of H and H2 respectively.  The figure indicates that H2 makes the 

dominant contribution to the chemical potential for T < T0, and that contributions from H 

dominate the chemical potential for T > T1.  In the two temperature regions the chemical 

potential decrease can be attributed to an increase in translational entropy. The temperature 

range of [T0, T1] is chemically active.  The chemical potential increases as a function of 

temperature due to the conversion of H2 to H atoms. 

It is interesting to note that in the chemically active region the difference in chemical 

potential )()( minmax TT µµ −  is about three times that of the H2 dissociation energy, 104 

kcal/mol.  This is an entropy effect.  If there were no entropy, the difference would be 

constant, the dissociation energy.  Fig.4.6 indicates that entropy effects must be considered 

for temperatures that are typical for diamond growth.  
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As illustrated in Fig.4.8, changes in pressure effect the chemical potential in several 

ways. First, increasing pressure enlarges the chemically active region and increases T0. 

Increasing pressure also lowers the difference in the chemical potential )()( minmax TT µµ − . 

Therefore pressure determines the chemical potential profile of the gas phase. 

 

 
4.4.4. Thermodynamic explanation of the chemical potential 

The gas phase temperature range typical for diamond film growth is 1000~2500K under 

a constant pressure of 10~75 torr (typically 20 torr). The temperature is typically around T0.  

An H2 gas that is activated by a hot tungsten filament flows from the high temperature side 
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to the low temperature side of the reactor, and it is assumed that on the surface of the 

filament, H2 and H are in equilibrium. 15-24   

For the interest of diamond film growth, Fig.4.7 can be explained as follows for the gas 

phase processes inside an isothermal layer.  For the range [T0, Tfilament] the association of H 

into H2 proceeds spontaneously as the gas flows from Tfilament to T0  (this assumes, of course, 

that there is a third body to remove energy). In other words the gas phase tends to 

spontaneously decrease its temperature.  At T < T0, in the absence of energy (e.g. chemical 

energy) that can do work on the system, the gas phase temperature remains constant at any 

fixed point.  

Based on this analysis, the gas phase is spatially partitioned into two parts, [Tsubstrate, T0] 

and [T0, Tfilament].  The former is typically physical and the latter is chemical.  All published 

measurements are actually performed in the former.   

The chemical potential calculated in Fig.4.6 is based on two species, two states only.  

Although it is too simple to fully describe the gas phase, its fundamental feature 

characterized by T0 and T1 is applicable to the more complex chemical potentials employed 

later in this thesis.  

 

4.4.5. Thermal Correction 

Although there is an intrinsic stability, an isothermal layer in the gas phase will not 

necessary stay exactly at the bottom of chemical potential, T0.  A range of temperatures 

occur due to thermal motion.  

For an isothermal layer at T0, the dominant species is H2.  This molecule has three 

translational degrees of freedom, two rotational degree of freedom, and one vibrational 
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degree of freedom. Therefore the gas has a thermal energy of 3RT0.  Due to this thermal 

motion, an isothermal layer at T0 is able to freely move in the range of [Tmin, T0] without 

extra energy input, as illustrated in the Fig.4.9.   
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The temperature range [T0, Tmax] is chemically active.  An isothermal layer in this range 

tends to spontaneously evolve into another state at a lower temperature.  Therefore different 

temperatures may be experimentally measured in this range.  This result suggests that T0 is 

the highest temperature in the gas phase independent of the filament temperature.  We shall 

relate this point to a well-known phenomenon, temperature drops, in the next chapter.  

 

4.4.6. Metastable Structure-Ground state (0,1) of orthohydrogen 

The forgoing study reveals some fundamental features of the gas phase, but it is not 

sufficient for comparison to experimental measurements because the model contains only 
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two species, H and H2 (|0,1>).  The model does not consider H2 thermal excitation.  In fact 

the heat from either the high temperature, 3RT0 ~ 10 kcal/mol, or H atom association, 

~104kcal/mol, is sufficiently large for relevant transitions (~ a couple of kcal/mol for 

rotation and ~10 kcal/mol for vibration).  These considerations necessitate including excited 

quantum states in our model. Excited molecular quantum states, which were given in 4.4.1, 

are used to construct relevant statistical states.  The resulting states will be the basis from 

which our intrinsic stability theory is applied.  We call a group of such statistical states the 

thermodynamic structure of the gas phase in this chapter. 

We first construct the thermodynamic ground state considering orthohydrogen only.  

This statistical state includes all gaseous H2 species with v = 0,…,9 and J=1,3,5,7 as well as 

the ground state H atom.  All species are in chemical equilibrium for a fixed T and P.  We 

note that this statistical state as (0,1) to signify that |0,1> is the lowest molecular quantum 

state contained in this statistical state.  
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Fig.4.10  Thermodynamic state (0,1) at 20 torr (in red).  The black curves are  

contributions from species {H, H2|0,1>, H2|0,3>, H2|0,5>, H2|0,7>, H2|1,1> } 
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The results of our calculation of the potential energy of this statistical state as a function 

of temperature are plotted in Fig. 4.10. The red curve in the figure is the total chemical 

potential; it indicates that the gas phase possesses intrinsic stability. The curve can be 

conceptually understood as that given in last section.  The black curves demonstrate the 

contribution of each species to the total chemical potential.   

 

4.4.7. Thermodynamic Metastable Structure-Experimental evidence 

Under the assumptions and available data up to this point, our calculation is able to 

explain some simple measurements performed in HF CVD systems for diamond growth as 

given in Fig.4.11.  The red arrows point to the measured temperatures, and the black arrows 

indicate theoretical predictions.   
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Fig.4.11 Comparison of theoretical T0 with experimental.  The black arrows  

point to theoretical predictions, the red point to the measured values. 
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The meaning of this comparison is illustrated in Fig.4.12, which corresponds to the 

experiment conducted at 22.5torr by Zumbach 22. The temperature measurement is along a 

line parallel to the substrate behind the filament upstream into the flow.  The highest 

measured temperature in the gas is 2266K in the region immediately away from the 

filament, which was held at 2400K.  The reported temperature measurement corresponds to 

the chemical potential minimum where the system is stable. Any higher temperature 

measurement would necessarily probe an unstable state, and therefore would not be 

measurable as a stationary value.  

 

 

Substrate

Filament

Inlet

Measured
Temperature

Fig.4.12 Illustration of the position at
which the measurements stands

 

The other experiment was performed by Winters et al27.  At 20 torr in a D2 atmosphere, 

they produced D atoms beginning at about 1000oC.  As they continued heating their system, 

the maximum temperature measured, 1925oC or 2248K, corresponds to the chemical 
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potential minimum of our (0,1) statistical state as demonstrated in their Fig. 15.  As in 

Zumbatch’s experiment, a higher temperature measurement would be on an unstable state.  

The two experiments of H2 being heated physically correspond to a gas phase statistical 

state, our (0,1) state.  Our intrinsic stability suggests that the highest temperature in the gas 

phase is no higher than T0.  A comparison of Fig.4.10 indicates that our theoretical 

predications are very close to experimental measurements with an uncertainty less than 34K.   

 

4.4.8. Thermodynamic Metastable Structure-Metastable state (v,J)  

Although the discrepancy between our theoretical prediction and experimental 

measurements is relatively small, it remains significant because our intrinsic stability theory 

gives T0 as the upper boundary of a measurable temperature, and the molecular data used in 

our calculations is highly accurate. For the purposes of further developing our intrinsic 

stability model, we construct additional metastable statistical states (v,J) in this subsection 

that contribute to our concentration and temperature predictions.  The addition of these 

metastable states reduces the discrepancy between theory and experiment to the accuracy of 

the experimental data.  

Similar to the (0,1) state, a general statistical state (v,J) is in local equilibrium at fixed T 

and P, and all species included in the statistical state are in chemical equilibrium.  As 

discussed in Chapter 2, excluding the lowest rovibrational quantum state creates the next 

metastable statistical state in this hierarchy. Our calculation of the chemical potential for 

these metastable statistical states as a function of temperature is given in Fig. 4.13.  

The most striking feature of these statistical states is that the higher the energy of a state, 

the lower its T0.  This feature originates from the fact that species with lower average 
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bonding energy will begin to dissociate at lower temperatures.  This feature results in an 

interesting physical phenomenon that an excited molecule tends to stay at a lower 

temperature instead of a higher temperature if there is no molecule in a state of lower 

energy.   

Fig. 4.13 First ten (v,J) states at 20 torr

-830
-820
-810
-800
-790
-780

-770
-760
-750
-740
-730

700 1200 1700 2200 2700

T (K)

µ
 (T

) (
kc

al
/m

ol
)

(0,1)

(2,3)

(1,1)
(0,7)

(0,5)
(0,3)

(2,1)

(1,3)

(1,5)
(1,7)

 

This insight results in an idea to reduce the discrepancy between our theory and 

experimental measurements.  The measured temperature being higher than our predicted 

temperature implies that there is a more stable statistical state.  A candidate statistical state 

is (0,0) parahydrogen.  A comparison between our calculation of this (0,0) state and the 

measurements is given in Table 4.3.   

Table 4.3  Comparison of T0 in (0,0) state with experiments 

Experiment TFilament (K) H2/D2 Pressure Highest T measured Highest T calculated

Zumbatch 2400 22.5 torr 2266 K 2258.32 

Winters - 20 torr 2248 K 2245.60 
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Table 4.3 indicates that the discrepancy is reduced to 10 K, which is within the accuracy 

that the original experiment data can be read from figures.  In addition, the theoretical 

chemical potential difference between those at T0 and at the measured values are -0.73 

cal/mol for Winters’ experiments and -7.02 cal/mol for Zumbatch’s experiments. This small 

value means that the discrepancy is no longer significant and the agreement between theory 

and experiment is therefore excellent. 

Fig.4.13 also indicates another interesting result that was cited in the last subsection 

4.4.6, namely that any (v,J) state is unstable at a temperature beyond T0 of (v’,J’) in a lower 

chemical potential. The (v,J) state at a temperature beyond  T0 is in a chemically active 

region and tends to spontaneously lower its chemical potential.  Such a state contributes 

nothing to the entire system at the temperature T.    

 

4.5. Summary 

The contributions of this chapter are summarized as follows. 

• The concept of intrinsic stability was proposed as a model for the gas phase 

environment from which crystals and thin films grow under pressures typically 

greater than 1 torr. 

• Employing this concept, we explained the driving force for mass transport in AlN 

sublimation growth. 

• Employing this concept, we showed that an optimal source temperature is the 

transition temperature for which transport has its maximum efficiency.  

• Employing this concept, we explained the total temperature difference from the 

source to the crystal as the temperature difference corresponding to minmax µµ and .  



CHAPTER 4     Intrinsic Stability Theory of Gas-Phase Environment for Crystal Growth                   95 

The experimental temperature differences are well within the boundaries predicted 

by our theory.  Our theory also predicts that a large temperature difference used in a 

recent experiment, ~400K, is close to the theoretical limit for mass transport, 

~480K.   

• The intrinsic stability concept was further developed to study growth of another 

wide band gap material, diamond.  We constructed statistical states (v,J) that will be 

used as a basis for quantitative calculations in the following chapters.  The upper 

temperature measured in diamond growth experiments, which is limited by the 

chemical potential minimum of the ground statistical state of parahydrogen, is 

explained with uncertainty less than 10K.  

• Insights from our calculations regarding optimizing transport at particular 

temperatures and pressures explain the range of conditions (e.g. source and crystal 

temperatures, gas pressures) that have been empirically chosen in many 

experiments.  
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5 Hydrogen Environments: Spatially Resolved Concentrations of H and Excited H2  

5.1. Abstract    

An equal probability mechanism is proposed to quantitatively describe H concentration 

in a CVD diamond growth chamber as a function of temperature.  The mechanism suggests 

that H atoms tend to populate in all available thermodynamic states in equal probability.  

For the case that the substrate effect is small, quantitative agreement between theoretical 

predictions and experimental measurements is reached.  In all cases our mechanism 

provides a prediction for hydrogen concentrations as a function of gas phase temperature 

that is accurate to the same order of magnitude as experiment.  A rotational quantum effect 

is proposed to explain unusual structure in experimental concentration versus temperature 

data. 

An (m) state maximum participation model is proposed to explain H2 concentration.  

The mechanism suggests that H2 molecules are excited to a maximum extent through 

chemical energy released from H atom association.  Quantitative agreement between 

experimental measurements and theoretical prediction is reached.  Rovibrational excitation 

of H2 is proposed to resolve an inconsistency in a prior H2 transport model that assumes H2 

diffusion and H association only.   

The two models are solutions of intrinsic stability theory, and require only input from 

quantum mechanical calculations.  The input data is of high accuracy; therefore any error in 

our calculations can be traced to the fundamental assumptions of our approach. This is a 

major advantage of our calculations, because it allows us to evaluate these assumptions 

(and their implications) via comparison to experiment with relative confidence.  
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5.2. Introduction 

Low-pressure growth of diamond uses a hydrogen-rich environment with a gas phase 

containing supersaturated hydrogen atoms.1 The intent of the work reported in this chapter 

is to determine, without adjustable parameters, the gas phase concentrations of both H and 

H2 in a low-pressure diamond CVD reactor as a function of temperature and pressure. The 

underlying chemistry and physics that determine these concentrations is interesting from a 

fundamental viewpoint, and being able to accurately calculate these concentrations is 

important from a technological viewpoint as well.  

Because hydrogen accounts for over 99% of the mole fraction of a HF CVD system, the 

properties of a system containing only hydrogen are a good approximation to those of the 

gas phase in which diamond grows.  Experiments have measured constant hydrogen 

distributions with millimeter spatial resolution2; therefore concentration distributions, 

assuming steady state conditions, can in principle be calculated for these systems. 

However, calculations of these concentrations under these conditions have not been 

addressed from the point of view of non-equilibrium statistical mechanics.   Furthermore, a 

vast majority of existing modeling studies have addressed only atomic hydrogen, despite 

molecular hydrogen being the most abundant species in the system. As we show here, 

rovibrationally excited H2 likely plays a large role in the behavior of these systems.  

Accurately determining hydrogen concentrations are also of technological importance 

for the purposes of identifying new synthesis technologies, determining new growth 

conditions, and improving reactor configurations.  Atomic hydrogen is central in this 

technology in terms of both growth rate and crystal quality.3, 4 The role of atomic hydrogen 

in diamond growth includes the following:  
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• Production of activated carbon containing species; 

• Stabilization of the growth surface through formation of H-terminated diamond 

surfaces;   

• Etching of non-diamond carbon on the surface; 

• Creating active surface site for carbon chemically incorporating into the crystal; 

Therefore H production and destruction has received a great deal of attention both 

theoretically5-14 and experimentally15-23 to better understand diamond nucleation and 

growth mechanisms.  The current understanding of the gas phase H and H2 can be 

summarized as follows.   

1. H and H2 are in or close to equilibrium at the filament; 13, 18, 20, 24, 25 

2. Diffusion is responsible for H transport between the hot filament and substrate;13, 18, 

20, 24, 26-30 

3. Homogeneous hydrogen recombination can be ignored in the gas phase20, 27, 30 

because  

• the rate is too slow to restore chemical equilibrium in the gas phase;26 

•  the rate is unable to explain filament poisoning;8, 31 

•  the rate is diffusion controlled28; 

4. The substrate is in principle a H sink that is heated by heterogeneous 

recombination27, 32; 

5. The inlet mass-average velocity has negligible impact on the predicted results. 13  

 

In this work we employ our intrinsic stability approach to determine hydrogen 

distributions under these nonequilibrium conditions.  To use this approach, we first 
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constructed a group of metastable states {(v, J)} and metastable structures in the last 

chapter.  Each state (v, J) is described with a chemical potential that uniformly describes 

both physical and chemical interaction as a function of temperature and pressure.  The set 

{(v, J)} altogether therefore possesses the capability to describe thermal physics, 

recombination chemistry and rovibrational excitation.   

In our intrinsic stability approach, the non-equilibrium characteristics of the system are 

embedded in the way in which {(v, J)} states are combined to calculate concentrations. In 

our construction of the solutions, we follow two assumptions, the H atom equal probability 

population for the H concentration, and (v, J) state maximum participation for the H2 

concentrations.  The non-equilibrium properties of the system are implicitly embedded in 

these two assumptions. 

It is important to point out that our solutions do not contain any adjustable parameters.  

The input data are the energy levels and the geometry of ground state H and rovibrational 

excited states of H2.  These data are calculated from high quality quantum chemical 

calculations with a reported accuracy of ~10-3cm-1 or ~10-7eV33.  In the statistical physical 

calculation of equilibrium states (v, J), the ideal gas approximation is applied, which is 

accurate under conditions of low pressure and high temperature34.  The non-equilibrium 

characteristics of the system are entirely embedded in the two assumptions: H atom equal 

probability population and (v, J) state maximum participation.  The only remaining 

parameters in this theory are related to growth conditions, i.e. pressure, filament 

temperature and substrate temperature.  Therefore there is no non-physical error source in 

our solutions, a feature that provides us an opportunity to access the most fundamental part 

of the gas phase system for HF CVD diamond growth.  Therefore any errors in calculating 
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concentrations can in principle be traced to our two assumptions.  There are not other 

modeling methods that contain this property. In §5.3 we are going to explain the two 

assumptions in detail, followed by constructing H and H2 solutions.  Quantitative 

comparison with available experimental measurements is reported in §5.4. 

 

5.3. Results   

Discussed in this section are the two non-equilibrium approximations, each of which is 

followed by the construction of a corresponding solution.   

 

5.3.1. Solution for spatially resolved H concentration 

 

5.3.1.1.   H atom equal probability population 

The approximation of H atom equal probability population means that at a fixed 

temperature and pressure all available (v, J) states contribute to the H solution with equal 

probability.  This assumption originates from the fact that H atoms are supersaturated with 

respect to any given temperature in the chamber.  The surplus H atoms have a spontaneous 

tendency to associate into an H2 molecule in any |v, J> state (provided that there is a third 

body to remove some released kinetic energy).  Because there is almost no extra heat 

actually released in the gas phase due to recombination, we can assume that the surplus 

energy, due to 2H  H2 |v, J>, transfers to all other H2 molecules.  For the high 

temperature feature we take such transferring as a kind of energy redistribution among all 

molecules.   

What is the law that quantitatively describes the energy redistribution?  If the system is 

in equilibrium, the Boltzmann distribution applies 
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By definition of our statistical states given in Section 4.4.6, Eq.(5.1) is applicable to a 

system of (0, 1) states only. For the hot filament CVD gas phase however, the (0, 1) 

statistical state is appropriate only for a particular temperature domain.  Based on 

discussions related to Fig.4.9 and Fig.4.13, as T ≥ T0 of (0,1), any other state of (v, J) 

contributes nothing to the system.  This suggests that (0, 1) is the H solution if T ≥ T0 of 

(0,1). 

To consider the case that T < T0 of (0,1), we need to redefine our symbols as follows, 

changing notation 

|0, 1>, |0, 3>, |0, 5>, |0, 7>, |1, 3>, |1, 5>, ……, |v, J>,… 

into 

|0>, |1>, |2>, |3>, |4>, |5>, ……, |m>, …… 

and changing notation 

(0, 1), (0, 3), (0, 5), (0, 7), (1, 3), (1, 5), ……, (v, J),… 

into 

 (0), (1), (2), (3), (4), (5), ……, (m), …… 

 Under constant pressure, we have a group of fixed { },...1,0m,T )m(
0 =

)0

 for states 

 as demonstrated through Fig.4.13.  For T  of (0) in this notation our 

solution contains one state only, (0).  At , we have two states that significantly 

contribute to the solution, (0) and (1).  We assume that the contributions of the two states to 

the system properties are equal.  Similarly at , we have m+1 states that 

significantly contribute to the solution, (0), (1),…, and (m).  We assume that the 

{ ,...1,0m),m( = } (
0T≥

)m(
0T

)1(
0TT =

T =
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contributions of the m+1 states are equal.  Therefore our H solution is an equal probability 

distribution among all m+1 states at a given T .  This is our approximation of H atom 

equal probability distribution. 

)m(
0

Tif

Tif

 We take the smooth curve that passes all  

{ },...1,0m;P,T ]m[
H

)m(
0 =        (5.2) 

points as the H solution, where  is the H atom partial pressure at T .  There is no 

fundamental difficulty to actually calculate the partial pressure at any given T satisfying 

, because an H

]m[
HP )m(

0

)m(
0

)1m(
0 TTT >>−

2 molecule is able to populate among multiple states {|m>, 

m=0,1,…} simultaneously.  

 

5.3.1.2. Thermal correction to the equal probability population  

As we indicated in Fig.4.9, it is not necessary for the system to stay exactly at T0 due to 

thermal molecular motion.  Experiments demonstrate that the higher the filament 

temperature, the higher the H atom concentration.  Our solution { },...1,0m;P,T ]m[
H

)m(
0 =  is 

apparently not compatible with this fact because it is not a function of filament 

temperature. 

To match the fact that the H atom concentration and filament temperature are coupled, 

we introduce a parameter Rx that is a function of filament temperature. 
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With this correction, our solution (5.2) becomes 
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The quantity RxT is thermal energy if Tfilament ≤ Tmax as illustrated in Fig.4.9.  The 

energy is scaled through 3R for all temperatures.  To keep the same meaning for Tfilament > 

Tmax, we assume that the thermal energy is proportional to Tfilament at T  with the slope of 

R

)0(
0

x as defined in Eq.(5.4b).  This energy is available to all remaining states m≠0 in the same 

scale Rx at T .   )m(
0

 

5.3.1.3. H atom concentration solution 

 Based on the discussion above, the concentrations, which are expressed in terms of 

mole fraction, are given by  
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where 1m
1
+  means an equal probability population,  is the H atom mole fraction at T  

in the state (k) that satisfies Eq.(5.1), and  is the |n> H
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state (k) that satisfies Eq.(5.1).  The summation in Eq.(5.5) is up to m because all (k>m) 

states are not available or contribute nothing to the solution at T ,  based on our analysis 

of Fig.4.13.  Calculation of  and  was given in §4.4.5 and §4.4.7. 
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 It is worth noting that our solution Eq.(5.5) does not satisfy the Boltzmann 

distribution.  It is a new distribution that reflects the non-equilibrium characteristics 

specific to H atom concentrations in a hot filament system.  It represents how we combine a 

group of statistical states {(v, J)} to access the non-equilibrium properties governing the H 

atom distribution. 

 Eq.(5.5) indicates that each H containing state (k) contributes the same share to the 

entire solution [m], being equivalent to a more intuitive statement that the H population in 

each state (k) has the same probability.  This is the reason we call Eq.(5.5) the H atom 

equal probability population. 

 We limit our application of Eq.(5.5) within Eq.(5.5.a) only in this chapter.  Eq.(5.5b) 

has more profound implications as explained in Chapter 7. 

 

5.3.1.4. Rotational degeneracy contribution  

 A more detailed consideration of m value is necessary.  It means the total number of 

(k) states.  For a state (k) = (v, J), one needs to be careful that there are actually 2J+1 equal 

energy states, all of which need to be included in Eq.(5.5) as contributing to the value of m.   

To avoid carelessness, we rewrite Eq.(5.5) as 

   ∑
=

=
m

0k

)k(
HkG

1]m[
H xgx

m
      (5.6a) 

   ∑
=

>> =
m

0k

)k(
n|HkG

1]m[
n|H 2m2

xgx      (5.6b) 

where 

∑
=

=
m

0k
km gG       (5.6c) 
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1J2g kk +=       (5.6d) 

for a state of ( . ( )kk J,v)k =

 

5.3.1.5. Quantitative description of q non-equilibrium phenomena 

Eq.(5.6a) is our starting point to study spatially resolved H concentrations assuming we 

have a temperature profile.  It has the accuracy of a zero order approximation, only equal 

probability being assumed.  As we shall find in §5.4, it is able to predicate available 

experimental measurements correctly in both magnitude and in variation with respect to 

gas phase temperature and total pressure.   

Eq.(5.6) is general to hot filament systems.  However, there likely exist some unknown 

factors varying from one experiment to another.  For example, Menningen et al. observed a 

dramatic temperature drop in the vicinity of the filament.  For filament temperatures of 

2200K~2700K, their gas phase temperature in the vicinity immediately away from the 

filament (less than 0.2mm) was always 1550~1600K.  This feature leads to H concentration 

measurements at temperatures below 1600K near the filament, and concentration 

measurements at temperatures below 1350K further from the filament.  Measurements of 

hydrogen atom concentration made by Connell et al. at about the same time showed a 

uniform distribution in the region between the filament and substrate.  Therefore the 

variation patterns of the two measurements look different.  These apparently conflicting 

results suggest that there is something specific to experiments from one reactor to another 

despite the same general growth conditions.  For the purpose of a quantitative description 

of concentrations,  Eq.(5.6) needs to be flexible enough to adapt to different reactor 

configurations.   
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 The idea to correct Eq.(5.6) is demonstrated in Fig.5.1.  At temperature T  there are 

m+1 energetically non-degenerate states.  The highest four states in the Figure, (m-3), (m-

2), (m-1) and (m), contribute more H atoms than the other states under the equal probability 

assumption, because they are at the right side of their own T

]m[
x

0.  A best match between 

theory and experiment may be reached through an adjustment of their contribution. Such an 

adjustment leads to a deviation from the equal probability assumption. 
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Fig.5.1  Dominant states, {(m-3), (m-2), (m-1) and (m)}, for H atom stabilization 

 

We introduce two parameters to describe such a deviation, N and α, which correspond 

to the number of the high energy in the calculation whose probability may deviate from 

unity, and the extent the selected N states deviate from unity, respectively.  

        Applying the two parameters Eq.(5.6) can be modified as 

 ∑
=

=
m

0k

)k(
H

N,m
kG

1]m[
H xgx

m
     (5.7a) 
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  ∑
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m
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where 

)1(gg Nk
)N,m(

k α+=          (5.7c) 
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Nmkif;const
Nmkif;0
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5.3.2. Solution for spatially resolved excited H2 concentration 

5.3.2.1.   (v, J) state maximum participation 

The approximation of (v, J) state maximum participation means that at fixed 

temperature and pressure an available (v, J) state contributes its maximum share to the H2 

solution. This assumption originates again from the fact that the H atoms are 

supersaturated.  The spontaneous tendency for H atom association provides a driving force 

to rovibrationally excite H2 molecules into a |v, J> quantum state.  We assume that the 

amount of |v, J> H2 molecules is excited so much that each state (v, J) contributes as much 

as possible to the H2 solution.  

What is the maximum amount that a (v, J) state is able to contribute to the H2 solution? 

For a temperature T  under a constant total pressure , only state (0) is able to 

contribute to the H

)0(
0T> 0P

)0

2 solution.  Therefore, the participation probability for state (0) is 100% 

and all others are zero.  As temperature decreases below T , state (1) begins to make a 

contribution to the properties of the system. Among total pressure, , available to state 

(0), the maximum amount of gas species available to state (1) is , where  

(
0

0P

0P )0(
0|1 PP >−= )0(

0|P >
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is the partial pressure of |0> H2 in the (0) state.  The value of  is a function of 

temperature.  We propose a condition to calculate its maximum amount, 

1P

)1(
0

(
0|P

)0(

)0(
0|01 PPP >−=      (5.8.a) 

( ) ( ){ }1
)1(

1
)1(

0 P,TminP,T µµ =    (5.8.b) 

Eq.(5.8) contains two equations involving two variables,  and T .  It is therefore 

solvable.  It can be proven that the solution of Eq.(5.8) provides a maximum amount of  

available to construct state (1).  In fact, since ( , ) is at the minimum of the chemical 

potential of the (1) state, any decrease of T  must lead to a decrease of , based on the 

effect of pressure on chemical potential as illustrated in the Fig. 4.8.  On the other hand any 

increase of T will lead to an increase of , which in turn decreases  available to the 

(0) state, contradicting our assumption that every state contributes its maximum share.  

Therefore ( , ) provides the maximum available amount of species to construct state 

(1). 

1P

1P

1P )1(
0T

)1(
0

1P

1P

))1(
0

1P T

0
>

)1(
0

 Following this idea of constructing ( , ) from ( , ), we are able to 

generally calculate ( , T ) from ( , T ) via  

1P

m(
0

−

)1(
0T

)

0P 0T

mP )m(
0 1mP −

1

)1m(
1m|1mm PPP −

>−− −=      (5.9.a) 

( ) ( ){ }m
)m(

m
)m(

0 P,TminP,T µµ =     (5.9.b) 

Eq.(5.9) provides the general condition to calculate the available amount of species to 

construct states (m) for m=0,1,2,…  Because it is the maximum amount available for (m) 
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participation, we call this approximation for the H2 solution the (m) state maximum 

participation. 

 We take the smooth curve that passes all  

 { },...1,0m;T,P( )m(
0m =      (5.10) 

points as the H2 solution, where  is the partial pressure of the (m) state that has its 

chemical potential minimum at T .  Again there is no fundamental difficulty to actually 

calculate a point between any pair of such discrete points.   

mP

)m(
0

 

5.3.2.2. Thermal correction of (v, J) state maximum participation 

In accordance with the discussion in §5.3.1.2, a thermal correction to Eq.(5.10) is 

necessary for the effect of both filament and substrate.  For the region close to the filament, 

the system is assumed to tend to stay at some temperature higher than T .  For the region 

close to the substrate, it is assumed that the system tends to stay at some temperature lower 

than .  Qualitatively, we describe this effect through two parameters, R

)m(
0

)m(
0T f for the 

filament effect, and Rs for substrate effect 
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  (5.11.a) 

R3Rs =         (5.11.b) 

Instead of one solution of Eq.(5.10), Eq.(5.11) actually leads to three solutions of  the form 

{ },...1,0m);T,P( )m(
fm =      (5.12.a) 
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{ },...1,0m);T,P( )m(
0m =      (5.12.b) 

{ },...1,0m);T,P( )m(
sm =      (5.12.c) 

The non-common parts along the temperature axis give the real solution for H2.   

 

5.3.2.3. H2 concentration solution 

 To determine the H2 concentrations, we first need to determine the distribution law 

among all available states at a point ( )s,0,fx;T,P )m(
xm =

)m(
xT<

.  We want to derive an (m) state’s 

weighting factor that is constant for all T .  Such a weighting factor can be 

determined from the condition of constant total pressure,  

           (5.13) 0
m

0k
kk PPX =∑

=

The solution satisfying Eq.(5.14) is  

     
∑
=

=
m

0k

2
k

m0
m

P

PP
X       (5.14) 

Eq.(5.14) can be proven by multiplying both sides by Pm, and summing over m, and 

making the substitutions {m k, M m}.  Eq.(5.14) is a new non-equilibrium 

distribution law specific to the H2 distribution in a hot filament CVD system for diamond 

growth. 

In terms of , the general solution for HmX 2 can be expressed as 

          (5.15a) ∑
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In Eq.(5.15), , and are a function of ( , ) if k=m. and satisfy 

Eq.(5.1) and can be solved from state (k).  If k<m, they are functions of  ( , ).  The 

mole fractions can be obtained from state (m). We provide a schematic flow chart in 

Fig.5.2 to illustrate the algorithm employed to solve Eq.(5.15).    
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Fig. 5.2  The flow chart of the algorithm Eq.(5.9) to calculate ( ){ }m,...,1,0k,P,T k
)k(

x =  

m

 In this chapter, we are interested in molecular mole fractions calculated from 

Eq.(5.15b).  Some implications of Eq.(5.15a) will be explored in Chapter 7. 

 

5.4. Discussion 

In the last section we derived solutions for Eqs.(5.7) and (5.15) to calculate 

concentrations of H atoms and H2 molecules, respectively.  These solutions are functions of 

total pressure, filament temperature and substrate temperature.  We present comparisons of 

these solutions with experimental measurements in this section.  
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5.4.1. Spatially resolved H atom concentration 

Understanding and predicting H atom concentrations has attracted a great deal of 

attention for well over a decade.  Hydrogen atom concentrations have been measured in 

situ using a number of techniques. These techniques include resonant enhanced 

multiphoton ionization (REMPI), 2, 22, 23, 31 molecular-beam mass spectroscopy (MBMS),22, 

24, 35, 36 third harmonic generation (THG) spectoscopy,37 laser-induced fluorescence 

(LIF),26, 38, coherent anti-Stokes Raman scattering (CARS), 18, 20, 22 vacuum ultraviolet 

absorption spectroscopy (VUV),21, 30 and cavity ring-down spectroscopy (CRDS).39  

Because the  current version of our solution is a function of temperature and pressure, only 

those  

Table 5.1 Growth conditions of three in situ measurements 

 Tfilament (K) P (torr) Tsubstate (K) Carbon % 

Connell et al20 2373 35 1123 0 

Redman et al23 2360 20 - 0 

Childs et al21, 30 2269 20 1083 0 

Childs et al21, 30 2515 20 1083 0 

Childs et al21, 30 2762 20 1162 0 

 

measuring both temperature and concentration profiles can be compared with our theory.  

They are the measurements made by Connell et al. through (CARS)20, Childs et al. and 

Menningen et al. through VUV,21, 30 and Redman et al. through (REMPI).23  
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Three comparisons between our theoretical predication and experimental measurements 

are provided in Fig5.3-6.  The corresponding growth conditions are listed in Table 5.1. 

They are the same in the three experiments and in our corresponding calculation. 
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Fig. 5.3  Comparison of Eq.(5.6), the equal probability prediction, with 

Connell’s measurement (the red triangles).  The blue is from orthohydrogen 

model and the black is from parahydrogen model.  

 

Fig.5.3 provides a comparison with Connell’s measured H concentration profile20.  The 

red triangles are the experimental points measured by CARS.  The red curve links the 

points as a guide to the eye.  The error bars of the original experimental data are also given. 
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The black curve is calculated using orthohydrogen and the dashed blue line is using 

parahydrogen.  The former contributes 75% and the latter 25% to the theoretical prediction. 

The comparison demonstrates that our theoretical predication is in quantitative 

agreement with Connell’s measurement within experimental accuracy.  Our calculation is 

based on Eq.(5.6), i.e. under zero order accuracy.   
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Fig. 5.4  Comparison of Eq.(5.6), the equal probability prediction, with 

Redman’s measurement (the red triangles).  The blue is calculated from 

orthohydrogen model and the black is calculated from parahydrogen model.  

 

This comparison provides a new insight about quantum effects at high temperatures.  

There is the local “wave” of H mole fraction at 1650K in Connell’s measurement.  Our 

calculation yields similar features at ~1430 and 1720K, the origins of which can be traced 

to quantum effects in molecular rotation.  The dominant species in the gas phase is |0,0> 

H2.  Based on Fig.4.7, this causes the chemical potential of H atoms to continuously 
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increase as temperature decreases.  Therefore H concentrations decrease as gas temperature 

decreases.  However, Eq.(5.6) indicates that the H mole fraction is proportional to  the 

degeneracy of the H2 quantum rotation state leading to the existence of a weak increasing 

factor.  As temperature decreases, the m in state (m) increases and J periodically increases.  

The state (m) with largest J value is able to overwhelm the contribution from the (0,0) and 

(0,1) states.  In Fig.5.3 the two blue peaks correspond to [m] = [2, 10] and [3,10], the two 

black to [m] = [2, 9] and [3,9].  It is the first time the identification of a quantum effect on a 

gas phase concentration in the area of diamond film growth. 

A comparison with Redman’s REMPI measurement23 is presented in Fig. 5.4. The 

general agreement between his measurement and our calculation is good.  Our calculation 

suggests that the three mole fraction steps in their measurement at 950K, 1200K and 1400K 

are quantum rotational effects that arise from the |5,9>, |4,9> and |3,9> H2 states.  The 

general deviation is lower than the measurement.  Similar deviations also appear in Fig.5.3.  

We therefore suggest that our equal probability assumption, Eq.(5.6),  is a good zero order 

approximation to reproduce experiment measurements, but that it underestimates excited 

state contributions to the metastable statistical state of the system..   

Plotted in Fig. 5.5 is the concentration of atomic hydrogen using the non-equal 

probability correction N=9 and �n=4 in Eq.(5.7).  There is a satisfactory match between 

theoretical calculation and experimental measurements.  The parameters N=9 and �N=4, 

suggest that the most active nine states, (m), (m-1), …, (m-8), contribute five times that of 

the other states to the total atomic H mole fraction.   
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Fig. 5.5  Comparison of Eq.(5.7), the non-equal probability prediction, 
with Redman’s measurement (the red triangles).  The blue is from 
orthohydrogen model and the black is from parahydrogen model. 
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Fig. 5.6a  Comparison of Eq.(5.6), the equal probability 
prediction, with Childs’ measurement (the red triangles).  
The blue is from orthohydrogen model and the black is from 
parahydrogen model. 
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Plotted in Figs.5.6a-c are hydrogen mole fractions from our model and the 

measurements by Childs-Menningen21, 30. The experimental mole fractions are read from 

Childs’ Fig.830 and the temperatures are from Menningen’s Fig 321.   The ratio of [H]/[H2] 

from Childs’ paper is further converted to mole fraction of H atoms through 

xH=[H]/[H2]/(1+[H]/[H2]).  The error bars were given in Childs’s original work. 

The larger deviations between theory and experimental measurements can be attributed 

to substrate effects.  Menningen pointed out that their big temperature drop originates from 

their substrate.  To confirm his claim, we noticed that without the substrate Redman’s 

experimental condition23 is well between those of Fig.5.6a and Fig.5.6b.  We draw their 

experimental data in Fig. 5.7. 
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Fig. 5.6b  Comparison of Eq.(5.6), the equal probability 
prediction, with Childs’ measurement (the red 
triangles).  The blue is from orthohydrogen model and the 
black is from parahydrogen model.  
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Fig. 5.6c  Comparison of Eq.(5.6) equal probability 
prediction with Childs’ measurement (the red triangles).  
The blue is from orthohydrogen model and the black is from 
parahydrogen model.  
 

The two red curves are Childs’s measurements.  The higher one is at 2515K and the 

lower one is at 2269K.  The blue curve was measured by Redman.  His filament 

temperature is 2360, 64K closer to Childs’ low filament temperature, 2269K, than to his 

high temperature 2515K.  In Fig.5.7 however, Childs’ measurements are irregular 

compared to that of Redman’s at the high temperature range suggesting some essential 

difference between the two experiments.  Table 5.1 reveals that the cause is no substrate in 

Redman’s work.  This comparison suggests that the deviation in Fig.5.6 result from a 

substrate effect.  The substrate effect is small in Connell et al.’s measurements because 

their gas phase temperature is well away from those of the filament and substrate. 



CHAPTER 5       Hydrogen Environments: Spatially Resolved H and Excited H2 Concentrations     123 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

1000 1100 1200 1300 1400 1500 1600 1700
T (K)

m
ol

e 
fr

ac
tio

n 
(%

)

 

Fig.5.7  Illustration of the substrate effect on the H atom 
concentration profile. A comparison between 
measurements made by Childs (in red) with a substrate 
and made by Redman (in blue) without a substrate 
 

The comparisons above suggest that our H concentration solution, Eq.(5.7), is 

applicable to cases that the influence of the substrate does not overwhelm the gas-phase 

chemistry.  Connell’s SEM and Raman measurements suggest that in general this is true for 

HF CVD diamond growth.  In addition, accuracy to the same order of magnitude is reached 

even for the worst case demonstrated in Fig.5.6.  Therefore for all cases Eq.(5.6) is able to 

provide a prediction of H supersaturation correct to an order of magnitude. 

 

5.4.2. Spatially resolved excited H2 concentrations 

At present, there is only reported measurement of H2 concentration, the ratio of |1,3> to 

|0,3> as a function of position in the chamber done by Zumbach et al. using CARS22. 

Fig.5.8 presents the experimental measurement, where the triangles represent their CARS 

measurements and the red curve indicates the results of their calculation of the 
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corresponding fractions predicted by the measured rotational temperature.  Based on their 

calculation, they suggested that there is a mole fraction of H2 that is 0.2-2% above the 

thermodynamic equilibrium value due to the vibrational excitation of the |1,3> state.   This 

suggestion is in  

0.001

0.010

0.100

0 1 2 3 4 5
distance from substrate (mm)

P(
v=

1,
J=

3)
  :

  P
(v

=0
,J

=3
)

 

Fig.5.8  Excited H2 concentration measurements: 
Zumbach’s CARS measurement (red triangles) and 
modeling (black curve) as well as our equilibrium 
calculations (red curve) 
 

accord with our preliminary calculation shown as the black curve based on a Boltzmann 

distribution (the small fluctuation at ~3.5mm results from their temperature profile).  They 

attribute the discrepancy between their calculation and their measurement to homogeneous 

mixing inside their CARS probe volume of size ~0.2-2mm.  The driving force for the 

mixing is diffusion. 

An issue exposed from Fig. 5.8 is how do growth conditions affect the ratio, or more 

generally, the mole fraction profile among all H2 states {|v, J>; v=0,1,…; J=0,1,… }?  Our 

solution based on Eq.(5.15)  is demonstrated in Fig. 5.9. 



CHAPTER 5       Hydrogen Environments: Spatially Resolved H and Excited H2 Concentrations     125 

0.001

0.010

0.100

0 1 2 3 4 5
distance from substrate (mm)

P(
v=

1,
J=

3)
  :

  P
(v

=0
,J

=3
)

 

Fig.5.9  Modeling excited H2 concentration measurements. The 
black curve is the theoretical prediction from our H2 maximum 
participation mechanism.  The red triangles are Zumbach’s 
CARS measurement and the red curve is base on equilibrium 
calculations  

 

The red triangles and the red curve are Zumbach’s CARS measurement and calculation, the 

same as that in Fig.5.8.  The black curve is a theoretical prediction based on our maximum 

participation mechanism calculated at T0 for each (m) state.  Small m value states are 

responsible for the high temperature range and large m value states are responsible for low 

temperature range.  All states with different m values together cover the wide gas phase 

temperature range, over 1000K.  Fig.5.8 suggests that H2 maximum participation is more 

reasonable in describing the H2 distribution than homogeneous mixing. 

Plotted in Fig.5.9 is the average behavior of the H2 concentration distribution based on 

Eq.(5.12.b)  To consider both filament and substrate effects, F.5.10 gives result calculated 

through Eq.(5.12a) and Eq.(5.12c).  From the bottom, the two black curves are calculated at 

temperatures T respectively, as defined in Eqs.(5.12a and c).   )m(
f

)m(
s Tand
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Fig.5.10  Modeling excited H2 concentration measurements. 
The black curves are theoretical predictions based on 
Eqs.(5.11a) and (5.11c).  The red triangles are Zumbach’s 
CARS measurement and the red curve is from equilibrium 
calculations  

 

Two insights can be drawn from this figure.  First, the gas phase is well stabilized by its 

intrinsic stability.  This can be identified because Zumbach’s experimental data are well 

within the range limited by our T  and T curves.  Combining Fig.4.9 and Eq.(5.11), 

we see that the dominant species, H

)m(
s

)m(
f

2, is actually stable itself at the temperature range of 

)m(
max

)m(
min TTT ≤≤         (5.16) 

Because the H2 mole fraction is over 95%, we can say that the entire gas phase is stabilized 

by the intrinsic stability of itself.  

Second, the gas phase can be partitioned into two parts, a chemically active region (~1 

mm away from the filament), a transition region (1~1.6 mm away from the filament) and a 

thermal region (remaining part).  In Fig.5.10, the experimental points of  4 mm < d < 5mm 

are between our T  and T curves, suggesting that this range is chemically active.  )m(
0

)m(
f
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For 0 mm < d < 3.4 mm the experimental points are between our T  and T curves 

suggesting that this is a thermal region.  For the region 3.4 mm < d < 4mm, experimental 

points are coincident with our T curve, suggesting that this is a thermal region.   

)m(
s

)m(
0

)m(
0

The two insights together explain an unresolved fundamental issue, namely how the gas 

phase transports species from the filament to the substrate.  On the one hand, diffusion 

must dominate mass transport because no chemical heat is released.  On the other hand, it 

is not clear how supersaturated H atoms, which are chemically active, can be inert during 

diffusion.  In our intrinsic stability approach the two interactions (diffusion and chemical 

reactivity) are unified into the chemical potential.  In addition, the metastable structure of 

the system suggests the existence of the third kind of interaction, molecular excitation.  Our 

mechanism of maximum participation suggests that the released chemical energy due to H 

atom association is efficiently transferred into H2 molecule excitation energy.  High 

efficiency excitation is effective in the entire gas phase.  The limitation of molecular 

excitation is given by Eq.(5.16).   

 

5.5. Summary 

We proposed two mechanisms that describe H and H2 concentrations as a function of 

temperature in a diamond CVD chamber, an equal probability mechanism and an (m) state 

maximum participation mechanism. Equal probability suggests that H atoms tend to 

populate all available statistical states in equal probability, where the availability of a state 

depends on the temperature and the state's chemical potential.  The (m) state maximum 

participation mechanism suggests that H2 molecule excitation in the gas phase is 

maximized through chemical energy from H atom association.   
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An H atom equal probability population is quantitatively expressed in Eqs.(5.6) and 

(5.7).  The former provides an H concentration solution at zero order accuracy.  The latter 

provides a correction of the former.   

There are three experiments that are comparable with our theory because they can be 

transformed into H concentration as a function of temperature.  A rotational quantum effect 

on the concentration is suggested to explain the observed steps in concentration profiles.  

Quantitative agreement is reached in cases for which the substrate effect is not important.  

Eq.(5.6) provide solutions that are accurate to the same order of magnitude as experiments 

in all of the cases examined.  

The H2 maximum participation mechanism is quantitatively expressed by Eq.(5.15).  

Quantitative agreement between an experimental measurement and our theoretical 

prediction was reached.  Molecule excitation is proposed to explain the inconsistency in H2 

transport in terms of H2 diffusion and H association only.   
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6. Mechanism unification and its application to temperature profiles  

6.1. Abstract    

An isostructure correspondence is proposed to combine the H atom equal probability 

population and H2 maximum participation models.  In this correspondence, we assume that 

measured temperatures T  probe the H]m[
xH2

]

2  state, and that the appropriate H  state 

then matches the H

]m[

X

]m[

2  state. A correction is proposed to smoothly apply this isostructure 

correspondence.  The correction assumes that  at temperature T  is responsible for 

what happens at temperature T . This correction leads to a full consideration of filament 

effects on the gas concentration. 

m[

]m[
H

]m[
xH

]m[
xH2

 The application of the isostructure correspondence allows temperature drops to be 

characterized through a chemical potential calculation.  Taking growth parameters as input, 

the calculation results in a classification scheme for measured temperature drops.  All 

reported temperature drops fall into this classification scheme.   

 

6.2. Introduction 

Based on the concept that systems will tend toward their chemical potential minimum, 

we proposed the importance of intrinsic stability in understanding the hydrogen 

environment in a HF CVD diamond growth chamber.  As discussed in a prior chapter, this 

concept lead to two models to calculate species concentration profiles, the equal probability 

population model for H atoms, and the maximum participation model for H2, which is 

related to particular rovibrational quantum states. Comparing predictions of the two models 

with a variety of experimental measurements demonstrates satisfactory agreement between 

theory and experiment.     



Chapter 6   Mechanism unification and its application to temperature profiles   135 

To more completely characterize the HF CVD growth environment, the two models 

need to be combined into one unifying model that addresses hydrogen concentrations from 

a single viewpoint. This is the theoretical issue to be dealt with in this chapter.  This issue 

is closely related to an open issue regarding the hydrogen environment for diamond film 

growth, namely temperature drops experimentally measured at the vicinity immediately 

away from the hot filament. 

Temperature drops refer to apparent temperature discontinuities between the filament 

surface and the gas in the vicinity of the surface (within about 2mm).  There are two 

reasons why understanding and predicting these drops are important. First, the drops range 

from 103K ~ 1530K, while the typical temperature difference between the filament and 

substrate is 1500K.  This means that the gas phase temperature in between the filament and 

the growing surface may be lower than either the filament or surface.  Second, chemical 

reaction rates are exponentially dependent on temperature, and therefore understanding the 

drop is important to understanding and predicting the chemistry both in the gas and on the 

growing surface.   

Summarized in Table 6.1 are the experimental results for measured temperature drops. 

Our current understanding of the temperature drop is due to Langmuir1, 2, who termed this 

temperature discontinuity a temperature drop2 to address its chemical origins and to 

distinguish it from a temperature jump3 resulting from pure thermal motion.  Langmuir 

developed a phenomenological theory to deal with the temperature drop problem.  The 

theory is based on four kinds of parameters,  

• Tα, the temperature in the gas immediately away from wire 

• WD, the heat loss due to H2 dissociation 



Chapter 6   Mechanism unification and its application to temperature profiles   136 

• α1 and α2, the sticking coefficients for H and H2  striking the wire surface 

• β1 and β2, the desorption coefficients for H and H2 leaving the wire surface. 

Table 6.1  Summary of temperature drop measurements 
Author 

ear 

Method Tf (K) Tg(K) T drop d (mm) H2 (%) Ts (K) P(torr )

Leyendecker4 1983 Raman 1473 1370 103 0.2 100  750.06 

Harris5 1988 TC 2600 1900 700 0.8 99.6  20 

Wu6 1990 TC 2673 1823 850 2.0 94.5   

Wu6 1990 TC 2473 1623 850 2.0 94.5   

Meier7 1991 LIF 2600 1450 1150 1.0 99.0  30.9 

Meier7 1991 LIF 2600 1070 1530 0.8 99.0  10.4 

Chen8 1992 CARS 2820 2650 170 0.5 99.0 1120 20.0 

Connell9 1995 CARS 2373 1750 623 0.5 99.5 1123 35.0 

Menningen10 1996 VU 2515 1600 915 0.2 100 1133 20.0 

Zumbach11 1997 CARS 2400 2030 370 0.2 99.5 1000 22.5 

Zumbach11 1997 CARS 2400 1850 550 0.25 99.5 900 22.5 

Redman12 1999 REMPI 2360 1750 610 < 0.2 100  20.0 

Redman12 1999 REMPI 2360 1860 500 < 0.2 100  20.0 

Lommatzsch13 2001 CRDS 2500 1500 1000 2 99 1200 20.0 

 
CARS = Coherent anti-Stokes Raman scattering 
CRDS = Cavity ring-down spectroscopy 
LIF = Laser-induced fluorescence 
REMPI = Resonance enhanced multiphoton ionization 
TC = Thermocouple 
VU = vacuum ultraviolet absorption spectrum 
Tf = filament temperature 
Tg = gas temperature in the vicinity of the filament 
Ts = substrate temperature 
d = distance away from filament 
P = total pressure 
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In this theory, there are two important features that are different from current diamond 

growth environments.  First, the hydrogen gas in his experiment was static inside a lamp 

(i.e. without flow).  Second, there is no molecular excitation in his model.  This theory has 

not been applied to analyze temperature drop measurements in the hydrogen environment 

for diamond film growth.   

For diamond growth, Dandy and Coltrin gave a conceptual analysis of temperature 

drops based on gas kinetic theory14.  This analysis includes a pressure effect and an input 

power effect on the drops.   

 The aim of the present work is to theoretically classify the measured temperature 

drops based on a unification of the two mechanisms and including H2 excitation.  Table 6.1 

demonstrates that the measured temperature drops are produced under a wide variety of 

conditions.  Our analysis considers the effect of total pressure, filament temperature, and 

substrate temperature.  We assume that the hydrogen content is 100%.  Our preliminary 

calculations indicate that as long as CH4 in the feed gas is not over 1%, pure hydrogen is a 

good approximation.  We also consider work by Wu et al6, because in their feed gas 

CH4/H2 = 1% (the rest of non-hydrogen part is N2/H2 = 4.5%).  We will not consider work 

by Leyendecker et al4 and Chen8 et al.  The filament temperature in the former4 is too low, 

1473K, to activate H2.  The H atom concentration fluctuation in the latter8 is ~5%, the same 

order of magnitude as a typical H atom content.  Both therefore are beyond typical 

conditions for diamond growth.  The distance away from the filament is not included in our 

calculation.  Its effect as well as other unknown causes is implicitly included in our 

classification scheme.  
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6.3. Result 

6.3.1. Unification of the two mechanisms 

 Our two mechanisms can be summarized as follows.  Mole fractions for the H atom equal probability 
population are given by  

∑
=

=
m

0k

)k(
HkG

1]m[
H xgx

m
     (6.1a) 

∑
=

>> =
m

0k

)k(
n|HkG

1]m[
n|H 2m2

xgx     (6.1b) 

calculated at  

{ }M,...,2,1m;P,T 0
)m(

xH =     (6.1c) 

where T  satisfies )m(
xH

   { }M,...,1m;TR)T()T( )m(
H0x

)m(
H0

)m(
xH =+= µµ .   (6.1d) 

Mole fractions for the H2 maximum participation model are 

∑
=
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m

0k
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Hk
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H xXx      (6.2a) 
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calculated at 

{ }M,...2,1m;T,P( )m(
2H,xm =     (6.2c) 

where each pair of pressure and temperature satisfies 

       (6.2d) )1m(
1m|1mm PPP −

>−− −=

     ( ) ( ){ })m(
2H,0xm

)m(
2H,0m

)m(
2H,x TRP,TminP,T += µµ   (6.2e) 

The subscripts H and H2 indicate the relevant temperature is for the H population 

mechanism and the H2 participation mechanism, respectively. 
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 The idea to unify the two mechanisms is based on an isostructural correspondence 

between two mechanisms for the same  value.  Specifically, under any given condition 

Eq.(6.1) can produce a group of states  

m

      [ ]{ }M,...,2,1m;H,m =  

and Eq.(6.2) can produce another group of states 

      [ ]{ }M,...,2,1m;H,m 2 = . 

For any fixed value , the correspondence is m

[ ] [ ]2H,mH,m ↔     (6.3) 

  For the hot filament reactor, the correspondence means the following 
• The measured gas temperature is the same as T , because H)m(

H,x 2
2 are the dominant 

species. 

•  At T , the H)m(
H,x 2

2 state is that is maintained by an H state  ]H,m[ 2 ]H,n[

• Maintaining the state requires a certain amount of excited H]H,m[ 2

n[

2.  H2 

deexcitation in the state  provides the necessary energy source.  ]H,

• .   mn =

• Because  and  represent the highest metastable statistical states 

participating in the  and states respectively, we have m

)n( )m(

H,n[ ] ]H,m[ 2 n≤ . 

Otherwise, because the H atom concentration needs to be constant to maintain 

these states, there is no extra energy source to excite  to  and keep all 

states below  in equal probability.   

)n( )m(

)m(

• Because the deexcitation probability generally may not be 100%, we need 

.  Otherwise the state would be maintained at some other state mn ≤ ]H,m[ 2
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]H,'m[ 2

]H,m[ 2

 of .  Therefore,  would be the maximum 

participation state instead of .  This contradicts our assumption that 

is the maximum participation state at that temperature. 

m'mn >≥

n

]H,'m[ 2

]H,m[ 2

• Therefore  m =

Fig.6.1 illustrates the isostructure correspondence. In Fig.6.1, the curve connecting the 

triangles is calculated from Eq.(6.1), while the curve connecting the circles is 

calculated with Eq.(6.2).  At the highest temperature the two curves meet to a single 

point that corresponds to the filament temperature.  All states {[m]} are explicitly 

given, where 

   [v,J] = [0,1], [0,3], [0,5], [0,7], [0,9], [1,1], [1,3], [1,5], [1,7], [1,9], [2,1], …  

correspond to 

   [m] =     [1],     [2],    [3],    [4],   [5],    [6],     [7],   [8],     [9],  [10],  [11], … 

The isostructure correspondence is identified through the blue arrows for the [m, 1] states. 

 

6.3.2. Classification scheme for temperature drops 

 We are looking for a connection between growth parameters and temperature drops.  

The foregoing isostructure correspondence is proposed to be a solution.  Fig.6.2 

demonstrates this connection as the classification scheme. 

 Fig.6.2 classifies the temperature drops into four types.  For each type we focus on the 

H2 maximum participation curve because H2 is the dominant species determining the gas 

temperature. 
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Fig.6.2  Classification scheme:  four types of temperature drops 

 
 The characteristic that defines a Type I temperature drop is the chemical potential 

minimum of the H2 maximum participation curve.  This means that the gas temperature at 

this point is measurable because the gas itself can stay at this temperature.  This gas state 
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results in a temperature drop ( Tf – TI).  For those beyond this range, the gas is chemically 

unstable similar to the reason we indicated in Chapter 4.   

 For all of the following types, all points in the H2 maximum participation curve are 

equally stable at temperatures lower than the type I temperature.  

 The characteristic that defines a Type II temperature drop is the chemical potential 

minimum of the H equal probability curve.  The stability of the [m] H state promotes the 

production of the [m] H2 state.  This is favorable for measuring the H2 state [m], leading to 

a temperature drop ( Tf – TII)  

 A Type III temperature drop is defined by a sign inverse of chemical potential change 

for the conversion of H state [m] to H2 state [m].  The temperature drop is ( Tf – TIII). 

 A Type IV temperature drop is caused by a substrate effect.  The left blue arrow 

indicates an H2 state [m] at the substrate temperature.  The state enforces the existence of 

its corresponding H state [m] as indicated by the upper blue arrow. Gas temperature in the 

vicinity of the filament may also fall into the temperature range between the H and H2 [m] 

states.  Inside this range the measured gas temperature can also be function of substrate 

temperature.  The temperature drop is ( Tf – TIV). 

 

6.3.3. Isostructure correspondence and Isostructure correction 

 The isostructure correspondence suggests that our understanding of the spatially 

resolved H atom concentration should be re-examined.  Based on Eq.(6.3), H atoms in their 

[m] state are responsible for the H2 [m] state.  This implies that what is calculated for the H 

atom [m] state is what is measured for the H2 [m] state. In other words  calculated ]m[
HX



Chapter 6   Mechanism unification and its application to temperature profiles   143 

from Eq.(6.1a) at temperature  is responsible for what happens at temperature T .  

We refer to this as the isostructure correction later on. 

]m[
xHT ]m[

xH2

( (Tµ
=

)1(
filament

 If this is true, why is the result calculated in Chapter 5 accurate?  The problem comes 

from Eq.(5.3) and (5.11), the filament effect.  We used Rx = 3R for the case Tfilament < Tmax. 

This assumption is good when we develop the two mechanisms independently.  This is the 

reason that we kept it in Chapter 5.  But it makes Rx not a smooth function of filament 

temperature.   

 With Eq.(6.3), this apparent inconsistency can be corrected. Eqs.(5.3) and (5.11) should 

be replaced with the correction 

) ( )
)1(

0

)1(
0

)1
filament

x
T

T
R

µ−
     (6.4) 

as the filament effect.  Remember, when T , the correction is going toward a 

higher temperature; when , the correction is going toward a lower 

temperature.  We apply Eq.(6.4) instead of Eqs.(5.3) and (5.11) in this and subsequent 

Chapters. 

)1(
0

)1(
filament T>

)1(
0TT <

  

6.4. Discussion 

6.4.1. Temperature drop Type I 

     Experimental data that illustrated a Type I drop is plotted in Fig.6.3.11  The black writing 

indicates the experimental conditions and the measured gas phase temperature. The blue 

writing indicates our calculation.  The calculated gas temperature at [0,5] is 2149K, 119K 

higher than that the measured, 2030K.     
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 The deviation can be explained as a filament temperature effect.  The chemical 

potentials at [0,1] and [0,7] are -819.3 and -818.9 kcal/mol, respectively.  Most of the 

species associated with the [0,5] state therefore have sufficient energy to irreversibly move 

toward the [0,7] state. Because the [0,5] and [0,7] states are equally stable, the net effect of 

this motion is a gas accumulation in the [0,7] state.  The accumulation removes extra 

energy from the [0,5] state, transforming it into [0,7] internal energy. The real measured 

gas temperature is a combination of the two states, with a larger weight factor for the [0,7] 

state.  The measured temperature should be close to the [0,7] state temperature, 2017K.  

The results of this analysis agree with experiment within their experimental error for the 

measured 2030K, ±30K.  

 

6.4.2. Temperature drop Type II 

 The plots in Figs.6.4a-c are theoretical calculations of type II drops that correspond to 

three particular experiments5, 6, 11.  
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Fig. 6.4a  Type II, Harris's measurement

P  = 20 torr
Tf = 2600 K
Tg = 1900 K

Tg = 1967 K @ [1,3]

 

 The theoretical data in Fig.6.4a corresponds to the experimental conditions used by 

Harris et al5.  Our calculated value, 1967K, for the [1,3] state is 67K higher than their 

measured value, 1900K.  Theoretically the [1,5] state is also a candidate for a type II drop.  

Its temperature is 1850K.  This suggests that the measured temperature results from the 

average of the two states, [1,3] and [1,5]. 
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Fig. 6.4b  Type II, Wu's measurement

P  = 50 torr
Tf = 2673 K
Tg = 1823 K

Tg = 1891 K @ [1,5]
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Tg = 1850 K

Fig. 6.4c  Type II, Zumbach's measurement

Tg = 1884 K @[1,1]

 

 The theoretical data in Fig.6.4b corresponds to the work of  Wu et al.6. Our calculation 

gives 1891K for state [1,5], 68K higher than the measured value, 1823K.  It is likely related 

to the effect of the [1,1] state on the [1,7] state.  The chemical potentials of the [1,1] and 

[1,7] states are –801.7 and –800 kcal/mol, respectively.  The [1,1] state is chemically active 

and the [1,7] state is stable.  Therefore the [1,1] state is able to drive part of the [1,5] state 

to the [1,7] state.  The real measurement would be the average of the [1,5] and [1,7] state 

temperatures.  Note that the [1,7] state temperature is 1768K, their average, 1829.5K, is 

close to the measurement. 

 The theoretical results plotted in Fig.6.4c correspond to Zumbach’s work11.  In this case 

there are no neighborhood states that can affect the contribution from the [1,1] state.  Our 

calculated value is 34K higher than their measured value 1850K.  Because their error bar 

for this value is ±50K, the match is satisfactory.  
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Fig. 6.5a  Type III,  Wu's measurement

P  = 50 torr
T f = 2473 K
T g = 1623 K

T g = 1726 K @ [1,5]
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Fig. 6.5b  Type III,  Meier's measurement

P  = 30.9 torr
T f = 2600 K
T g = 1450 K

Tg = 1524 K 
@ [2,3]
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Fig. 6.5c  Type III,  Meier's measurement

P  = 10.4 torr
Tf = 2600 K
Tg = 1070 K

T g = 1115 K 
@ [3,5]
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Fig. 6.5d  Type III,  Connell's measurement

P  = 35 torr
T f = 2373 K
T g = 1750 K

T g = 1765 K @ [1,3]

 

 

6.4.3. Temperature drop Type III 

  Plotted in Figs.6.5a-d are the results of our calculations for five groups of growth 

parameters corresponding to type III drops6, 7, 9, 12.  For a type III drop, we give two 

temperatures at which the chemical potential change experiences a transition from negative 

to positive.  Which one corresponds to the experimental temperature is unclear at present. 
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Fig. 6.5e  Type III, Redman's measurement

P  = 20 torr
Tf = 2360 K
Tg = 1750 K

Tg = 1761 K @ [1,3]

 
 

Table 6.2  Comparison of type III drops  
 Wu6 Meier7 Meier7 Connell9 Redman12 

Tg experiment 1623 1450  ± 120 1070  ± 70 1750 ± 90 1750 ± 75 

Tg of [v,J] 1726 at [1, 5] 1524 at [2, 3] 1115 at [3, 5] 1780 at [1, 3] 1761 at [1, 3] 

Tg of [v,J+1] 1608 at [1, 7] 1422 at [2, 5] 1024 at [3, 7] 1653 at [1, 5] 1649 at [1, 3] 

 

 

 The results plotted in Fig.6.5a correspond to the conditions of the work of Wu et al.6.   

The theoretical Tg for the [1,5] state is 1726K, 97K higher than the experimental value 

1623K.  Note that its neighbor [1,7] is at temperature 1608K, and a theoretical value should 

give an upper boundary of the experimental value; the [1,5] state is the most reasonable 

candidate state.  Similar arguments also hold for the remaining four figures as 

demonstrated in Table 6.2.  In addition, theoretical calculations are well within each 

experimental error range. 
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6.4.4. Temperature drop Type IV 

 Plotted in Fig.6.6 are the results of our calculations for type IV drops for two available 

experiments10, 13.   

 The theoretical data in Fig.6.6a correspond to the work of Menningen et al10.  Without 

the substrate it would be a type III drop, and the temperature would be 1548K, which 

corresponds to the [2,1] state.  The substrate enforces the existence of the [1,7] state at 

1658K.  The measured temperature value 1600K is well between the two calculated 

temperatures suggesting that the measured temperature is an average of the two.  Further 

evidence to support this suggestion is their measurement error range of ±50K. 
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Tf = 2515 K
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Fig. 6.6a  Type IV, Menningen's measurement

TgIV = 1658 K @[1, 7]

TgIII = 1548 K @[2,1]

 

 The theoretical data plotted in Fig.6.6b corresponds to the experiments of Lommatzsch 

et al.13  Although the type III temperature, 1536K, for the [2,1] state matches the measured 

value, 1500K, the substrate effect may still be important.  The difference between 

Lommatzsch and Menningen’s work are the distance at which the measurement were made, 

the former is 2mm and the latter is ~0.2mm.  Within a distance of 2mm away from the 
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filament, experimental measurement reveals that the temperature can be as high as 500K11.   

Therefore the 2mm in Lommatzsch’s work is actually a big distance, and the substrate 

effect cannot be excluded.   
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Fig. 6.6b  Type IV, Lommatzsch's measurement

TgIV = 1646 K @[1, 7]

TgIII = 1536 K @[2,1]
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Fig.6.7a   H atom concentration comparison between our 
unified model prediction (the black curve) and Connell’s 
measurement (the red data points) 
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6.4.5. Isostructure correction and spatially resolved H mole fraction 

 In this section, a brief calculation that compares spatially resolved H mole fractions is 

used to check the validity of the isostructure correction.9, 12, 15.  The calculated results are 

given in Fig.6.7.  Our calculation is based on Eqs.(6.1-6.4). 

 Our major concern here is the quality of the isostructure correction.  Comparing Fig.6.7 

with Figs(5.3-5.6) confirms that the calculation based on the isostructure correction is as 

good as those in Chapter 5. 

 More information about the quality of the isostructure correction can be drawn from 

this calculation.  Fig.6.7b is as good as Fig.5.5. However, only the high temperature part of 

Fig.6.7a is as good as Fig.5.3.   Note that in Redman’s experiment there is no substrate.  

We can conclude that the isostructure correction plus Eq.(6.4) fully accounts for the 

filament effect.   
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Fig.6.7b   H atom concentration comparison between our 
unified model prediction (the black curve) and Redman’s 
measurement (the red data points) 
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Fig.6.7c   H atom concentration comparison between our unified 
model prediction (the black curve) and Childs’ measurement (the 
red data points) 
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Fig.6.7d   H atom concentration comparison between our unified 
model prediction (the black curve) and Childs’ measurement (the 
red data points) 
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Fig.6.7e   H atom concentration comparison between our unified 
model prediction (the black curve) and Childs’ measurement (the 
red data points) 
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7. Effective Activation Energy of H atom production through H2 decomposition     

7.1. Abstract    

A fundamental study of the effective activation energy (EAE) of H atom production is 

presented for the vapor environment of HF CVD diamond film growth.  The study focuses 

on explaining three experiments, one performed by Hsu et al (1994), one by Zumbach et al. 

(1997) and one by Redman et al. (1999).  Our theory is able to quantitatively predict the 

effective activation energy of H atom production for all three experiments.  In addition, 

quantitative agreement with absolute H atom concentration is reached for Zumbach’s 

experiment.   

The theoretical basis of our models is the two mechanisms proposed in Chapter 5, H 

atom equal probability population and H2 maximum participation.  The two mechanisms 

are combined together through the isostructure correction proposed in Chapter 6, i.e., the H 

atom concentration calculated from the H atom equal probability population at state [m] is 

a function of T  that is calculated from the H]m[
xH2

2 maximum participation mechanism. 

  The effect of substrate temperature on the gas hydrogen concentration at the 

substrate surface is defined.  It is dependent on both filament temperature and the 

metastable structure of the gas phase.  Specifically, the effect involves  

• those (m) states whose T0 are higher than Tf,  

• one state whose T0 is the highest one among all states with T0 less than Tf. 

The behavior of the hydrogen atom mole fraction XH that is measured in the bulk gas to 

determine the EAE is attributed to [m] state conservation, because each state at a given 

spatial point is around its own chemical potential minimum.  The minimum allows the state 
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to follow filament temperature changes in a relatively large Tf range.  The state 

conservation breaks down if Tf changes are too large.   

The behavior of the XH used to determine the EAE when measured in an orifice is 

attributed to isothermal processes.  The significance of a substrate temperature effect 

depends on the orifice geometry.   

Finally, quantum effects on the XH in an orifice are identified.  Predictions of the model 

suggest that it is feasible to select the quantum state of a species at the surface by 

manipulating growth parameters.  

7.2. Introduction 

An effective activation energy (EAE) is the energy derived from the slope of the H 

mole fraction, XH, as a function of the inverse of the filament temperature.  The EAE is 

important because it represents the influence of filament temperature on the XH that is 

available at the diamond growth surface.  However, the fundamental chemistry behind the 

EAE value remains unresolved.   
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Fig.7.1  A summary of previous measurements of H mole fraction 
as function of filament temperature.  The curve slope corresponds 
to the effective activation energy of H atom production. 
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An EAE was first studied by Celii and Butler1 with resonance-enhanced multiphoton 

ionization (REMPI), followed by Harris and Weiner2 with recombination enthalpy 

measurements, Hsu et al.3 with molecular beam mass spectrometry(MBMS), Zumbach et 

al4 with quadrupole mass spectrometric (QMS) and REMPI, and Redman et. al.5, 6 with 

REMPI.  Numerical simulations on this topic were performed by Dandy and Coltrin7 and 

Tsang et al8 with CHEMKIN9.  We summarize some of experimental results in Fig.7.1 to 

illustrate outstanding issues related to the EAE.  . 

For the figure, Hsu and Zumbach’s data were read from their Fig.33 and Fig.54, 

respectively, as absolute concentration.  The data were sampled in an orifice of ~0.15~0.3 

mm from the substrate.  The data of Celii & Butler and Redman et al. were read from their 

Fig.31 and Fig.36 respectively.  The data were measured at fixed spatial points in the gas 

phase. The three curves are offset from each other in our Fig.7.1 for clarity.   

The curves in Fig.7.1 are known as Van’t Hoff plots whose slope is assumed to be 

proportional to the effective activation energy.  The steeper the curve, the higher the 

activation barrier.  We classify the plots into two kinds, the 1st kind is those measured in 

the bulk gas, such as those discussed in the references1,6 and the 2nd is measured inside an 

orifice at the substrate3,4. 

The uncertainty in understanding the EAE can be embodied in two issues, the 

difference between the two kinds of plots, and the properties of the 1st kind of plot.   

Fig.7.1 demonstrates the issue of the difference between the two kinds of plots7.  Except 

for Zumbach’s measurement, the average values of all of the slopes of the curves are close 

to one another.  The activation energy derived from the slopes is close to the H2 

dissociation energy. This favors a near equilibrium approximation.  However, the measured 
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absolute H mole fractions associated with the plots are significantly lower than that at Tf in 

equilibrium.  This is argues against a near equilibrium approximation.   

A near equilibrium approximation has been accepted to explain the Van’t Hoff plots.  

Dandy and Coltrin calculated values that correspond to Hsu’s measurement, the 2nd kind of 

Van’t Hoff plot, as a function of filament temperature under an equilibrium assumption7.  

To accommodate too low a measured [H] for an equilibrium approximation, a sticking 

coefficient was employed to simulate heterogeneous chemistry at both the filament and 

substrate surface.  The [H] is expressed as a function of Tf, also assuming Tg = Tf.  Redman 

et al.6 employed H thermodynamic data in the JANAF tables10 to interpret their measured 

1st kind of Van’t Hoff plot.  It was pointed out that the consistency between the equilibrium 

approximation and measurements is probably fortuitous7. 

This approximation, however, is not able to explain the 2nd kind of plot, such as that 

measured by Zumbach et al.4, where the measured EAE is too small, 100 kJ/mol, to match 

that based on near an equilibrium approximation, 197 kJ/mol.  In a summary of the current 

understanding of the EAE, Redman et al. pointed out that the interpretation of a Van’t Hoff 

plot simply in terms of equilibrium dissociation on the filament surface is fraught with 

potential ambiguity.   

There is an inconsistency in the values of the EAE derived from the 2nd kind of Van’t 

Hoff plot in Hsu’s and Zumbach’s experiments. The reported conditions in the two 

experiments are very similar to each other. Both have only H in the system, and pressures 

are very close to one another (20 torr and 22.5 torr).  However, there is a big difference in 

their measured EAE as demonstrated in Fig.7.1.   
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Fig.7.2 Detailed comparison of the measured EAE (in 
blue) with the calculated EAE (in red) based on near the 
equilibrium approximation 

 

Fig.7.2 demonstrates an outstand issue related to the 1st kind of plot.  In the figure, the 

blue data points were measured at 1mm and 4mm away from the hot filament of 2360K in 

20 torr hydrogen only system6.  The red line is calculated based on the JANAF tables.  The 

average behavior of both blue data are steeper than the [H]~1/T line given by the JANAF 

table, suggesting that there is an extra energy barrier to overcome in addition to the H-H 

bonding energy, if the slope indeed represents activation energy.  Quantitatively, Redman 

et al. gave an EAE of 237 ± 22 kJ/mol for d=1mm, while the JANAF table value is half of 

the H-H bonding energy, i.e., 432.07/2 = 216.0 kJ/mol.  Although it is still within the 

boundary limited by the H2 dissociation energy, the EAE at d=4mm is undoubtedly outside 

this boundary if the uncertainty is still 22 kJ/mol because d=4mm is steeper than d=1mm 

on average.  Therefore the measured EAE is larger than the H2 dissociation energy, D0.   

The result that the EAE > D0 contradicts the near equilibrium approximation, which  

takes H2 = 2H in equilibrium at Tf.  Therefore its activation energy at Tf must be smaller 
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than D0.  However, Fig.7.2 demonstrates that the EAE > D0. This is the fundamental 

difficulty associated with the near equilibrium approximation. 

Focusing on these two issues, this chapter presents two EAE mechanisms that are based 

on the combination of the H atom population mechanism of equal probability and the H2 

maximum participation mechanism, as demonstrated in Chapter 6.  The mechanisms 

emphasize the fact that in the gas phase the H concentration is a function of not only 

filament temperature but also gas phase temperature, as well as of the orifice temperature 

for the 2nd kind of Van’t Hoff plot.     

 

7.3. Result 

In this section we propose a bulk-gas EAE mechanism that expresses the H mole 

fraction as a function of bulk gas temperature and filament temperature, XH(Tf, Tg).  This 

mechanism explains the 1st kind of Van’t Hoff plot.  A substrate temperature effect is 

further considered, which leads to an orifice EAE mechanism that explains the 2nd kind of 

Van’t Hoff plot.   

 

7.3.1. XH(Tf, Tg), bulk gas EAE mechanism 

To understand the Van’t Hoff plots, we need to explore the XH dependence on the 

filament and bulk gas temperatures.  Our model of XH(Tf, Tg) consists of three points. The 

first is a filament temperature effect.  It is the same as that given in Eq.(6.4), 
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It assumes that the filament temperature influences all ( ){ },...2,1m;m =  states on the same 

scale. 

The second point is a gas temperature effect.  As demonstrated in the last chapter, 

there is a correspondence between the two mechanisms of H2 maximum participation and 

H equal probability population.  The correspondence takes the calculated H atom 

concentration at an  state as a function of [ ]m [ ]mT  calculated from H2 that is subject to the 

maximum participation mechanism.  We apply this correspondence to determine the gas 

temperature to which a calculated XH corresponds.   
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Fig.7.3    H mole fraction as a function of both filament temperature 
and gas temperature, XH(Tf,Tg), for a hydrogen only system at 20 
torr.  Each red curve is XH as a function of Tg at a fixed filament 
temperature.  A [m] state trajectory on all red curves forms a black 
curve as a function of Tf. 

 
The third point is the [  state conservation at a given spatial point.  At any given T]m f, 

XH can be calculated as a function of [ ].  For each spatial point there is a corresponding 

.  We assume that the m value of a 

m
H2

T

[ ]m
H2

T [ ]m  state at this spatial point is invariant as Tf 
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changes, although T  is a function of T[ ]m
H2

f.  This assumption is based on the fact that [ ]T  

tends to be around , the temperature at which state 

m

[m
0T ] [ ]m  reaches its chemical potential 

minimum.   

[ ]1=

[ ]

[ ]m

Fig.7.3 schematically presents our result. The curves in Fig.7.3 are in two kinds of 

color, red and black. The red curves are calculated from Eq.(5.6).  Each curve is under a 

fixed filament temperature.  The top red curve in the figure is calculated at the highest 

filament temperature in this calculation, 2870K.  As the filament temperature goes down, 

we sequentially get the remaining red curves from top to bottom.  The filament 

temperatures are 2870, 2570, 2270, 1970, 1770, and 1580K, respectively.  As a function of 

bulk gas temperature, the points in each red curve can be labeled, in the temperature 

decreasing direction, by { }[ ] ,...2,1m;m = .   

The left most black curve corresponds to the theoretical value at the filament.  Based on 

our notation, it is a connection of all [ ]1J,0v ==  points calculated at various values of 

.   The remaining black curves, from left to right, are connections of all filamentT J,1v =  

points,  points, 1J,2v == [ 1J,3v ]==  points, etc.  The wavy structure in the red curves 

results from the statistical effect of the degeneracy of the H2 rotational states.  The local 

extreme maximum in the red curves corresponds to the highest rotational state in a given 

vibrational state.  It is J=9 in this calculation.  

 

7.3.2. General solution for the 1st kind of Van’t Hoff plot 

Our model of XH(Tf, Tg) suggests that the properties of the 1st kind of Van’t Hoff plot 

are determined by  state conservation at a fixed spatial point.  The difference between 
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this model and the near equilibrium approximation is that this model provides a 

relationship between the H atom mole fraction and (Tf , Tg).  This relationship can be 

interpreted through Fig.7.3. 
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Fig.7.4 Comparison of the assumptions of (1) a near 

equilibrium and (2) an invariant [m] state  
 

How does the measured XH vary as a function of filament temperature?  If one were 

able to measure exactly on the filament surface, the XH would be the most left black curve 

because the catalytic character of the filament assures XH being in equilibrium at the 

filament surface.  This is the case for which the XH remains in the same  state [ 1=m ]
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In practice, however, rather than performing temperature and concentration 

measurements precisely at the filament, all measurements are performed at some spatially 

fixed point some distance away from the filament surface.  If each spatial point is able to 

keep itself in the same  under filament temperature variation, the Van’t Hoff plot will 

have the same slope as that given by JANAF table shown in Fig.7.2.   

[ ]m

A comparison of the  state conservation model and the near equilibrium assumption 

with experiment is provided in Fig.7.4.  The blue curves are calculated from our state 

[ ]m

[ ]m  

conservation assumption.  The red curve, which is calculated based on the JANAF tables, 

represents the near equilibrium assumption.  The triangle and square points are measured 

with REMPI at a distance 1mm and 4mm away from filament6.  The comparison suggests 

that an invariant  state underlies the near equilibrium approximation.  In addition, if we 

ignore the concentration jump of d=4mm data at 1000/T ~ 0.415, or take them as two parts 

of 1000/T < 0.415 and 1000/T > 0.415, the experimental slopes match results from both 

assumptions well.  

[ ]m

 

7.3.3. Substrate temperature effect  

Substrate temperature effects on the gas concentration distribution are important in the 

2nd kind of Van’t Hoff plot.  In this case thermal energy exchange among species and the 

wall is much more frequent because of the small size of the orifice.  To include this type of 

interaction into our model, Eq.(7.1) is modified as 
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Fig.7.5  Illustration of the meaning of RXn as a measure of the 

substrate temperature effect 

where is the iX
n
1  for the H equal probability mechanism and Eq.(5.14) for the H2 

maximum participation mechanism. Eq.(7.2) takes Rx as a measure of the substrate 

temperature effect and combines it into our model.  For T , Eq.(7.2a) reduces to the 

situation described by Eq.(7.1), a case in which the substrate temperature effect is 

unimportant.   

)1(
0f T≥

 Fig.7.5 provides a schematic picture of the result of Eq.(7.2).  The red line 

represents the filament temperature.  The minus symbol indicates that the Rx correction is 

toward the decreasing temperature direction. 

 Eq.(7.2) is more accurate when considering the substrate temperature effect.  If we 

take only one item, n=1, in the summation, the situation again reduces to a situation similar 
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to that described through Eq.(7.2.a), i.e., all states of ]1m[ ≠  are affected by the filament 

temperature at the same scale as that for the ]1m[ =  state.  This is the situation most 

unfavorable for H production because the ]1m[ =  state is the most inactive (or the largest 

difference of T ).  Eq.(7.2) allows all states of f
)i(

0 T− ]nm[ ≤  contributing their own shares 

to Rx. 

 Why do we not use Eq.(7.2) to consider the bulk gas calculation for the 1st kind of 

Van’t Hoff plot?  To understand this question, we need to note that Eq.(7.2) is sensitive to 

temperature fluctuations.  For the bulk gas case, the fluctuation at each fixed spatial point is 

usually over ±50K.  Our calculation indicates that the average Rx calculated within this 

temperature range tends to be the same as that calculated through Eq.(7.1).  At the same 

time the substrate temperature fluctuation in Zumbach’s experiment is less than ±15K.   

  

7.3.4. General solution for the 2nd kind of Van’t Hoff plot 

The 2nd kind of Van’t Hoff plot measures hydrogen concentrations at an orifice in the 

substrate surface.  The two kinds of plots demonstrate substantial differences between the 

measurements made by Renman et al5  and Zumbach et al.4, 237kJ/mol and 100 kJ/mol.  

The difference was attributed to interactions between gas phase H atoms and the substrate 

surface.   

The work in this chapter suggests that the 2nd kind of Van’t Hoff plot is still the 

external expression of the gas-phase intrinsic stability.  A simple estimation excludes the 

possibility of a surface dominant chemical role.  In the experiment by Zumbach et al., the 

mean free path of H2 inside their orifice is ~0.0856mm (for P=22.5torr and T=1000K), 

while the orifice size is 0.15mm.  Therefore inside the orifice the collision frequency 
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among gas phase species is larger than that between them and the orifice wall.  This 

estimate implies that at least a major part of the difference between the two experiments 

results from the gas phase itself, likely leading to an explanation through the intrinsic 

stability concept.   

Our solution for the 2nd kind of Van’t Hoff plot is presented in Fig.7.6 as a green arrow.  

This is essentially an isothermal process, because the gas state temperature at the orifice is 

fixed through the substrate temperature.  Eq.(7.2) is applied in this isothermal calculation. 
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Fig.7.6  Illustration of a 2nd kind of Van’t Hoff plot: 

isothermal process in the gas phase 
 
 

7.4. Discussions 

We employed the approximation of H atom equal probability population and H2 

maximum participation to analyze Van’t Hoff plots in the last section.  For the 1st kind of 

Van’t Hoff plot, an [m] state conservation model is proposed to explain the experimental 

data.  This model provides a relationship among H mole fraction, Tf and Tg, and provides a 

better explanation of experimental observations than does the near equilibrium 

approximation that assumes Tf = Tg.  The m invariance of state [ ]m  at a particular spatial 
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point results from the stabilization of its chemical potential minimum around ]T .   A full 

comparison with experiment of this solution currently is available if the relevant gas 

temperature as a function of filament temperature is measured.  Redman’s experiment 

provides such an opportunity.   

[m
0

We suggested that the 2nd kind of Van’t Hoff plot reflects an isothermal process.  We 

will present comparisons of our isothermal calculations with experimental measurements 

made by both Zumbach et al. and Hsu et al.  At present, the two experiments have not been 

explained simultaneously.   

 

7.4.1. The essence of the 1st kind of Van’t Hoff plot  

The purpose of this subsection is to illustrate the chemistry underlying the 1st kind of 

Van’t Hoff plot.  We use our general solution, i.e. the relationship among XH, filament 

temperature, gas temperature and total pressure.  To compare with experiment, we also 

employ the measured temperature profile for Tf = 2360K as well as the relevant H atom 

concentration profile.   

Redman’s measurements, which are illustrated in Figs.7.1, 7.2 and 7.4, are in arbitrary 

units.  We need to calibrate these data to absolute concentration to compare with our 

calculation.  From Fig.8 of Redman et al.,5, 6 we read Tg~1460K at d = 1mm and Tg~1250K 

at d = 4mm for Tf = 2360K.  At the same filament temperature, their Fig.9 calibrated the 

relative H concentration into an absolute concentration.  From this figure we read XH = 

0.0195 and 0.0120 at d=1mm and 4mm, respectively, leading to two (Tf, XH) points, 

(2360K, 0.0195) and (2360K, 0.0120).  Because Redman’s two measured XH(Tf) ~ 1000/Tf 

curves basically are lines, their slopes are fixed.  Applying the experimental (Tf, XH) points 
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and relevant slope, Redman’s measurement can be calibrated into absolute units.  Fig 7.7 

demonstrates the two experimental points of (Tf, XH), (2360K, 0.0195) and (2360K, 

0.0120).  
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Fig.7.7 Calibration of Redman’s XH(Tf) to 
absolute concentration.  Lines from top to 
bottom are  {[m] = [0,1], [0,3], [0,5], [0,7], [0,9], 
[1,1], [1,3],  … } respectively.  The red triangle 
is for d=1mm and the green is for d=4mm 

 

Plotted in Figs.7.8 and 7.9 are detailed information used to understand the 1st kind 

Van’t Hoff plot.  In the figures the thick blue lines are constant states of 

 . The thin black lines are those states 

of 

]m[

],1,1[],1,0[]m[ =

],1,v[]m[ =

],1,3[],1,2[ 1,7[],1,6[],1,5[],1,4[ ]

...,  .  The red line is calculated from the JANAF tables.  The small 

green triangles are experimental points measured by Redman et al.  The large triangles are 

calibration points, which are the same as those in Fig. 7.7.  

]9,v[

 Figs.7.8 and 7.9 illustrate the underlying chemistry of the 1st kind of Van’t Hoff 

plot.  In section 7.2, we analyzed the fundamental importance of the small slope difference 

between experiment and the near equilibrium approximation.  The equilibrium 
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approximation is not able to explain why the measured “decomposition energy” is bigger 

than the D0 of ground state H2.   
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Fig.7.8  Explanation of Redman’s measurement (in green) made at d=1mm away 
from the filament.  The red curve is from the calculations based on the near 
equilibrium  approximation.  The blue curves correspond to {[m] = [0,1], [0,3], [0,5], 
[0,7], [0,9], [1,1],…} from top to bottom 
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Fig.7.9  Explanation of Redman’s measurement (in green) made at d=4mm away 
from the filament.  The red is from the calculation based on a near equilibrium 
approximation.  The blue curves correspond to {[m] = [0,1], [0,3], [0,5], [0,7], [0,9], 
[1,1],…} from top to bottom, respectively 

  
Our calculation, the results of which are plotted in Figs.7.8 and 7.9, confirm that the 

measured slopes should be bigger than that corresponding to D0 of ground state H2.  This 
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can be attributed to a statistical effect of molecular excited states.  The observed 

phenomena are  

• our calculated slopes are steeper than those calculated from the JANAF tables.   

• Our calculated slopes are between those measured by Redman et al. and that 

calculated from the JANAF tables.   

To explain this phenomena, we make a comparison between Figs.4.7 and 4.10, and  

Fig.7.10. 
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Fig.7.10   Statistical effect of molecular excitation on the 
chemical potential.  The red curve contains no excited 
states and the black does contains excited states  
 

 

The red curve is for a system without excited H2 (the same as the red in Fig.4.7), while 

the black curve contains excited molecules (the same as the red in Fig.4.10).  It is clear that 

the chemical potential of the (0,1) state is lower.  This suggests that there is an additional 

barrier resulting from a statistical effect of molecule excitation. 
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7.4.2. Explanation of Redman’s experiment  

Two features in Redman’s experimental data become apparent if we connect their data 

points with line segments.  First, the resulting three line segments (one is for d=1mm and 

other two are for d=4mm) are almost parallel to each other.  Second, there is a 

concentration jump in the d=4mm case.  Both can be explained by our general solution 

presented in section 7.3.2. 

The line segments parallel to each other can be explained with the invariance of the [ ]m  

state at a spatial point.  From Fig.7.8 and 7.9 we can determine that  

• The measurement at d=1mm corresponds to [ ] ]9,1[and]7,1[m = .  The two states 

are so close to each other in XH~1000/Tf space that we are unable to distinguish 

them. 

• The measurement at d=4mm corresponds to [ ] ]1,2[m = at high Tf and [ ] at 

low T

]3,2[m =

f. 

The concentration jump between 2372~2422K can be attributed to a state transition 

from to .  At d=4mm, our data calibration performed in Fig.7.7 

indicates that the right state should be the 

[ ] ]1,2[m = [ ] ]3,2[m =

[ ] ]3,2[m = state.  This calibration requires that 

the high Tf part belongs to state [ ] 1,2[m ]= , and it can follow the gas phase temperature 

variation.  The corresponding H mole fraction is a smooth function of Tf.  If the Tg change 

at the d=4mm condition is too big to be held by [ ] 2[m ]1,= , its neighbor, , comes 

in.  The new state leads to a concentration jump.  Our description is limited to a qualitative 

description because the current version of our theory does not include spatial coordinates. 

[ ] ]3,2[m =
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7.4.3. Comparisons with experimental 2nd kind of Van’t Hoff plot 

We proposed that the 2nd kind of Van’t Hoff plot as an isothermal process in which a 

substrate temperature effect is important.  The dominant feature is assumed to be 

contributed from the gas itself inside the substrate orifice instead of the interaction between 

the gas and orifice wall.  The contribution of the orifice wall is assumed to be at a constant 

temperature.  We examine the consistency of this approximation with two experiments3,4 in 

this subsection.  The experimental parameters are given in Table 7.1. 

Table 7.1  Experimental parameters applied by Hsu et al3 and Zumbach et al4 
Orifice (µm)  Ptotal (torr) Tfilament (K) Tsubstrate(K)

length Size (φ) 
Hsu et al 20.0 1600~2800 1100 60 300 

Zumbach et al 22.5 1600~2500 1000 50011 125 
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Fig. 7.11  Comparison among the near equilibrium 
approximation (black line), an  isothermal process with 
substrate effect (blue curve) and Zumbach’s                    
measurement. 
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Fig.7.11 provides a comparison with the measurement made by Zumbach et al4 using 

QMS and REMPI.  The black triangles are their experimental data.   The bold black curve 

is their theoretical calculation result.  The blue curve is our calculation based on Eq.(5.6), 

(5.11) and (7.2).  The small red dots are our data points that are at the same filament 

temperatures as that measured by Zumbach.  

 
The plot in Fig.7.11 indicates the following: 

• Our theoretical calculation predicts almost the same slope as that measured in 

Zumbach’s experiment.   

• Our calculation results in an H mole fraction that is almost the same as experiment. 

• Our calculation demonstrates the same “wavy” pattern as that measured 

experimentally.  Our model suggests that the structure in the data results from a 

molecule excitation effect.  In the figure, we further identified the state [m] to 

which each data point belongs.   

This comparison suggests that our general solution for the 2nd kind of Van’t Hoff plot is 

successful.  The remaining problem is how to explain Hsu’s measurement.   

It is apparent that a model that accurately reproduces Zumbach’s measurement must be 

inconsistent with Hsu’s measurement.  What leads to such a big difference?  We suggest 

that the cause is kinetic, resulting from the orifice geometry.  Table 7.1 reveals that the big 

difference is the length of the orifice. Hsu’s is less than 60 µm while Zumbach’s is 500 µm.  

To estimate the effect of orifice length, we define a transmission coefficient as 

h
PT

λ
=       (7.3) 
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where λ is the mean free path of gas species and h is the length of the orifice. The 

coefficient is an indication of how far a species goes through the orifice without colliding 

with the wall.  The ratio of Hsu’s transmission coefficient to Zumbach’s is calculated to be 

greater than 68.1, suggesting that species inside Hsu’s orifice are effected by the orifice 

wall much less than those in Zumbach’s experiment.  In addition, the mean free path at 

their substrate temperature and reactor pressure is ~85.6 µm, leading to  for 

Hsu’s orifice and for Zumbach’s orifice. 

43.1=TP

17.0=TP 43.1=TP  suggests that the probability, 

a species transmission through Hsu’s orifice without collision with the wall, is greater than 

100%.  Therefore, the gas temperature may not be well maintained at the substrate 

temperature.  For this reason Hsu’s data does not correspond to a typical 2nd kind of Van’t 

Hoff plot.  His measurement should be somewhere between the two kinds of Van’t Hoff 

plots.   

0.35 0.45 0.55 0.65
1000/Tf (K-1)

X H
(T

f, 
T g

=1
00

0K
)

10-1

10-2

10-3

10-4

10-5

10-6

[1,3]
[1,9]

[2,3]

[2,5]
[2,9]

[3,5]

[3,3]

[3,1]

 

Fig.7.12 Comparison of an isothermal process (blue curve) and Hsu’s mea-

surement.  The black curve is from scaling the blue curve with a factor 0.08 
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Based on this analysis we assume that what happens inside Hsu’s orifice is still an 

isothermal effect, but that the substrate temperature effect is not significant.  Theoretically 

this corresponds to employing Eq.(7.1) to calculate an isothermal process.   

Plotted in Fig.7.12 is our calculation result.  The triangles are the experimental data 

measured by Hsu et al.  For convenience in comparing to experiment, the theoretical 

calculation is performed at the same filament temperature as that in the experiment.  The 

blue curve is our theoretical result calculated at the red dots.  The black curve is the 

theoretical curve scaled by a constant factor of 0.08.  The {[v,J]} are state symbols for each 

data point. 

From Fig.7.12 it is clear that the theoretical calculation predicts the same slope as that 

measured in the experiment.  It confirms our assumption that the substrate temperature 

effect is not significant in this experiment.  This assumption results from the fact that their 

substrate is very thin. 

Fig.7.12 also indicates that the theoretical concentration is systematically higher than 

that measured by a constant factor 12.5.  This is consistent with previous calculations.  

Employing CHEMKIN9 Dandy and Coltrin7 theoretically reproduced Hsu’s measurement 

by including surface reactions that reduced their result by a factor of ~101.5.  Also under an 

equilibrium approximation, Hsu et al3 made a calculation that applies a constant H sticking 

coefficient of 0.2 to scale their result.  The underlying cause for this concentration 

reduction is under investigation. 
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7.4.4. Quantum state selection through growth parameter manipulation 

One of major tasks for a crystal grower is to make a given species deposit at a 

specified surface location.  Whether or not growth is possible is dependent on both the 

states of the species and the crystal site.  The species are usually transported to the growth 

surface through manipulation of a group of growth parameters.  Essentially the transport 

process is non-equilibrium.  Apparently the correspondence between growth parameters 

and species states at the surface is valuable information to crystal growers.  This issue has 

not yet been addressed. 

Our solution to the 2nd kind of Van’t Hoff plot suggests that the hydrogen [m] state at 

the substrate is controllable by manipulating the filament and substrate temperatures under 

a given pressure.  For a given state [m0] on the surface, this implies the following: 

• The most active statistical state is (m0), in which the |m0> state of H2 is the most 

abundant species. 

• All statistical states {(m); m < m0 } are more abundant than the (m0) state, but they 

are not active. 

• All statistical states {(m); m > m0 } are also active,  but they are not as abundant as 

(m0). 

Therefore a [m] state at the surface means that among available active species, |m> H2 is 

the most abundant.  
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8. Rovibrationally excited H2 chemistry for the CVD diamond: CH3 formation and π-

bond breaking    

8.1. Abstract 

In this chapter, we propose a homogeneous mechanism for acetylene conversion to 

methane in the gas phase under conditions that are typical for HF CVD diamond growth.  

The mechanism is based on rovibrationally excited H2 chemistry.  The mechanism suggests 

that C2H2 conversion to CH4 occurs mainly in the vicinity of the substrate. Excited H2 states 

|2,1>~|3,1> are responsible for the conversion.  Supersaturated H atoms produced at the 

filament maintain the excited H2 states.  The conversion involves a negative Gibbs free 

energy change and proceeds as fast as methyl conversion to acetylene at gas temperature 

~1100K.  The rate limit step in the conversion is CH 33222 CHCHHCH →+ . 

This work also provides a kinetic analysis of CH4 conversion to C2H2.  The conversion 

involves competitive kinetics controlled by entropy.  H atom addition to a π-bond is typically 

unfavorable at high temperatures due largely to limitations on the loss of translation entropy.  

It is suppressed by its reverse, β-hydrogen elimination. H atom abstraction of H from a C-H 

bond is found favorable mainly because of a rotational entropy increase.  The only exception 

to this abstraction pattern is that the C-H bond is formed through an sp hybrid carbon.   The 

rate limit step in the conversion is CH HCH 22 + 22 HCHCH +• .  The entire kinetics of 

the conversion features a lower rate H atom abstraction overwhelming a higher rate H atom 

addition that is greatly suppressed by β-hydrogen elimination. 

The kinetic analysis of unfavorable H atom addition leads to two concepts,  

• Any uni-radical addition to a π-bond is entropy forbidden in the gas 

environment for diamond growth. 



Chapter 8  Excited H2 Chemistry:  Forming CH3 and π-bond breaking                        183 

• Any uni-radical addition to a π-bond on the surface is entropy forbidden 

under the conditions typical for diamond growth.  This concept is closely 

related to graphite etching. 

The two mechanisms of methane and acetylene inter-conversion are independent of each 

other.  They compose a complete chemical strategy that describes the gas phase environment 

in which diamond films grow via HF CVD.  

 

8.2. Introduction 

Two of major concerns in CVD diamond film growth are methyl formation in the gas-

phase and π-bond breaking both in the gas phase and on the substrate surface1.  Working on 

the conversion mechanisms between CH4 and C2H2, this chapter identifies the contribution of 

rovibrationally excited H2 chemistry to these two issues. 

Inter-conversion of methane and acetylene in the gas phase is also an unresolved issue in 

CVD diamond film growth2, 3.  This consists of two chemical processes,   

2CH4  C2H2 + 3H2,     (8.1a) 

and 

C2H2 + 3H2  2CH4,     (8.1b) 

A convincing argument for the mechanism of Eq.(8.1a) is an increase in entropy, based 

on a thermodynamic calculation of translational entropy1 and an ab initio thermodynamic 

calculation of translational and rotational entropy4.  The mechanism of Eq.(8.1b) is 

controversial.  In 1994, Toyoda et al. proposed a mechanism that is basically the reverse of 

the process in Eq.(8.1a)5.  Later, Goodwin and Butler assumed that the process described in 
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Eq(.8.1a) is a heterogeneous process that proceeds on the reactor wall or substrate, because 

(8.1a) is not a reversible process1.   

Recently, a research group at the University of Bristol suggested that the mechanism for 

Eq.(8.1a) is a homogeneous process based on their REMPI measurement of methyl 

concentration2, 3.  In their experiment there is no substrate and the reactor wall is cold and 

distant.  Their measurement shows striking similarities in methyl concentration profile 

independent of whether the feed gas is CH4/H2 or C2H2/H2.   Therefore a homogeneous 

process is likely dominant in the gas phase.  Their explanation of the mechanism is a process 

of H atom addition to acetylene and ethylene in cold regions of the chamber, 600K~900K.  

This mechanism requires a mass transport process between the hot and cold regions inside 

the reactor.   

An obvious place to further improve our current understanding of Eq.(8.1b) is to include 

contributions from rovibrationally excited H2.  The process described by Eq.(8.1b) essentially 

suppresses the formation of aromatic compounds.  Frenklach pointed out that the dominant 

species contributing to this suppression is H2 instead of H atoms via a mechanism of H2 

addition plus β-hydrogen elimination6.  The activation energy for this process, however, 

appears too high to make it viable.1  Later Zumbach et al. observed the existence of 

significant amounts of rovibrationally excited H2
7. By considering excited H2 chemistry and 

analyzing Eq.(8.1a), we propose in this work an inter-conversion mechanism for Eq.(8.1) in 

terms of elementary reactions. 

Conversion between methane and acetylene also has a long history in combustion 

chemistry8-10.  However, the conversion mechanism in combustion chemistry is expected to 

be different from that under HF CVD diamond growth conditions because the latter includes 
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supersaturated hydrogen atoms11. Although concepts from combustion chemistry are often 

applied to simulate chemistry in HF CVD diamond reactions, the fundamental difference 

between the two areas has not been fully characterized.  Examples from experiments on 

diamond growth conditions that are unable to be qualitatively explained by combustion 

chemistry include excited H2 concentration profiles7, temperature drops12, and effective H 

activation energys7. 

8.3. Mechanisms and calculation 

Our mechanism for Eq.(8.1a) consists of six elementary reactions in the gas phase: 

HCH +4 23 HCH +• ,       (8.2a) 

HCHCH +33 223 HCCHH +•      (8.2b) 

•CCHH 23 HCHCH +22       (8.2c) 

HCHCH +22 22 HCHCH +•                      (8.2d) 

•CHCH 2  HCHCH +                  (8.2e) 

HCHCH + 2HCHC +•       (8.2f) 

This is essentially the same scheme as that proposed by Butler and Woodin13.  It consists of 

three types of elementary processes, hydrogen abstraction (such as ±a, ±b, ±d, ±e), hydrogen 

addition (such as –c and –e), and β-hydrogen elimination (such as +c and +e).  Here + means 

the forward direction, - means backward direction, ± means both directions, and a, b, etc. 

corresponds to the Eqs. (8.2.a), (8.2.b), etc.  

For the purposes of calculating rate constants, Eq.(8.2) involves six transition states 

                  (8.3.a) HHCH LL3

HHCHCH LL23                  (8.3.b) 
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HCHCH LL
22                 (8.3.c) 

HHCHCH LL=2
                  (8.3.d) 

HCHCH LL                (8.3.e) 

HHCHC LL                  (8.3.f) 

where the letters correspond to those indicating the reactions in Eq.(8.2). 

Our mechanism for Eq.(8.1.b) is 

>+ JvHCHCH ,|2         (8.4a) 22CHCH

>+ JvHCHCH ,|222     CH     (8.4b) 33CH

where |v, J> indicates the rovibrationally excited state of the relevant H2, and v and J are 

vibrational and rotational quantum numbers. The species CH  is ready to convert to 

methyl immediately following (8.4.b) due to a favorable Gibbs free energy change.  This 

point is discussed in Sec 8.4.3.2.   The rate-limiting step is reaction (8.4b), which 

corresponds to a transition state  

33CH

     
HH
CH

L

22CH                     (8.5) 

The purpose of this study is to determine how the elementary reactions, (8.2) and (8.4), 

compete with each other leading to the conversion between methane and acetylene.  The 

required data is the correct reaction direction for each elementary process and their relative 

rates.  For this purpose we use a combination of calculated of reaction Gibbs free energies 

and rate constants.  The Gibbs free energy calculation reveals the reaction direction and 

provides some information regarding the reaction rate.  However, this quantity is not easily 

measurable, and therefore direct comparison of these quantities with experiment is limited.  

On the other hand, the rate constants, which are calculated using transition state theory (TST) 
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14, 15, are more easily comparable to experiment, where more data are available.  We note, 

however, that a high level of absolute accuracy is likely not necessary for our purposes, but 

rather that the relative rates are accurate.  

Ab initio molecular orbital calculations were performed to determine input data for the 

TST rate constants16. These data consist of electronic energies, vibrational frequencies and 

rotational inertia for all species and the relevant transition states.  The calculations were 

carried out at the HF 6-31g* level for Eqs.(8.2-3)17 and the G3 level for Eqs.(8.4-5)18 using 

the Gaussian94 and Gaussian98 suites, respectively.  The data are further used to calculate 

Gibbs free energies based on the ideal gas assumption19 and rate constants based on transition 

state theory14, 15 as a function of temperature over the entire reactor.   

Geometry optimization for all species in Eqs.(8.2-3) at the 6-31g* level were performed 

using the unrestricted Hartree-Fock approximation for radicals and transition states, and 

restricted Hartree-Fock calculations for molecules.  The G3 option for those reactions in 

Eqs.(8.4-5) is straightforward in Gaussian-98.  The transition state option in the codes was 

used to locate reaction transition states, and all transition states were confirmed by frequency 

analysis to have one imaginary frequency.   

Depending on the definition of Gibbs free energy, TST rate constants may have different 

units.  In this paper, the units used for kc are cm3·molecule-1·second, consistent with the 

equations given in Appendices A and B14, 15, 19   

The collision rate constant ZAB is needed to determine if a unimolecular reaction has 

sufficient time to occur before collision from other species. The value of ZAB between species 

A and B is given by 

 
2

1

82








=

AB
ABABAB

kTdZ
πµ

απ               (8.6) 
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where ABµ  is the reduced mass of species A and B,  ABα is an angular factor with a typical 

value of 0.25~0.30,  and ABd  is the radius sum of A and B with a typical value of 0.1nm.  

 

8.4. Results and discussion 

8.4.1. Result validation against rate constant experiments 

Calculated moments of inertia, vibrational frequencies and electronic energies for all of 

the species considered can be found in Tables 1-3, respectively. Arrhenius plots of the TST 

rate constants using the data in the tables for the six pairs of elementary reactions in Eqs.(8.2) 

along with ZAB are plotted in Fig.8.1. Validation of our calculation against experiment is 

given in Figs.8.2-3.  Zhang et al.’s theoretical results for reaction (f) are also given because 

no experimental data are available for the entire range of temperature of HF CVD diamond 

growth20.   

Table 8.1.  Moments of Inertia (in a.u.)
Species                     Ix                Iy                 Iz

2H 0.95896 0.95896
3CH 6.210 6.210 12.421

4CH 11.271 11.271 11.272
62 HC 22.118 89.934 89.934

52 HC 17.215 79.844 85.854

42 HC 12.037 58.781 70.818

32 HC 7.7698 56.049 63.819

22 HC 49.702 49.702
HC2 41.211 41.211

HHCH 3 LL 12.038 31.181 31.181
HHHC 52 LL 37.779 99.955 115.09

HHC 42 L 24.102 79.904 79.913
HHHC 32 LL 24.061 75.678 99.740

HHC 22 L 11.517 56.659 68.176
HHHC2 LL 85.454 85.454
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Table 8.2.  Vibration Frequencies   (in cm-1)
Species                                                            Vibration Frequencies

2H 4645.57
3CH 307.850 1539.98 1539.98 3284.60 3461.14 3461.14
4CH 1487.97 1488.05 1488.05 1702.62 1702.62 3196.87

3301.32 3301.37 3301.37
62 HC 326.023 889.389 889.389 1061.14 1337.56 1337.56

1547.64 1579.62 1644.21 1644.21 1650.14 1650.14
3199.59 3205.73 3249.25 3249.25 3274.39 3274.39

52 HC 166.873 462.596 870.83 1083.46 1113.44 1309.29
1552.52 1608.93 1630.02 1634.84 3160.61 3229.09
3263.63 3314.20 3411.63

42 HC 897.153 1095.00 1099.38 1154.97 1352.61 1496.91
1610.14 1856.31 3320.72 3344.07 3394.52 3420.57

32 HC 828.608 882.508  961.675 1196.50 1407.38 1634.84
3286.45 3365.55 3429.75

22 HC 793.604 793.604 882.238 882.238 2246.72 3607.45
3719.64

HC2 556.828 556.828 1851.73 3621.21
HHCH3 LL 1856.90i 587.950 587.950 1130.38 1220.34 1220.34

1500.06 1500.06 1847.94 3167.74 3325.47 3325.47
HHHC 52 LL 2236.12i 222.103 340.813 622.578 902.229 953.772

1078.01 1220.33 1323.27 1344.83 1364.51 1500.54
1557.69 1610.67 1637.83 1639.82 3194.60 3251.60
3268.14 3274.60 3342.50

HHC 42 L 657.920i 413.968 445.522 881.084 929.466 1025.96
1037.83 1320.68 1340.02 1600.23 1692.99 3326.90
3339.36 3406.57 3431.52

HHHC 32 LL 2146.94i 327.641 405.128 921.552 953.899 998.439
1079.42 1222.58 1294.52 1408.58 1595.44 1669.50
3308.26 3386.95 3407.24

HHC 22 L 948.152i 453.191 591.697 664.887 814.1726 878.666
1826.97 3585.50 3645.97

HHHC2 LL 1587.85i 196.942 196.942 637.503 637.50 953.166
953.166 1851.17 2145.67 3620.63

The frequency associated with the letter i is the imaginary frequency of the transition state

 

Table 8.3.  Electronic energy ( in Hartree) 

Species    Eel       Species      Eel           Species            Eel              Species               Eel 
H  - .498233 62HC  -79.2288 22HC  -76.8178 HHC L42  -78.5253 

2H  - 1.12683 52HC  -78.5969 HC2  -76.1501 HHHC LL32 -78.4882 

3CH  -39.5590 42 HC  -78.0317 HHCH LL3 -40.6537 HHC L22  -77.3049 

4CH  -40.1952 32HC  -77.3903 HHHC LL52 -79.6900 HHHC LL2  -77.2582 
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Fig.8.1. Calculated Arrhenius relations for reactions (8.2.a-f).  The letter corresponds to the relevant
reaction. The symbols  "+" and "-" refer to the forward and reverse reactions, respectively.  ZAB is the
collision constant calculated by Eq. (8.6).
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Fig.8.2. Comparison of Arrhenius plots for reactions (c) and (d) calculated by this 
work and those measured by Knyazev,et al21,  Sugawara et al.22, Lightfoot23, and 
Feng et al24. 
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Fig. 8.3  Arrhenius plot comparisons from our calculations with those 
experimentally measured.  The left plot is for reactions (e) and (f),  the right plot is 
for reactions (a) and (b).  (a) was measured by Knyazev et al.,21, (b) were measured 
by Tsang et al.25 and Mallard et al26. (e) was measured by Knyazev et al.27, (f) was 
calculated by Zhang et al20. 

 

Figs.8.1-3 provides the following information.  First, reactions (8.2.a-e) proceed in the 

forward direction and (8.2.f) proceeds in the backward direction for temperature T>1000K.  

Both experiments and our calculations agree with each other on this point.  It is worth noting 

that the cross point for reaction (8.2.d) in Knyazev et al’s data is at 940K21. 

Second the agreement between experiment and our calculation suggests that reaction 

rates satisfy the condition. 

−β hydrogen elimination>> addition > abstraction.        (8.7) 

under diamond growth temperatures.  Third, there are two unimolecular reactions, (c+) and 

(e+), in reaction (8.2).  The curve ZAB(T) is lower than the rate constants of the two reactions 

indicating that upon formation of the reacting species, the relevant unimolecular reactions 



Chapter 8  Excited H2 Chemistry:  Forming CH3 and π-bond breaking                        192 

can finish before collision with other species. Therefore, reactions (1-6) are appropriate for 

determining the reaction kinetics without further consideration of collision effects.  

Details regarding the data validation are given as follows.  The goal of this study is to 

determine how the system kinetics controls the multiple reaction channels for the conversion 

between methane and acetylene.  This requires that the calculated rate constants reflect the 

correct relative magnitudes among all reaction channels.  To this end, the relations in 

Eq.(8.7) need to be validated by comparison with experimental measurements.  

Illustrated in Figs.8.2 are Arrhenius plots for reactions 8.2(c) and (d) predicted by the 

present work along with experimental measurements21-24. Among the experimental 

measurements for reaction (3), Feng's work24 is for 200-1100K, and Knyazev's21 is for 200-

3000K All measurements together in the range of 1000-2000K give (c+)  >  (c-) > (d+) > (d -

), in agreement with Eq.(8.7). 

Plotted at the left of Fig.8.3 are Arrhenius plots for reactions (e) and (f) predicted by the 

present work along with experimental measurements27 and calculations made by Zhang et 

al.20 Knyazev et al. suggested that their measurement for reaction (5) is valid over the 

temperature range 200-2120K.  Zhang's calculation on reaction (6-) matches experimental 

measurements in the range of 20-854K and 2500-4650K, and there is no measurement for the 

range 900-2500K.  Because the calculation of Zhang et al. covers 20-5000K, their data is 

taken as a reference.  Fig.8.3 illustrates that in the range of temperature 1000-2000K the 

referenced rate constants satisfy  (e+) > [(e-), (f-)] > (f+), in agreement with Eq.(8.7).  

Plotted at the right of Fig.8.3 are Arrhenius plots for reactions (a) and (b), along with 

experimental measurements21, 25, 26. The measured rate constants follow the sequence (b+) > 
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(a+) >(a-) > (b-) in the range of 1000-2000K, the same as predicted by the present 

calculation.  

The validity of our calculated rate constants provides an opportunity to study the kinetics 

of methane conversion to acetylene through molecular properties of each species.   
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Fig.8.4.a  Reaction Gibbs free energies for rovibationally excited H2 addition to C2H2 

(red curves).  At a given Tg, the addition reactions are thermodynamically 

favorable only for those states below the blue line 

Similar calculations were also performed for the reactions in (8.4) at the G3 level.  

Because there are no experimental measurements available, the Gibbs free energy is used for 

the purpose of theoretical analysis. The calculated results are given in Fig.8.4.  In TST the 

cross point of the forward and backward reactions occurs at the same temperature as that of 

reaction Gibbs free energy calculations.  For the purposes of comparing reaction rates 
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between the two conversions, rate constants for the rate limiting step, reaction (8.4.b), are 

given in Fig.8.5. 
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Fig.8.4.b  Reaction Gibbs free energies for rovibationally excited H2 addition to C2H4 

(red curves).  At a given Tg, the addition reactions are thermodynamically 

favorable only for those states below the blue line 

 

In Fig.8.4, the red curves are for the forward reactions.  The blue line is to indicate �G = 

0 for reference.  Fig 8.4 suggests that only those H2 molecules are active whose vibrational 

quantum number satisfies v ≥ 2.   In Fig.8.5, the red curves are for forward reactions in 

(8.4.b) and the black curve is for the backward reaction.   
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Fig.8.5  Rate constants for rovibationally excited H2 addition to C2H2. At a given Tg, the 

addition reactions are kinetically favorable only for those states above the 

black line that is the rate constant for the reverse reaction. 

 

8.4.2. Conversion of methane to acetylene 

The conversion of methane to acetylene at high temperature is dominantly controlled by 

entropy.  This subsection studies entropy effects that lead to the interesting result of the 

unfavorable H atom addition to unsaturated carbon both in the gas phase and on the surface. 

  

8.4.2.1. Entropy contribution 

Based on TST, the rate constant (B.2) can be decomposed into  
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where the total change in entropy is a sum of the changes in translational, rotational, 

vibrational and electronic entropy changes:  

≠≠≠≠≠ +++= ,o
el,c

,o
vib,c

,o
rot,c

,o
tr,c

,o
c SSSSS ∆∆∆∆∆      (8.9) 

While all terms are included in our calculations, a qualitative analysis of their contribution is 

necessary to understand the system kinetics.  To this end, some approximations are required. 

The electronic entropy is independent of temperature over the range of interest and can 

therefore be ignored.  The contribution from the other three terms is illustrated in Fig.8.6 for 

H and H2, where the absolute entropies arising from translation and rotation are plotted.  

From the figure it is clear that for H2,  

Fig.8.6 Order of magnitude comparison of the
contribution of translation, rotation and vibration
entropy to the total entropy for a hydrogen atom
and molecule.
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Stranslation  >> Srot >> Svi b     (8.10) 
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or 

Stranslation  / Srot ~ 10,   for all T    (8.11.a) 

Srot  / Svi b ~ 10, for  800<T<1500   (8.11.b) 

and that the translational entropy of H and H2 are of the same order of magnitude.  

There are three points regarding the implications of Eq.(8.11) under conditions for 

diamond film growth.  First, the most significant contribution to the entropy comes from 

changes in the number of translational degrees of freedom, or equivalently, species creation 

or annihilation.  For example, annihilation of an H atom for addition reactions to reach their 

transition state decreases entropy by over 150 J/K. Next, the change in the amount of mass is 

a relatively ignorable minor contribution.  For example, a two-fold decrease in mass for an 

abstraction reaction to reach its transition state (such as occurs when H in H2 is abstracted 

rather than H abstracts an H atom in hydrocarbons) only results in an additional Rln(2)3/2 = 

8.6 J/K to the translational entropy loss.  Finally, when the changes in the number of species 

for both directions are the same, changes in rotational entropy are the next largest effect.  For 

example, in the abstraction reactions (a), (b), (d) and (f) there is no difference in species 

number in reaching their transition states.  Therefore changes in translational entropy do not 

greatly influence reaction rates in either direction. However, there is an extra annihilation of 

rotational entropy for the reverse reaction compared to the forward reaction to reach its 

transition state due to the loss of H2.  

From Fig.8.6, it can also be concluded that vibrational entropy can be ignored for 

qualitative analysis.  The vibrational entropy is a summation over 3n-6 terms, each of which 

is a function of one vibrational frequency.  For two nonlinear species containing n1 and n2 

atoms to form a TS of n1+n2 atoms, the net increase in the number of vibrational frequencies 
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(not counting the imaginary frequency associated with the transition state coordinate) is 

[3(n1+n2)-6]-[(3n1-6)+(3n2-6)]-1 = 5 = constant.  From Fig.8.6 it is clear that the typical ratio 

of rotational to vibrational entropy of one frequency is ~10 at 1500K; therefore ignoring 

vibrational entropy is reasonable when there is a change in rotational entropy. 

Table 8.4. Mole formation enthalpy (MFE) for the reactions
(a), (b), (d) and (f) in forward direction. a (in KJ/mole)

Reactions MFE
HCH 4 + 23 HCH +• 3.59
HCHCH 33 + 223 HCCHH +• -7.36
•CCHH 23 HCHCH 22 + 153.88
HCHCH 22 + 22 HCHCH +• 19.33

•CHCH 2 HCHCH + 170.55
HCHCH + 2HCHC +• 92.65

a.  Only electronic energy and zero point energy are accounted.
Other terms that contribute to enthalpy are cancelled by the
corresponding terms in entropy when Gibbs free energy is
calculated .  

8.4.2.2. Enthalpy contribution  

To explore how entropy affects the conversion of methane to acetylene, the mole 

formation enthalpy for Eqs.(8.2.a-f) is useful; these are given in Table IV.   The data can be 

understood as follows. 

• Abstraction of hydrogen from methane is more difficult than that from ethane 

because there is no hyperconjugative effect. 

• Abstraction of hydrogen from acetylene is more difficult than that involving 

ethane, and abstraction from ethene is more difficult than that of methane 

because the bond strengths satisfy sp3 > sp2 > sp. 

• −β hydrogen elimination from C2H3 is more difficult than that from C2H5 

because the bond is more difficult break than the bond. HCsp −)( 2σ HCsp −)( 3σ
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8.4.2.3. Entropy limitation on H abstraction 

We first illustrate that the favorable directions of abstraction reactions (8.2.a) and (8.2.d) 

are forward.  This results from the effects of both translational and rotational entropy.  

Reactions (a) and (d) exhibit crossing points as a function of temperature between the 

forward and reverse directions in Fig.8.1.  If there were no contributions from entropy to the 

rate constants, there would be no such crossing points as illustrated in Fig.8.7.  In both cases 

the reverse reactions were preferred over the corresponding forward reaction.   

Fig.8.7 Arrhenius plots of the abstraction reactions
neglecting entropy.  The eight curves in the figure are (f+),
(d+), (b-), (a+), (a-), (b+), (d-) and (f-) from left to right.
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When translational entropy is added into the rate constants, the reverse reactions are 

still preferable, although the difference between the reverse and forward reactions is reduced 

slightly.  This can be explained from the data in Table IV.  The data show that the state R-

H+H is more stable than R*+H2.  Therefore with their common transition state,  > 

.  However, the translational entropy of H

≠
+

,oH∆

≠
−

,oH∆ 2 is larger than that of H, ≠
−< ,oS∆

−
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where both and  are negative.  Therefore the difference between  and  

or k  and  is reduced by the translational entropy.   
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If rotational entropy is further taken into account, k  is lowered at high temperatures 

relative to  leading to the crossing points.  Because H has no rotational degree of freedom, 

 is relatively unchanged. The forward reactions of (a) and (d) are favored because the 

diamond vapor temperature is higher than that at both crossing points. 

−

+k

+k

The forward abstraction reaction of Eq.(8.2.b) is also favorable.  A negative mole 

formation enthalpy makes , and translational entropy increases the discrepancy 

due to extra mass loss in . Rotational entropy further increases the difference at high 

temperature due to loss of a rotational degree of freedom.    

)()( TkTk −+ >

)(Tk−

The forward reaction of Eq.(8.2.f) is unfavorable because the entropy is unable to 

overwhelm the large molar formation enthalpy within the temperature range typical of 

diamond growth.  The favorable reverse reaction of Eq.(8.2.f) causes the reaction sequence 

(1-6) to terminate at acetylene formation.   

 

8.4.2.4. Entropy limitation on H atom addition 

The remaining two reactions, (c) and (e), are affected much more by entropy.  

Addition of an H atom to unsaturated carbon is energetically downhill, with a reaction energy 

barrier no higher than 10kcal/mole. The reverse process, −β hydrogen elimination, has a 

reaction barrier ~40kcal/mole higher than that of addition. However, as discussed in 8.4.2.1, 

the decrease in the number of translational degrees of freedom associated with hydrogen 

addition greatly slows down reactions (c) and (d) in the reverse direction at high 

temperatures.  Therefore the forward reactions of (c) and (d) are favorable.   

From Fig.8.1, our calculations predict that −β hydrogen elimination is kinetically 

favored over hydrogen addition beginning at 400K, 173K lower than that observed by Rye28  
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As temperature goes up over 1000K, Figs.8.2 and 8.4 illustrate that −β hydrogen elimination 

is ~e20≈1017 times faster than addition.  This result suggests that the addition of hydrogen 

atoms to unsaturated carbon does not occur in the gas phase for diamond film growth. This 

conclusion agrees with two experimental measurements28, 29   

Balooch and Olander generated atomic hydrogen of partial pressure 1.5 torr by 

thermal dissociation of H2 in an effusion oven at T=2500K29. Modulated molecular beam 

mass spectrometric measurements showed that acetylene is the only carbon containing 

product from the pyrolytic reaction of hydrogen atoms and graphite if Tgraphite > 1000K.  This 

result indicates that H does not add to acetylene at high temperature. Rye28 generated H using 

a hot tungsten filament and showed by mass spectrometry that carbon containing species can 

be saturated to CH4 by H addition only when Tgraphite<573K.  His result suggests that H atom 

addition is favorable only at low temperature. 

Entropy limitations on hydrogen addition can be easily extended to the general case 

of uni-radical addition to unsaturated carbon in the gas-phase.  In general, hydrogen addition 

represents the most favorable case for radical addition reactions.  To form a transition state, 

hydrogen addition loses the smallest amount of entropy from the viewpoint of mass.  

Hydrogen has the least steric hinderance and its 1s orbital has a tendency to form the 

strongest covalent bond, leading to the largest amount of enthalpy gain.  Therefore, among 

all possible addition reactions, hydrogen addition is the one most easily formed. Because our 

calculations predict that hydrogen addition is unfavorable, it can be concluded that addition 

of any other uni-radical to unsaturated carbon under the gas-phase conditions typical of 

diamond growth is unfavorable.  
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To explore the validity of the unfavorable H atom addition as well as its extension to 

combustion chemistry, we made following comparisons.  Westbrook and Dryer suggested a 

255-reaction model of hydrocarbon combustion for T>1000K9.  All reactions in their model 

were carefully validated by comparison with data from a wide range of experimental 

regimes.  None of the reactions considered is a uni-radical addition to unsaturated carbon.   In 

some other gas-phase models, either H or uni-radical addition reactions can be found for 

T>1000K.   However, neither direct experimental evidence nor a fundamental explanation is 

available for the model validation. 

The concept of unfavorable H atom addition can significantly reduce the workload to 

design and evaluate a model of gas-phase kinetics.  The following subsection applies this 

idea to analyze the conversion kinetics of methane to acetylene. 

 

8.4.2.5. Addition or abstraction: competing kinetics for diamond film growth 

The forgoing discussions on specific reactions demonstrate the following: 

• Under typical FA-CVD conditions it is the rotational entropy, although its 

magnitude is small, that makes the abstraction reactions (a), (b) and (d) 

proceed in the forward direction. In contrast, the enthalpy contribution to the 

rate constant for reaction (f) is larger than the rotational entropy contribution; 

therefore the reverse direction is preferred for this abstraction reaction.  

• It is the translational entropy that makes −β hydrogen elimination overwhelm 

addition at high temperatures.   

To understand the gas-phase kinetics for the conversion of methane to acetylene in diamond 

film growth, the relevant reactions need to be studied together as a system. 
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A hydrogen atom that collides with an unsaturated hydrocarbon species has two 

major reaction channels: addition or abstraction. Although addition is energetically 

preferable, the data plotted in Fig.8.1 suggests that when the temperature is higher than about 

500K, kinetic effects cause net H atom addition to unsaturated carbon species to be 

negligible. At high temperatures, the rate for H atom addition greatly slows down due to the 

decrease of translational entropy, which effectively drives a hydrogen atom back off the 

molecule after the addition. These two processes of addition and −β hydrogen elimination 

can continue, leaving the surplus unsaturated molecules to react via the slightly less probable 

abstraction reaction. The radical species after abstraction can lose an additional hydrogen 

atom via −β hydrogen elimination, a process that can continue until acetylene is formed. 

Hence, while hydrogen atom addition may be energetically favorable, −β hydrogen 

elimination reactions maintain unsaturated species in the gas phase long enough for hydrogen 

abstraction to drive the system toward acetylene. This system kinetics of entropy limitations 

can be expressed in terms of elementary reactions as 
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HCHCH
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HCHCH      (8.12) 

and  
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The H kinetics of the conversion can be summarized as follows.  Although the addition 

reaction is faster than abstraction, abstraction readily occurs for sp2 C-H bonds because the 

product of the addition reaction is relatively short-lived due to the −β hydrogen elimination 

reaction. 
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Based on entropy limitations, Eqs.(8.12) and (8.13), the following elementary 

reactions can be extracted from Eqs.(8.2.a-f) to explain the conversion of methane to 

acetylene as observed under typical diamond HF CVD conditions1 

HCH 4+   CH 23 H+ ,               (8.14a) 

•+• 33 CHCH                     (8.14b) 33CHCH

HCHCH 33 +  CH 223 HCH + ,                       (8.14c) 

32CHCH        HCHCH 22 += ,                      (8.14d) 

HCHCH 22 +=  CH 22 HCH +=                        (8.14e) 

CHCH 2 =  ≡ CH +CH H                                      (8.14f) 

Reaction (8.14.b) is a process of radical recombination that is preferable because the energy 

gain by C-C bond formation (>80kcal/mole) is larger than the entropy loss ~50kcal/mol 

(estimated by Fig.8.6).   

The relatively small forward rates for the abstraction reactions, (14.a), (14.c) and 

(14.e), are greatly enhanced by the large rates of the successive reactions Eq. (8.14b) (radical 

association) and Eqs. (8.14d) and (8.14.f), −β hydrogen elimination.  Therefore the large 

rates for these reactions establish the irreversibility of the conversion CH4 C2H2 at high 

temperatures, and the overall rate limiting steps are the abstraction reactions, (14a), (14.c) 

and (14.e). This relationship between rate limiting and irreversibility steps had not previously 

been established.  

Butler and Woodin13 gave a generic series of elementary processes for converting 

between CH4 and C2H2.  Eqs.(8.14a-f) are basically the forward reactions of this series.  Our 

analysis on the system kinetics indicates that the reactions in the backward direction are not 

kinetically preferable at high temperatures.  
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8.4.2.6. Entropy limitation on H atom addition to graphite 

Our entropy analysis of rate constants for reactions (8.2.a-f) results in an interesting 

result of unfavorable H atom addition to gaseous unsaturated carbon for T>1000K.  This 

result can be further extended as the unfavorable addition of any uni-radical to gaseous 

unsaturated carbon.  Furthermore, this conclusion can be extended from the gas phase to the 

substrate surface to shed some light on the mechanism of etching graphite.   This corollary 

can be deduced through a study of the reaction Gibbs free energy change, , for 

gaseous H atom addition to a surface sp/sp

)T(Go
s∆

2 hybrid carbon atoms30. 

)T(Go
s∆  is dominantly contributed from sE∆  and .  We use similar notations 

,  and  for the corresponding cases in the gas phase.   For the 

contribution from energy part we first have 

)T(So
s∆

) gE∆T(Go
g∆ )T(So

g∆

sg EE ∆<∆        (8.15) 

To reach this point, let us compare the gaseous reaction 

3242 CHCHHCH −•→+     (8.16.a) 

with the corresponding gaseous surface reaction 














−−
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→=−+
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22d

3d

2d

HCCHC

CHCHC

CHCHCH    (8.16.b) 

The initial state energy for (8.16.b) is higher than that for (8.16.a) because 2CHCH =− is 

bound on the surface and is not able to freely relax.  For the same reason, the final state 

energy for (8.16.b) is also higher than that for (8.16.a).  In addition the energy increase in the 

(8.16.b) final state is larger than that in the initial state due to a stereochemistry effect.  Note 
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that the stereochemistry effect here is determined by the interaction between surface and the 

adsorbed species.  The adsorbed species in the final state has a larger stereochemical 

repulsion against the surface because its size is larger due to an additional hydrogen atom. 

 In addition, we also have 

)T(S)T(S o
s

o
g ∆>∆  .     (8.17) 
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where vE  is the average vibrational energy change for 1v =∆ .  We assume the value of the 

energy change is the same for gaseous species and an adsorbed species at any fixed 

temperature.   

 Combining (8.15) and (8.17), we obtain 

)T(G)T(G o
s

o
g ∆<∆       (8.18) 
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Because H atoms do not add to sp2 carbon in the gas phase, the relevant reaction satisfies 

.  Eq.(8.18) indicates that such an H atom is also not able to add to a surface 

sp

0)T(G o
g >∆

2 carbon.  

 Eq.(8.18) suggests that an H atom is not able to add to unsaturated carbon on the 

surface under high temperature conditions.  This explains the reason that acetylene is the 

only product in an experiment done by Balooch and Olander in which graphite was 

hydrogenated29.   

Similar to that discussed in Sec 8.4.2.4, Eq.(8.18) is also applicable to the case of the 

addition of unsaturated carbon species to uni-radicals on the surface or uni-radical addition to 

unsaturated carbon on the surface.  One such an example is the addition of acetylene to a 

surface radical as investigated by Harris and Belton for diamond growth31.  They suggested 

that the addition reaction is not preferable due to a loss of translational entropy.  This 

conclusion is in accord with our result of an unfavorable addition mechanism.   

The unfavorable addition mechanism of H atoms excludes their contribution to 

etching graphite through an addition reaction30.  It is common to find H addition reactions in 

numerical simulation models for diamond film growth.  Carefully tracking the evidence that 

supports the model design indicates that there are either no supporting explanations or 

references.  The references provide original kinetic data for H addition measured at low 

temperature, but they are unfortunately employed under high temperature conditions in 

theoretical models.  The unfavorable addition mechanism of H atoms does not exclude its 

contribution to etching graphite via other mechanisms, such as creating surface radicals to 

promote β-scission reactions.   

 



Chapter 8  Excited H2 Chemistry:  Forming CH3 and π-bond breaking                        208 

8.4.3. Conversion of acetylene to methane 

One of the frequently asked questions regarding the growth of diamond is “how does an 

sp2 bond convert to an sp3 bond at low pressure?”  This is the central issue to be addressed in 

studying the conversion of acetylene to methane.   There seems no solution in terms of 

ground state chemistry.  The conversion is a process of species number decreasing due to �-

bond breaking.  It is inevitable that this process is limited through entropy effects at high 

temperature.   

To break π-bonds, entropy effects must be balanced.  For this reason theoretical modeling 

usually applies  

H'RCHHCRH'RCHCHR 32222 +−−−→+−=−
•

 (8.19) 

instead of straightforward H2 addition.  However, the stability of the transition state 

determines the reaction rate.  The two share the same transition state as that for reaction 

(8.4.b) shown in Fig.8.8. 

 

Fig.8.8  Transition state of reaction (8.4.b) 

In ground state chemistry the energy barrier for the forward reaction, 95.3kcal/mole, is 

significantly higher than that for H atom addition.  This is the fundamental reason that 

straightforward H2 addition is not included in theoretical modeling in combustion chemistry, 
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nor in diamond gas phase modeling.  The same energetic difficulty also exists in reaction 

(8.19) 

Rovibrationally excited H2 addition to a π-bond provides a likely solution.  The barrier 

height is lowered because of the increase in the initial state energy.  The increasing rate is 

about 10 kcal/mol per ∆v = 1.  This solution is valid for the diamond gas phase where excited 

H2 exists due to the existence of supersaturated H atoms.   

Based on this idea of excited H2 chemistry, this section focuses on the conditions for 

acetylene conversion to methane and its significance to diamond film growth conditions. 

 

8.4.3.1. π -bond breaking condition in a diamond film growth environment 

In the excited state chemistry of H2, π-bond breaking is dependent on diamond film 

growth parameters, filament temperature, substrate temperature and pressure, as well as 

hydrogen concentration.  The connection between these conditions and the chemistry is 

through the Gibbs free energy and metastable structure.   

Gibbs free energy favors a high excitation of H2.  The higher the excited state energy, the 

more negative the reaction Gibbs free energy change.  Fig.8.4 indicates that for a negative 

Gibbs free energy change, H2 must be in a vibration quantum state of v > 2.   

The extent of H2 excitation is determined by the metastable structure as demonstrated in 

Fig.4.12.  The lower the temperature, the higher the H2 can be excited.  The figure indicates 

that without considering a hot filament effect, a state of v>2 is stable only if T<1700K.   

The meaning of T<1700K needs to be clarified in terms of filament temperature and gas 

phase temperature.  Toward this end we first need to see the filament effect on excited H2 
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concentration.  Fig.8.9 provides our calculation of the effect of the hot filament on H2 

excitation at 22.5 torr. 
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Fig.8.9  Hot filament effect on gaseous H2 concentration at gas phase temperature in 

[0,3], [1,1], [2,1], and [3,1] states. 

 

π-bond breaking requires a high mole fraction of H2 | v ≥ 2 >.  High filament temperature 

favors such a requirement.  An interesting question is “what is the location of these 

concentrations?” “Are they between filament and substrate?”  Calculations demonstrated in 

Fig.8.10 are designed to answer these questions.   
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Fig. 8.10  Concentration distributions of H2|v,1> species in [v,1] states as function of 

both Tg and Tf. 

 

Plotted in Fig. 8.10 is the calculated mole fraction as a function of gas phase temperature.  

The explicitly marked data points in each curve represent filament temperatures exactly 

corresponding to those in Fig.8.9.  Fig.8.10 indicates that those states between |2,1> and 

|3,1> are effective reactants responsible for acetylene conversion to methane.   

The meaning of H2 concentration in Fig.8.10 is further clarified in Fig.8.11.  It is the 

concentration as a function of gas phase temperature at fixed filament temperature, 2400K.  
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Data points from right to left are |0,1>, |0,3>, |0,5>, |0,7>, |0,9>, |1,1>, |1,3>, |1,5>, |1,7>, 

|1,9>, |2,1>, …,|5,7> states. The following can be concluded: 

• At point |0,1>, the dominant species are H2|0,1> and H atoms.  Other excited 

H2 species are chemically unstable and the corresponding concentrations are 

small.   

• At point |0,3>, the dominant species are H2 |0,1>, H2 |0,3> and H atoms.  

Other excited H2 species are chemically unstable and the corresponding 

concentrations are small.   

• At point |2,1>, the dominant species are H2 |0,1>, H2 |0,3>,…, H2 |2,1> and H 

atoms.  Other excited H2 species are chemically unstable and the 

corresponding concentrations are small.  H2 |2,1> is the only species that is 

able to add to sp2 carbon. 

• At point |2,3>, the dominant species are H2 |0,1>, H2 |0,3>,…, H2 |2,3> and H 

atoms.  Other excited H2 species are chemically unstable and the 

corresponding concentrations are small.  H2 |2,1> and H2 |2,3> are the species 

that are able to add to sp2 carbon. 

Figs.8.9-11 resolve these issues if excited H2 is able to add to C-C double or triple bonds.  

A remaining question is if the reaction rate is sufficiently fast.   
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Fig.8.11 Excited and active H2 distribution vs Tg at fixed Tf = 2400K and P = 22.5 torr 
 

Fig. 8.12 is our calculation regarding the reaction rate problem.  In the figure, we 

compare the rate constants of the rate limiting steps, reaction (8.2.d) and (8.4.b).  The blue 

curves are calculated rate constants for (8.2.d).  The black curve is the calculated rate 

constant for the reverse direction for (8.4.b).  The red curves are for (8.4.b) for forward 

reactions.  Fig.8.12 indicates that the reaction rates of the two are the same order of 

magnitude around 1200K, a typical gas phase temperature in the vicinity of the substrate.  

In summary, rovibrationally excited H2 addition is proposed as the mechanism of 

homogeneous acetylene conversion to methane in the gas phase.  Theoretical evidence 

supporting this mechanism includes the reaction Gibb’s free energy change, non-equilibrium 

stability requirements and reaction rates.  This mechanism agrees with REMPI measurement 
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made by the Ashfold research group at University of Bristol of a striking similarity of methyl 

concentration profile between the input CH4/H2 and the input C2H2/H2
2, 3.  
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Fig.8.12 Rate constant comparisons for reactions (8.2) and (8.4).  H2 addition rates (red 

curve) are greater than the reverse rates (black curve) at T ~ 1000 K and are 
comparable with (8.2.d) 

 

8.4.3.2. A short explanation of CH3 formation  

Methyl radical formation from acetylene is closely related to ethane production.  

Reaction (8.4.) is a completed mechanism regarding this issue because methyl is ready to 

form upon completion of reaction (8.4.b).  This can be understood in terms of a Gibbs free 

energy change.  (8.4.b) breaks one H2 σ-bond and one C-C π-bond, costing 104+66 = 170 

kcal/mol.  The reaction forms two C-H σ-bonds, gaining 2×104 = 208 kcal/mol.  The net 

energy gain for the initial state of C2H6 cleavage is 38 kcal/mol.  Based on Fig.8.6, the 

contribution of translational and rotational entropy to the Gibbs’ free energy decrease is at 
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least 200kJ/mol = 47.8 kcal/mol at 1000 K, leading to a final state Gibbs’ free energy 

decreasing.  Because the C-C bond energy of C2H6 is 88 kcal/mol, the net energy barrier for 

the cleavage is less than 88-47.8-38 = 2.2 kcal/mol.   

 

8.4.3.3. A short discussion on graphite etching 

The essence of graphite etching is π-bond breaking on the surface. π-bond breaking 

through well-known radical addition reactions is an entropy forbidden process at high 

temperatures, such as those typical for diamond film growth.  The entropy effect is valid both 

in the gas phase and on the surface.   

In a supersaturated H atom environment, rovibrationally excited H2 is the next 

candidate as a reactant to etch graphite after exclusion of H atoms through an addition 

mechanism.  Following our analysis presented in Sec.8.4.2.6, the addition of H2 to a double 

C-C bond on the surface will be harder than that in the gas phase, suggesting the existence of 

some etching mechanism other than straightforward addition.  Our mechanisms for methane-

acetylene inter-conversion provide a completed description about the gas phase environment 

in which graphite etching occurs on the surface. 
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Appendix A.   Standard Gibbs Free Energy. 

     The equilibrium constant between the transition state and initial state is required to 

calculate the kinetic constant by transition state theory.   This involves defining the standard 

Gibbs free energy in terms of pressure, concentration and particle number.  To clarify, the 

relationship among them are specified as follows.  Because 19 
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Gibbs free energy can be expressed in terms of standard Gibbs free energy in a uniform 

format as  
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where 

iv  is the volume occupied by single species  under partial pressure . i iP

iN  is the number of species i  that are in the container of volume V . 

ic  is the particle number concentration of species  i

 

     Correspondingly, the remaining part of the standard entropy after a cancellation with 

enthalpy is  
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     To transform from one standard to another, we need: 
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Because c , the relationships among equilibrium constants are V/N)kT/(P ==

( )
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where  V  for the reaction  ...)ba(...)dc(V ++−++=∆
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Appendix B.  Transition State Theory 

     Transition state theory assumes that each particle in its transition state can reach its final 

state after one period of the thermal De Broglie vibration .   Therefore Tk/h B
14, 15: 
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The expression in  form was used in this work for convenience to compare with other 

published work.  
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