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A simplified model of a direct current arcjet-assisted diamond chemical vapor deposition

reactor is presented. The model is based upon detailed theoretical analysis of the transport

and chemical processes occurring during diamond deposition, and is formulated to

yield closed-form solutions for diamond growth rate, defect density, and heat flux to

the substrate. In a direct current arcjet reactor there is a natural division of the physical

system into four characteristic domains: plasma torch, free stream, boundary layer,

and surface, leading to the development of simplified thermodynamic, transport, and

chemical kinetic models for each of the four regions. The models for these four regions

are linked to form a single unified model. For a relatively wide range of reactor operating

conditions, this simplified model yields results that are in good quantitative agreement

with stagnation flow models containing detailed multicomponent transport and chemical

kinetics. However, in contrast to the detailed reactor models, the model presented here

executes in near real-time on a computer of modest size, and can therefore be readily

incorporated into process control models or global dynamic loop simulations.

I. INTRODUCTION

Of the high growth rate deposition technologies for

the synthesis of diamond via low-pressure (<1 atm)

chemical vapor deposition, direct current (dc) arcjet

reactor systems have been demonstrated to be extremely

robust at producing high quality, relatively large area

films.13 A number of theoretical models have been

developed for idealized straining flow,4 stagnation

flow,5 and one-dimensional boundary layers6 in dc

arcjet reactors that capture the multicomponent transport

and detailed homogeneous and heterogeneous chemical

kinetics occurring in these systems. These models in

general agree well with one another and with available

experimental data on growth rate and film quality; the

models have been employed to examine the gas-phase

chemistry leading to several potential growth species,56

and to identify operating conditions that yield maximum

diamond growth rate.5

Through continued use of these models for the

simulation of actual dc arcjet reactors and detailed

analysis of transport and chemical kinetic processes

taking place during diamond growth in these highly

convective environments,7"9 it has been demonstrated

that the dominant physics of the gas-phase and gas-

surface processes can be captured by making specific

and restrictive assumptions regarding the behavior of the

system. Although the detailed reactor models employed

to simulate dc arcjet systems provide predictive physical

insight, it is also desirable to develop simplified models

of the dc arcjet system, given the observation that

simplified models do indeed capture the essential physics

of the processes. First, the detailed reactor models are

generally very complex and difficult to set up; the ability

to obtain a converged numerical solution depends not

only on the operating conditions specified but also upon

the initial "guess" for the true solution presented to

the iterative solver. Second, these models can require

anywhere from several to tens of minutes to successfully

execute, and therefore are difficult to incorporate directly

into intelligent process control design algorithms.

The motivation of the present work is development

of a simplified physical model of the processes occur-

ring in a dc arcjet reactor, a model free of numerical

instabilities or convergence problems, and one that runs

in near real-time. The present model executes in less

than a millisecond on a fast workstation, approximately

105 times faster than the detailed numerical model.5

Given a specific set of reactor operating conditions, the

model predicts heat flux to the substrate, diamond growth

rate, and point defect fraction in the diamond phase.

The model in this work builds upon earlier analysis7-8

and is validated against detailed transport and kinetic

calculations.56

II. MODEL FORMULATION AND USE

A schematic diagram of a generic dc arcjet reactor is

illustrated in Fig. 1. In the system under study, pure H2 is

fed into the plasma torch, where it undergoes dissociation
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FIG. 1. Schematic diagram of the plasma torch/substrate configura-

tion. The system is divided into four submodels: plasma torch, free

stream, boundary layer, and surface.

due to the high temperature and through interaction with

the plasma. Although the analysis presented below is

based upon the presumption that the torch feed gas is

pure H2, it would be straightforward to extend this theory

to systems containing unreactive gases such as Ar.9 The

high-velocity jet issuing from the plasma torch is mixed

with a hydrocarbon, CH4 in this study, and sometimes

a stream of H2, and directed toward a temperature-

controlled deposition surface, which is located a distance

L away from the plasma torch exit orifice. Injecting

H2 downstream of the exit orifice provides independent

control of gas temperature and composition, and can be

used as the mechanism for delivery of the hydrocarbon

into the system.' The average velocity of the gas exiting

the torch is given by U* = jhnJ(pAs), where mH2 lS

the mass flow rate of H2 through the torch, p is the gas

density, and As is the cross-sectional area of the exit

orifice. Due to the relatively low pressures considered in

this study (P «£ 60 Torr), the H and H2 concentrations

remain nearly constant in the free stream during transit to

the surface. The single-carbon species rapidly equilibrate

themselves subject to the H and H2 concentrations, and

undergo partial conversion to the thermodynamically

favored species, C2H2. Only when the gas gets very

close to the substrate, usually within 0.5 cm, does the

H atom concentration change, dropping rapidly through

a boundary layer due to heterogeneous destruction at

the substrate. At the substrate deposition reactions of

the hydrocarbon species occur, leading to the growth

of diamond, as well as the formation of possible lattice

imperfections.

The natural division of the physical system into four

characteristic domains: plasma torch, free stream, bound-

ary layer, and surface, led to the development of sim-

plified thermodynamic, transport, and chemical kinetic

models for each of the four regions. In Sees. II. A-II . D

these models are presented, and representative calcula-

tions are carried out using them.

A. Plasma torch

The complexity of the physical processes occurring

inside a dc plasma torch preclude the formulation of

a comprehensive, tractable model describing the details

of the hydrodynamics, chemical kinetics, and charged

species interactions. However, it is possible to relate

a plasma torch model to diamond deposition, without

having to know the details of the torch processes; it

is sufficient to specify the conditions (temperature and

composition) of the gas mixture leaving the torch given

knowledge of the input parameters to the torch (H2 feed

rate and power). Because electron densities are typically

low in dc arcjet systems, it is reasonable to assume that

the only species leaving the plasma torch are H and H2.

And by making one further assumption it is possible to

construct a simple thermodynamic model representing

the plasma torch.

The thermodynamic model, represented schemati-

cally in Fig. 2, is based upon the treatment of the

plasma torch as a well-mixed, steady, open-flow system.

The actual energy input to the system through the arc

discharge is modeled as a heat flux into the system.

This assumption is not rigorously correct because the

actual discharge is a volumetric energy source that will

be represented as a heat flux into the plasma torch; that

is, the heat transfer into the system actually occurs within

the plasma torch itself (from the arc discharge), but this

heat input will be modeled as if it were transported across

the boundaries of the torch.

out '

+ H

FIG. 2. Schematic diagram illustrating the thermodynamic model

utilized to describe the gas heatup and H2 dissociation occurring in

the plasma torch.
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The plasma torch model is constructed such that the

outlet temperature of the gas mixture, Tout, is specified,

as is the power input to the plasma torch, Q. The

thermodynamic model will then predict the necessary

molar flow rate of H2 input to the plasma torch, nin,

and the degree of dissociation of H2 occurring in the

torch (represented by the molar flow rates of H and H2

out of the torch, hH and raH2). Because there are two

unknown quantities in this system, it is convenient to

impose as mathematical constraints the first and second

laws of thermodynamics. For this steady, open system,

it is reasonable to neglect kinetic and potential energy

changes of the gas flowing through the torch because

they account for less than 1% of the total energy, and

the first law of thermodynamics reduces to

^ o u t ^ o u t " i n W i n > (1)

where Hom and Hm are the molar enthalpies of the gas

mixture leaving the torch and the H2 flowing into the

torch, respectively, and nout = nH + nHz. Assuming that

the gas mixture leaving the torch is ideal, the mixture

molar enthalpy can be computed as the sum of the

pure-species molar enthalpies:

where xH is the mole fraction of H in the binary mixture

exiting the plasma torch. A mass balance on the plasma

torch yields a link between the outlet total molar flow

rate and the inlet molar flow rate of H2,

2 -
" " i n - (3)

Substituting (3) and (2) into (1), an expression is

obtained containing the two unknown quantities, xH

and h-m:

Q =
2oJ

I — A H

n i n - Hinhm.

(4)

Application of the second law of thermodynamics to this

steady, open flow system yields

Q
~"~ (5)

where Sgen is the total molar rate of entropy generation

within the plasma torch due to irreversibility, and 50ut is

the molar entropy of the mixture leaving the torch. For

an ideal gas mixture,

- R[xn

X H 2 (6)

where P is the total pressure, P; is the partial pressure of

species i, and P a t m is atmospheric pressure. The quantity

Tq is the temperature at which heat is transferred into

the system, and is taken to be the average of the arc

temperature and the mean gas temperature at the torch

exit. The entropy generation rate is evaluated as

= f vsdV, (7)

with &s defined to be the local volumetric entropy

generation rate. For a nonisothermal flow system where

Fourier's law of heat conduction and Newton's law of

viscosity are both valid, the volumetric entropy genera-

tion rate is
10

(8)

where A and /JL are the mixture thermal conductivity and

dynamic viscosity, respectively, and

dXj 3
(9)

In (9), Vi are the components of the velocity vector v,

and Sij is the index representation of the identity tensor,

such that Stj = 1 when i = j and 0 otherwise.

Although the environment inside the plasma torch

is highly convective and extremely energetic, a very

small error is introduced if Sgen is neglected in Eq. (5).

Order of magnitude analysis of Eqs. (8) and (9) at

torch operating temperatures of 3000, 5000, and 8000 K,

and h-m = 0.10 to 0.25 mole/s indicate that (i) the

contribution to Sgen from the first term in (8) is less

than 2% of the magnitude of the expression (50Utn0Ut —

5in«in) in Eq. (5) for temperature changes as high as

8000 K over distances as small as 0.1 cm, that is,

for temperature gradients as high as 8 X 104 K/cm;

and (ii) the contribution to ĝen from the second term

in (8) is less than 0.1% of the magnitude of the ex-

pression (Soutnout -• SinWin) in Eq. (5) for axial, radial,

and azimuthal velocity changes as high as 105 cm/s

over distances as small as 0.1 cm, that is, for velocity

gradients as high as 106 s"1. Based upon this analysis,

Sgen is dropped from (5) in subsequent use of the model.

Equations (4) and (5) comprise a set of two inde-

pendent equations that can be used to solve for two un-

knowns. Because of the transcendental nature of Eq. (6),

the system must be solved iteratively. It was found in

tests of this model that a Newton's method formula-

tion converged within four iterations; and convergence

behavior was not strongly dependent upon the initial

guesses for the two unknowns.

Characteristic examples of predictions of the arc-

jet model are given here. Figure 3 shows that the
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FIG. 3. Torch model prediction of the amount of inlet hydrogen

required to produce a 2500 K, 30 Torr H-H2 mixture, as a function

of arcjet power.

amount of H2 flux into the arcjet increases linearly

with torch power, for a specified (fixed) temperature of

the gas exiting the arcjet, and fixed total pressure. The

fractional dissociation of H2 remains virtually constant

over the range of conditions in Fig. 3. The hydrogen

dissociation fraction is a strong function of the exit-gas

temperature, as illustrated in Fig. 4(a). For fixed arcjet

power, the fractional dissociation of H2 drops as the gas

exit temperature increases; this is because more energy

goes into heating the gas from its inlet temperature, at

the expense of the energy available to dissociate the

molecular hydrogen. In Fig. 4(a) the arcjet power and

exit temperature, Jout, are specified, and the flow rate

of H2 into the torch and mole fraction of H leaving

the torch are computed such that Eqs. (4) and (5) are

satisfied. For the conditions shown in Fig. 4(a), energy

conservation dictates that the amount of H leaving the

torch may not coincide with the concentration it would

attain if it were at chemical equilibrium at the torch exit

temperature and pressure.

The torch model may be reformulated such that it

is assumed that H and H2 reach chemical equilibrium

at the torch exit conditions for fixed inlet H2 flow

and torch power is then computed so that the first

law is satisfied. As an example of this reformulation,

a reactor pressure of 30 Torr is assumed, and xH and

Q are computed. As shown in Fig. 4(b), both of these

quantities increase dramatically as Tout increases; by

assuming that an increased exit temperature is achieved

and that the mixture reaches chemical equilibrium, a

0.00-

1.0-1

1 1 I I I I I I

2000 2200 2400 2600 2800 3000 3200 3400

Arcjet Exit Temperature (K)

(a)

j I

o.o- - 0
\ i r I i i i

2000 2200 2400 2600 2800 3000 3200 3400

Arcjet Exit Temperature (K)

(b)

FIG. 4. Torch model predictions of (a) the fraction of the gas jet

leaving a 25 kW plasma torch as atomic hydrogen, the remainder

being H2, as a function of desired gas temperature; (b) the fraction of

gas leaving a plasma torch as atomic hydrogen and the torch power

required to achieve this degree of dissociation, for fixed inlet H2 flow

rate, as a function of desired gas temperature.

greater demand for energy (torch power) is required. The

reformulated arc model is not realistic in the sense that

it doesn't properly account for where the energy goes in

the system—the model forces exactly the right amount

of energy to go into dissociation such that chemical

equilibrium is achieved at the exit conditions. The model

represented by Eqs. (4) and (5) allows energy to go
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into heating and dissociation in the right combination

such that the first and second laws are obeyed. For

rout < 2600 K the arc model results of Fig. 4(a) yield a

superequihbrium of H (greater than chemical equilibrium

at rout and P), while for Tout > 2600 the model predicts

subequilibrium concentrations of H in the free stream.

This particular transition at 2600 K between sub- and

superequilibrium H is a consequence of the torch power

used in that calculation, 25 kW. This temperature would

change for a different torch power. For a fixed torch

power this transition must occur because as the desired

exit temperature is increased more of the input energy

goes into gas heating, and consequently less of this

energy can go into H2 dissociation.

B. Free stream region

The free stream region, the portion of the sys-

tem between the plasma torch exit and the top of

the boundary layer, is characterized by a high-velocity,

moderately high Reynolds number (100 s£ Re =£ 300)

flow. Although the jet issuing from the plasma torch has

a high velocity, typically between 5 X 104 and 3 X

105 cm/s, the flow is laminar because of the moderate

reactor pressures and high gas temperatures utilized in

these systems. In this work, reactor pressures rang-

ing from 5 to 60 Torr are considered; in this range

the free stream flow is subsonic, with Mach numbers

significantly below unity. At pressures lower than ap-

proximately 5 Torr, however, a significant portion of the

flow region may be trans- or supersonic, with multiple

transverse and oblique shocks present. While the model

presented in this section for the free stream region does

not capture the details of the hydrodynamics, it does

rely on the assumption that the flow is incompressible,

such that the speed of sound is infinite and the pres-

sure is therefore uniform. Thus, there is no provision

in the analysis for pressure, density, or temperature

discontinuities.

The free stream model is based upon the knowledge

that, as a consequence of the known hydrocarbon

combustion kinetics in the diamond system, the gas-

phase hydrocarbon species exist in a pseudo-chemical

equilibrium state in the region between the plasma torch

and the boundary layer edge. (The hydrocarbons are not

in chemical equilibrium within the thin boundary layer; a

model for this region is discussed in the next section). It

is assumed here that once the high velocity H/H2 mixture

exits the plasma torch it is rapidly mixed with an injected

CH4 feed. Although a "superequilibrium" concentration

of H is formed in the plasma torch, the relatively low

reactor pressure precludes appreciable recombination

of H during the short time the gas is in transit to the

substrate. The residence time of the gas species in the

region between plasma torch and substrate depends on

the separation distance, but, for example, for a 10 cm

gap these times vary between 40 and 200 /JLS. Once CH4

is mixed with the torch gas, pyrolysis reactions drive

the CHX species (x = 0-4) to very quickly equilibrate

around the concentrations and H and H2. Homogeneous

kinetic calculations and stagnation flow calculations4"6

indicate that the equilibration of the Cl species takes

place within 15 to 35 ytts, and that, at the lowest pressures

considered (5-10 Torr) the Cl distribution essentially

remains frozen at these values until the gas mixture

reaches the boundary layer. At higher pressures (45-

60 Torr), however, once the Cl species equilibrate

around [H] and [H2] there is significant conversion to

C2H2 and, to a lesser extent, C2H4, in the free stream

region. Therefore, the free stream model is composed of

two parts: a partial equilibrium model that predicts the

distribution of Cl species for fixed concentrations of

H and H2; and an adjustment of the equilibrium values

of the Cl manifold to account for their conversion

to C2 species.

To determine the equilibrium concentrations of the

Cl species in the free stream, a partial equilibrium

model is written involving the four hydrogen abstraction

reactions:

(Gl)

(G2)

(G3)

(G4)

H •+

H -+

H -f

H

CH 4 ^ ^

- CH 3 ^=>

• C H 2 •• ••

+ CH <̂ =>

CH3

CH2

CH -

C +

+ H2

+ H2

f H2

H2 (10)

Given the moles of the three species present at the exit of

the arcjet, h0 = nH + WH2 + «CH4> it is possible to write

expressions relating the mole fractions of all species in

(10) to the extent of reaction of each reaction, e,-:

" C H 4

n0

h0

_ 4

Wo W0

w0

Wo

(11)

In formulating (11) it is assumed that [H] and [H2]

remain frozen such that the H recombination reaction,

H + H + M <̂ => H2 + M, can be neglected. In

this analysis it is further assumed that the injected

hydrocarbon concentrations are sufficiently low that they

not significantly decrease the concentration of H through

participation in the pyrolysis reactions in (10). For the

cases considered here the hydrocarbon species make up,

at most, 1% of the mixture, and the reactions in (10)

will have only a perturbative effect on [H] and [H2]. At

equilibrium, a relationship between the mole fractions

of species (and therefore the extents of reaction) can be
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written,

« H 2 « H 2

(12)

where Kt are the equilibrium constants for the four

reactions, -RT In Kt = AG,°, and AG° is the standard

Gibbs energy change of reaction / at temperature T

and 1 atm pressure. Equation (12) comprises a linear

system for the four unknowns, the extents of reaction.

This system can be solved analytically to yield explicit

relationships for the e,, and using (11), the equilibrium

mole fractions of the Cl species, plus H and H2. Detailed

kinetic calculations were carried out using the full gas-

phase pyrolysis mechanism,11 to examine whether or not

all of the reactions listed in (10) are sufficiently fast

in both the forward and reverse directions to achieve

equilibrium. It was found that, for the values of Tou,

and P considered here, the forward and reverse rates

were fast, and the rate of progress of each reaction (the

difference between the forward and reverse rate) was

orders of magnitude smaller than either the forward or

reverse rate. Thus it is reasonable to assume that all four

of the reactions reach constrained equilibrium.

Rigorously accounting for the conversion of the

Cl species to the C2 species would require integrating

the mass-action expressions arising from the full set of

gas-phase pyrolysis reactions over the time the species

spend in the free stream region. However, since the in-

tent of this work is to develop simple models for the

dc arcjet system, it is advantageous to use experience

gained in running detailed stagnation flow simulations to

guide the formulation of a simple Cl-to-C2 conversion

model. To accomplish this objective, the SPIN computer

program12 was employed to examine arcjet deposition

over a range of pressures (5 =£ P =s 60 Torr), torch

gas exit temperatures (2000 =£ Toat ^ 3500 K), free

stream atomic hydrogen concentrations (0.05 =£ xH =£

0.4), and inlet CH4 mole fractions (0.001 =s X£H4 =s

0.03). The conclusions from these calculations were that

(i) C2H2 is by far the dominant C2 species, and only

small amounts of the higher hydrocarbons are formed

for these conditions; (ii) the conversion of Cl species to

C2H2 is maximized as pressure and H fraction are in-

creased; (iii) conversion of Cl species to C2H2 is neg-

ligible at low pressure and/or low XH; (iv) C2H2 is

thermodynamically favored over other C2 an Cl species

over the entire temperature range considered; and (v) the

impact of XCH4 on C2H2 formation is dependent on xH-

For all of the conditions considered in the SPIN calcu-

lations, a single reaction was primarily responsible for

the formation of C2H2: C+ CH3 — C2H2 + H. The

same result was obtained using two different pyrolysis

mechanisms in side-by-side comparisons.1113 There are

other CHX + CHj, reactions occurring in the free stream,

but their predicted rates of progress are all less than 20%

that of the methyl plus carbon atom reaction. There are

two basic reasons for this finding. First and foremost, for

all conditions considered CH3 and C are predicted to be

the dominant single-carbon radicals in the free stream.

When the amount of atomic hydrogen in the free stream

is less than approximately 20% of the mixture, CH3 is the

prevalent hydrocarbon species, and for atomic hydrogen

fractions greater than this, C is prevalent. Second, C2H2

is the thermodynamically favored C2 species in the free

stream region, and the reaction between carbon atom and

methyl radical produces this species directly. Reactions

producing species other than acetylene must be followed

by an addition reaction (in the case of CH and C) or

abstraction reactions. While these abstraction reactions

are faster than the CH^ + CH}, coupling reactions, they

nevertheless increase the time required to form C2H2.

Because it was found from carrying out detailed

kinetics calculations that the fractional contribution

of this reaction to Cl losses was nearly constant for

all conditions considered, a "Cl adjustment model" is

imposed on the system. This model capitalizes on the

kinetic behavior of the Cl species in the free stream:

specifically, it is assumed that the Cl species are rapidly

coupled by the hydrogen exchange reactions in (10), and

that the hydrogen exchange reactions are fast compared

to the bimolecular reactions between the carbon species.

Finally, it is assumed that the CHX (x = 0 , . . . 4) rela-

tive concentration distribution is independent of the

total amount of Cl species present. If C2H2 is formed

primarily through the reaction C + CH3 —> C2H2 +

H, then at any time the instantaneous rate of change

of [C] due to this reaction is given by d[C]/dt =

— k[C] [CH3], where the rate constant in this expression

is taken from the two pyrolysis mechanisms to have

zero activation energy and a pre-exponential A = 5 X

1013 cm3 mole*1 s"1. Because the distribution of the Cl

species is assumed independent of the total Cl con-

centration, [CH3] and [C] are related to one other

through a constant, that is, [CH3] = /3[C], where (3

depends on temperature and the ratio [H2]/[H]. Thus,

the rate of change of [C] can be written as d[C]/dt =

— /3&[C]2. If this rate equation is integrated from an

initial equilibrium concentration [C]o at time t = 0,

the following expression for [C] at arbitrary time t is

obtained:

[C]o

/3kt[C]0
(13)

The length of time that the bimolecular reaction proceeds

is TV = L/Ucc, which is the approximate residence time

of the gas mixture in the free stream, and is therefore an

1998 J. Mater. Res., Vol. 10, No. 8, Aug 1995
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estimate of the time required for the gas to travel from

the plasma torch exit to the outer edge of the boundary

layer. Here, L is the torch-substrate separation and £/„

is the mass-average velocity of the gas issuing from

the plasma torch. The amount of C2H2 formed over the

time TV is then [C2H2] = [C]o - [C]. Because the Cl

reactants in the bimolecular reaction are coupled through

the hydrogen exchange reactions, an estimate for [C]o is

obtained by assuming [C]o + [CH3]0 = [CH4]°, where

[CH4]° is the concentration of injected methane. Once

[C2H2] is known at time TV, an atom balance on carbon

results in a constraint on the total concentration of Cl

species,

and the equilibrium distribution of the Cl species may

be recomputed according to Eq. (12).

C. Boundary-layer region

The two-part free stream model described in II. B,

equilibrium distribution of the Cl species followed by an

adjustment to account for conversion to C2H2, results in a

prediction of the CHX, C2H2, H, and H2 mole fractions at

the outer edge of the boundary layer, that is, at a position

close to the substrate where a transition from convection-

dominated to diffusion-dominated transport occurs. In

the dc arcjet system there are actually three distinct

boundary layers: momentum, thermal, and concentration.

The momentum boundary layer arises because of the

sharp drop in axial velocity from the free stream value

to nearly zero at the substrate. (The velocity is not

identically zero at the surface due to the net flux of

mass onto the substrate.) Because the gas velocity is

large and little homogeneous H recombination chemistry

takes place, the temperature remains essentially constant

at rout in the free stream until the gas gets close to the

substrate; it then drops rapidly to the controlled substrate

temperature Ts. Energy transport within the boundary

layer is dominated by diffusion, and the temperature

varies nearly linearly with distance, as shown in Fig. 5.

Although [H] remains nearly constant in the free stream,

Boundary

Layer

FIG. 5. Diagram of the boundary-layer region. In this region, tem-

perature and [H] both drop sharply from their free stream values.

reactions on the diamond surface efficiently remove H

from the gas phase. The sharp drop in H concentration

between the free stream and the surface is due to its

participation in two reactions,

CH(s)

C*(s)

H

H

C*(s) + H2

CH(s)

(14)

(15)

There are other surface reactions occurring and other

surface species present beside CH(s) and C*(s), as dis-

cussed in the next section, but the reactions in (14)

and (15) dominate and these two species also dominate.

The slow rate of homogeneous H recombination and

small effect on H concentration of gas-phase reactions

of H with hydrocarbons give rise to a linear variation of

atomic hydrogen mole fraction with distance. The atomic

hydrogen profile in the boundary layer is also depicted

in Fig. 5.

Hydrodynamic theory provides a means of pre-

dicting the thicknesses of the three boundary layers

present at the surface. The thicknesses of the momentum,

thermal, and atomic hydrogen boundary layers, denoted

as Sv, 8T, and 8H, respectively can be approximated by

= 2.8T =
V tVoo V u°°

(16)

In Eq. (16), v = /a/p is the kinematic viscosity of

the gas mixture, a = A/(pCp) is the mixture thermal

diffusivity, and 2) H ,H 2 is the binary diffusion coefficient

of H in H2; L is a characteristic reactor length scale,

as described at the beginning of the section. Strictly

speaking, the atomic hydrogen boundary-layer thickness

depends on the mixture diffusion coefficient for H,

DH,m» but since H2 is present is such large quantity rela-

tive to all other species in the system, DH ,m ~ 2^H,H2-

Thus, given knowledge of the flow rate of H2 passing

though the plasma torch (this quantity is solved for in the

plasma torch model), and the temperature and pressure

of the gas in the free stream, it is possible to obtain

an a priori estimate of the boundary-layer thicknesses in

the arcjet reactor. As with many gaseous systems, the

three boundary-layer thicknesses are comparable in mag-

nitude because the Schmidt (Sc = U / 2 } H , H 2 ) and Lewis

(Le = a/2}H,H2) numbers are not too far removed from

unity.14 For conditions considered here, Sc ~ 0.55, Le ~

0.76, and thus 8V/8H « 0.75 and 8T/8H « 0.9.

Once values of 8T and <5H are known it is possible

to obtain accurate predictions for the heat and atomic

hydrogen fluxes to the surface. Assuming that diffusive

transport of energy and mass dominate convective trans-

port in the boundary layer (a reasonable assumption in

these systems because growth rate is so slow, and Stefan

velocity at the surface is orders of magnitude smaller

than the free stream velocity), it's possible to obtain
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analytical expressions for these two fluxes. The heat flux

to the surface is

<7o
dz

= - A
-'out

z=0

(17)

where A is the thermal conductivity of the gas mixture.

The difference expression on the right-hand side of (17)

is an identity if the temperature profile in the boundary

layer is linear and the thermal conductivity is constant.

Similarly, the molar flux of atomic hydrogen to the

substrate is given by

= - C D H . H ,
z=0

(18)

where c is the mixture concentration. Again, the finite

difference expression on the right-hand side of (18) is

an identity if the atomic hydrogen mole fraction profile

is linear in the boundary layer. In (17) and (18) the

transport properties, A and CDH,H->> a re evaluated at the

midpoints of the thermal and concentration boundary

layers in this simplified treatment. [These parameters are

evaluated at the midpoint because the expressions in (17)

and (18) are equivalent to second-order, centered finite

difference approximations for the derivatives.] Because

there is no net accumulation of gas-phase H at the

surface, a mass balance at the surface provides a link

between the flux of H to the surface and its rate of

disappearance due to Eqs. (14) and (15):

NHo = -*,[CH(s)][H] - *2[C*(s)][H]. (19)

Assuming the surface is at steady state, the concentra-

tions of the two surface species can be related to one

another,

(20)

and to the total site density T, such that [C*(s)] ~ T -

[CH(s)]. The relationships among [CH(s)], [C*(s)J, and

F can be substituted into Eq. (19) to yield

(21)

where c is the total concentration of all gas-phase

species, and x^ represents the gas-phase mole fraction

of H at the substrate. Finally, equating (21) and (18), an

expression describing the drop in atomic hydrogen mole

fraction across the boundary layer is obtained:

or,

where

jfci + k2 B H , H 2 '

1

Daeff =

1 + Daeff '

r\ j i TO

2kik2 1SB

t, + k2 £>H H2

(22)

(23)

is the effective Damkohler number for atomic hydrogen

in this 'system.8 This dimensionless parameter provides a

measure of the ratio of the rate of destruction of H at the

surface by heterogeneous reaction to the rate of delivery

of H to the surface by mass diffusion. For Daeff > 1,

mass transfer cannot keep up with the rate at which H

reacts with the surface and the system becomes mass-

transfer limited. Conversely, when Daeff < 1 the surface

reactions (14) and (15) are slow relative to the rate at

which H diffuses to the surface, and the system becomes

kinetics limited.

The expressions in (17) and (18) have been applied

to predict the fluxes of heat and atomic hydrogen to

the surface for four different operating conditions, and

these have been tabulated with results obtained from

a stagnation flow model, SPIN, as shown in Table I.

Values of Daeff from Eq. (23) are also listed in the table;

as can be seen, even in a highly convective reactor

such as the one modeled here, the system is slightly

TABLE I. Predicted values of boundary-layer thicknesses and atomic hydrogen flux and heat flux to the substrate from the full stagnation

flow model (SPIN)12 and the model developed in the current work; and predicted values of the effective Damkohler number for H atom

loss. Full profiles for these cases are shown in Fig. 7.

30 Torr, 2500 K,

0.1% CH4

30 Torr, 2500 K,

1.1% CH4

10 Torr, 2500 K,

0.1% CH4

30 Torr, 3000 K,

0.1% CH4

SPIN

Present work

SPIN

Prsent work

SPIN

Present work

SPIN

Present work

Boundary-layer

SH (cm)

0.39

0.41

0.43

0.41

0.60

0.60

0.38

0.37

thickness

ST (cm)

0.32

0.35

0.32

0.35

0.50

0.51

0.33

0.31

Predicted

H (g cm~2 s"1)

1.35 X 10~4

1.48 X 10~4

1.17 X 10~4

1.33 X 10"4

8.13 X 10"5

8.37 X 10"5

5.98 X 10"5

6.11 X 10~5

flux to substrate

Heat (W cm"2)

39.1

39.3

39.4

39.5

27.8

27.2

67.4

66.5

Da eff

5.3

5.3

2.6

3.8
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mass-transfer limited in atomic hydrogen, although not

to as great an extent as in hot-filament, microwave, or

atmospheric combustion systems. The thermal and con-

centration boundary-layer thicknesses appearing in (17)

and (18) were computed using Eq. (16). The boundary-

layer thicknesses for the SPIN calculations were taken

to be the distance over which temperature or H mole

fraction rose from their surface values to 95% of the

free stream values.

For the four cases listed in Table I, a 25 kW plasma

torch was employed, and conditions were chosen such

that reactor pressure, inlet CH4 fraction, and H fraction

were independently varied. The conditions correspond-

ing to each case are listed in the table and in the caption

of Fig. 7. Representative temperature profiles in the

vicinity of the surface from the analytical model and

calculated by SPIN are shown in Fig. 6, corresponding

to the conditions in the first two lines of Table I and

in Fig. 7(a). While the slopes of the temperature pro-

files shown in Fig. 6 are different, the predicted heat

fluxes are nevertheless very close to one another. The

explanation is that, although the slope of the approximate

temperature profile is less than that predicted by SPIN

within the boundary layer, the thermal conductivity

appearing in Eq. (17) is evaluated at the boundary-

layer midpoint, the heat flux predicted by SPIN, utilizing

an expression analogous to Eq. (17), involves transport

properties evaluated at the surface conditions. In other

words, the slope of the SPIN temperature profile is

higher, but its thermal conductivity is lower because it

2600-

i

0.0
I

0.1
i i i i i i r

0.2 0.3 0.4 0.5 0.6 0.7 0.8

Distance from Substrate (cm)

r
0.9

T
1.0

FIG. 6. A representative temperature profile in the vicinity of the sur-
face, corresponding to the conditions in Fig. 7(a). The dashed line
represents the SPIN calculation, while the solid line joins the free
stream and surface temperatures.

is evaluated at the surface temperature. For the same

reason, the predicted flux of H from Eq. (18) is close to

that predicted by the stagnation flow model, even though

the slope of the atomic hydrogen profile appearing in

Eq. (18) is less than that predicted by the exact result.

The surface reactions involving gas-phase hydro-

carbon species such as CH3 and C do not proceed at

a sufficiently fast rate to affect the concentrations of

these species, but the gas-phase hydrocarbon species

distributions are strongly affected by the drop in [H]

through the boundary layer and the drop in temperature.

The reduction in atomic hydrogen drives the reactions

in Eq. (10) to the left, with the reverse rates increasing

to 4 - 8 times those of the forward rates. Although

the constantly changing H concentration with position

in the boundary layer prevents the Cl species from

reaching partial equilibrium, the rapidity of the H ad-

dition reactions in Eq. (10), coupled with the finite

diffusion time (=25-50 /zs), nevertheless can result

in appreciable changes to the Cl species distributions

within this small spatial region. Thus the effects of both

finite-rate homogeneous chemistry and transport must be

accounted for within the boundary layer.

Stagnation flow calculations45 demonstrate that the

Cl species mole fraction profiles in arcjet systems are

well fit by an expression of the form x, = A, +

Bie~c'z, where A,-, Bt, and C, are constants, i refers

to each Cl species, and z = 0 corresponds to the

surface. But because <5H <§ L, a Taylor series expan-

sion of these expressions can be truncated after two

terms so that close to the surface (within the boundary

layer) the Cl mole fraction profiles are nearly linear:

Xi « (A, + Bi) - BiCtz + H.O.T.

(i = CH4 ,CH3 ,CH2 ,CH,C). (24)

Neglecting the effect of convection on hydrocarbon

species transport in the boundary layer, and taking ad-

vantage of the nearly linear profiles of these species,

a one-dimensional species conversation equation can

be written for each of the five Cl species plus C2H2,

MH2 d ( dxi

M d\ dz

MH2 d

M d:

+ M^d_

M dz

Mn2 dxi_ d_

M dz dz
MH ; d

M dz

dz

d

In T ) +

cVi,HlkTl—]nT

(25)

where <w, is the instantaneous volumetric molar

production rate of species / to the reactions in
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FIG. 7. Comparison of detailed stagnation flow calculations (dashed lines) and the results from the model developed in this work (symbols).

The straight solid lines join the adjusted equilibrium values at the boundary-layer edge with the values predicted at the surface, (a) p =

30Torr, rou t = 2500 K, 0.1% CH4 at inlet; (b) p = 30 Torr, Tout = 2500 K, 1.1% CH4 at inlet; (c) p = 10 Torr, T0M = 2500 K,

0.1% CH4 at inlet; (d) p = 30 Torr, Tout = 3000 K, 0.1% CH4 at inlet.

Eq. (10), M is the number mean molecular weight of

the mixture, and D,-,H2 and kT. are the binary diffusion

coefficient and thermal diffusion ratio, respectively, for i

in H2 (assuming that H2 is present in great excess relative

to all other gas-phase species). The term <WC2H2 m m e

conservation equation for C2H2 is set to zero in this

formulation because the Cl species are attempting to

rapidly rearrange around the local atomic hydrogen

concentration, and the rate of formation of C2 species

through bimolecular reactions is low. This assumption is

not strictly rigorous, but is a reasonable approximation

for the range of hydrocarbon and atomic hydrogen

concentrations studied here. Experience gained in simu-

lating dc arcjet systems indicates that thermal diffusion
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can contribute significantly to diffusive transport of the

hydrocarbon species within the boundary layer, and this

effect cannot in general be neglected. Equation (25) is

evaluated at the surface, and one-sided, second-order

accurate finite difference approximations are employed

for the two first derivatives in the first term. The Soret

diffusion flux term for each of the species is a function

of not only the local temperature gradient and pressure,

but also the relative amounts of each species and H2.

However, because the mole fraction of each Cl species

and C2H2 is generally less than 1%, the effect of varying

Cl and C2H2 mole fractions in the boundary layer has

a negligible effect on the magnitudes of the thermal

diffusion ratios, and kT. can therefore be evaluated for

representative values of x, and then treated as implicitly

known functions of position in the boundary layer. The

set of six algebraic equations resulting from Eq. (25) is

linear in the six unknown Cl mole fractions and C2H2

at the surface, xsCiix and XC2H2- The species production

rates in Eq. (25) depend on the forward rates of the re-

actions in Eq. (10), shown in Table II, and the reverse

rates which are computed using the free energy changes

of the reactions. The linear system can be solved exactly

to yield analytical expressions for the mole fractions of

the single-carbon species at the surface, xsCHx, and JCC2H2>

in terms of their adjusted free stream fractions, XCHX and

XC2K2, and kft, kr., <5H, xsH, xsH2, and the gradients of the

quantity C D ^ H , .

The profiles in Figs. 7 illustrate the boundary-layer

species profiles resulting from application of Eq. (25);

the dashed lines the figures are the profiles predicted

by the stagnation flow calculations, including full gas-

phase chemistry and transport. The solid lines join the

adjusted equilibrium mole fractions predicted using the

free stream model in Sec. II. B to the values resulting

from the discrete solutions to Eq. (25) for each of

the hydrocarbon species. For both the stagnation flow

calculations and the simplified model calculations, the

arcjet model of Sec. II. A was applied to predict the

mass flow rate through the plasma torch and the H: H2

distribution leaving the torch, given a specified outlet

temperature and torch power. For the stagnation flow

calculations the torch-substrate separation was chosen

TABLE II. Forward rate constants for the hydrogen abstraction reac-
tions shown in Eq. (10)."

Gl

G2

G3

G4

H +

H +
H +
H +

Reaction

CH4 <=> CH

CH3 <̂ => CH

C-rl2 *̂  >* CH

CH <^>C H

3 + H 2

2 + H 2

+ H2

- H2

0.22

0.9

0.1

0.15

4,-a

X

X

X

X

105

1014

1019

1015

bt

3

0

-1 .56

0

Ei

8,750

15,100

0

0

kfi = AiTb'e Ei/RT {At in moles, cubic centimeters, and seconds;
; in cal/mole).

to be 10 cm, and the stagnation velocity at the torch

exit was computed using the mass flow rate and a torch

orifice 3 cm in diameter. Methane was introduced into

the H-H 2 mixture at the torch exit to produce either

0.1% or 1.1% CH4 initial concentrations.

Four different cases are presented: Fig. 7(a) repre-

sents a nominal set of conditions consistent with cal-

culations done previously,5 with a reactor pressure of

30 Torr, a torch outlet temperature of 2500 K, and

0.1% CH4 at the inlet; in Fig. 7(b) the inlet CH4 has been

increased tenfold over Fig. 7(a), to 1.1%; the conditions

in Fig. 7(c) are the same as in 7(a), except that the

reactor pressure has been decreased to 10 Torr; and in

Fig. 7(d) the conditions have been modified so that the

outlet gas temperature is 3000 K, lowering the amount of

H produced in the torch, and downstream H2 has been

introduced, further lowering the free stream [H] from

15% in Figs. 7(a)-7(c) to 5% in Fig. 7(d). The in-

tent of the four plots in Fig. 7 is to investigate the

validity of applying the simplified model to a range

of inlet CH4 mole fractions, reactor pressures, and H2

dissociation fractions. In all four cases the torch power

was set at 25 kW. The boundary-layer thicknesses shown

in Figs. 7(a)-7(d), that is, the distances on the abscissa

over which the mole fractions change according to

the simplified model, are predicted using Eq. (16) and

shown in Table I. As can be seen from each of the

four plots in Fig. 7, the overall agreement between the

simplified model and the detailed stagnation calculations

is sufficiently good to validate the simplified model.

As with the temperature profile shown in Fig. 6,

the actual slopes of the H atom profiles at the surface

shown in Fig. 7 are different from the slopes resulting

from Eq. (18), even though xsn and the predicted H atom

fluxes at the surface match closely. Because the quantity

C2}H ,H2 is evaluated at the midpoint of the boundary

layer, the H profiles denoted by the solid lines in Fig. 7

reflect the average slope of the actual H profile. While the

results of Eqs. (18)-(22) can be used to predict the drop

in H through the boundary layer and subsequent flux of

H at the deposition surface, the fluxes of the hydrocarbon

species at the surface cannot be extracted from the

reduced conservation equation written in Eq. (25). The

drop in H through the boundary layer and resulting

slope at the surface is driven solely by heterogeneous

chemistry; the change in hydrocarbon mole fractions

through the boundary layer is in response to the change

in local [H], and the approximate or average slopes of

these profiles are not necessary linked to their fluxes

at the surface. In reality, the true slope of each profile

of hydrocarbon species at the surface is linked to its

flux, and this behavior is reflected by the dashed lines in

Figs. 7(a)-7(d): the overall slopes of the hydrocarbon

mole fractions through the entire boundary layer from

Eq. (25) follow the SPIN results, but the true slope of

J. Mater. Res., Vol. 10, No. 8, Aug 1995 2003



D. S. Dandy et at: A simplified analytical model of diamond growth

each hydrocarbon at the surface is determined by the

reactivity of that species with the diamond surface, and

the adjustment in slope occurs over a spatial distance

much smaller than even the boundary-layer thickness.

Thus, the simplified model can be used to predict the

change in each hydrocarbon species between the plasma

torch exit and the deposition surface, but only the

fluxes of energy and atomic hydrogen are computed via

this transport analysis. However, it is still possible to

calculate the diamond growth rate, which is done in the

next section.

D. Deposition chemistry

Much theoretical analysis has been done on the

elementary heterogeneous chemical reactions leading to

diamond deposition. There will likely never be full

agreement on the details of the process. However, it

has been found that relatively few reactions are needed

if the goal is limited to an accurate description of

deposition rates. In the spirit of the foregoing discussion,

we use the simplest possible reaction mechanism in

our reactor model which still captures the features of

interest. Specifically, earlier modeling work showed that

CH3, atomic C, or a combination of the two could be

responsible for bringing carbon to the surface in dc arcjet

systems, depending on reaction conditions. It has also

observed that, depending upon growth conditions, point

defects are incorporated into the lattice.

Goodwin has given a simplified set of surface re-

actions that can describe diamond growth rates over a

wide range of conditions.7 The reactions in his simpli-

fied mechanism are listed as numbers SI through S6 in

Table III. The four surface species listed in Table III are

CH(s), a surface carbon bonded to a hydrogen; C*(s),

a surface carbon with one dangling bond, i.e., a radical

site; CM(s), a CH3 bonded to a surface carbon atom;

and CM*(s), a CH2 group bonded to a surface carbon,

which also has one dangling bond. Two bulk species are

TABLE III. Surface reaction mechanism describing the growth of

diamond, D, and the formation of buried point defects, Pj, from

C and CH3 precursors.

Number

SI

S2

S3

S4

S5

S6

S7

S8

S9

CH(s) +

C*(s) +

C*(s) +

CM(s) -

CM(s) •+

CM*(s)

C*(s) +

CM*(s)

CM*(s)

H —

H —

CH3

Reaction

- C*(s) + H2

• CH(s)

— CM(s)

— C*(s) + CH3

H —

+ H -

C —
+ CH

+ C -

- CM*(s) + H2

—• CH(s) + H2 + D

> C*(s) + D

:3 — CM(s) + Pd + H2

— C*(s) + Pd + D + H2

2.9

1.7

3.3

1.0

2.0

4.0

3.3

7.5

7.5

* , • '

X

X

X

X

X

X

X

X

X

i

101 2

1013

101 2

104

101 2

101 3

101 2

108

10s

kt in moles, cubic centimeters, and seconds; valid at 1200 K.

included in Table III, a diamond lattice atom D, and a

lattice point defect Pd. A simplified set of reactions, such

as listed in Table III, is not intended to be mechanistically

correct in its detail, but just to capture the main features

of the CVD process. Describing the process through such

a sequence of "generic" steps also allows one to estimate

reasonable rate constants and activation energies for use

in a kinetic simulation.

Goodwin provides rate constants for reactions

S1-S5 (at 1200 K), which were set to match rates from

a variety of H-recombination experiments, molecular

dynamics simulations, an empirical fit to deposition rates

predicted by the more detailed deposition mechanism of

Harris,15 and to give an average lifetime of 100 /JLS

for surface CH3.7 (The rate constant for reaction S6

was not given explicitly by Goodwin, but was listed as

"fast." At steady state, the deposition rate is independent

of this rate constant, and so we have supplied a

value sufficiently "fast" for the simulations). As in the

mechanism presented by Goodwin, activation energies

are not supplied for this simplified heterogeneous

kinetics model—it is intended to be valid within some

small range of 1200 K. The model was tested with

7300 cal/mole activation energies for the H-abstraction

reactions (SI, S5, S6),16 and with the CH3 desorption

(S4) activation energy set to our earlier estimate of

the bond strength.5 With activation energies present the

model was in quantitative agreement with experiment

regarding the existence of a maximum growth rate with

Ts (~ 1150 K).17~19 However, the model did not correctly

capture the observed 20 kcal/mole effective activation

energy for growth for Ts < 1150 K1819; the predicted

activation energy was approximately 10 kcal/mole

too low.

Reaction S7 was included to account for deposition

from C-atoms. Earlier modeling studies of the dc arcjet

deposition system show that under certain conditions

(high Ha-dissociation fractions) C was the most abundant

carbon-containing species in the gas.5'6 Because C is a

very reactive species, its contribution to the diamond

deposition should not be neglected. The rate constant

for S7 was set equal to that of reaction S3. Goodwin has

pointed out7 that reactions SI through S6 do a good job

of reproducing measured growth rates over a wide range

of conditions. For conditions typical of the dc arcjet

reactor, Fig. 8 shows that the diamond growth rate scales

linearly with CH3 mole fraction at the surface using the

set of reactions in Table III.

Under conditions of high growth rate, defects can be

incorporated into the diamond lattice. Such defects could

be sp2 in nature, formed via a yS-bond cleavage from

unimolecular decomposition of adjacent C*(s) and CH(s)

species; Butler and Woodin20 present a simple kinetic

analysis for growth of this type of defect. They also

discuss sp3 defects, characterized by hydrogen bonded
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FIG. 8. Diamond growth rate as a function of CH3 mole fraction

using the mechanism from Table II. Other conditions for the calcu-

lation: H mole fraction = 0.02, with the remainder of the gas H2,

20 Torr total pressure, surface temperature 1200 K.

to sp3 carbons, in which subsequent layers of carbon add

to the surface before all of the surface hydrogen atoms

have been displaced through H-abstraction and C-C

bond formation reactions.20 However, no specific kinetic

scheme was suggested for formation of these defects.

Reactions S8 and S9 have been included in our

reduced surface reaction mechanism in Table III to de-

scribe "over growth" of an sp3 defect, trapping hydrogen

into the lattice. Although not to be considered elementary

reactions, S8 and S9 should nonetheless capture the im-

portant features. These reactions involve a reactive car-

bon species (either CH3 or C) reacting with the CM*(s)

species, as a competition to the diamond growth reaction

of CM*(s), reaction S6. Thus, reactions S8 and S9

will be important under conditions of high growth rate

when the concentration of carbon species becomes larger

relative to gas-phase H.

A few comments about the form of reactions S8

and S9 are in order. First, Butler and Woodin20 include

a reaction similar to S8 (except forming a surface C2H5

species) as part of a proposed mechanism for normal

diamond growth on the (110) surface. Thus, a reminder

that the reactions in Table III have to be considered

generic rather than elementary. Second, note that S8 and

S9 are first-order in the surface reactant CM*(s). We

will make comments later about the scaling of lattice-

defect formation rates with respect to the reaction order

of their creation. Finally, rate constant information is

not available for reactions S8 and S9. The value given

in Table III was set to yield defect densities in the parts-

per-million range, consistent with EPR measurements.21

For purposes of the next discussion, the set of reactions

S1-S9 will be referred to as Ml (mechanism 1).

Goodwin7 also included arguments concerning the

scaling of defect formation with process conditions. The

basic assumption in that work was that defects were

formed by reaction of a surface adsorbate with a nearby

adsorbate before it had been fully incorporated into the

lattice. However, a precise chemical reaction for forming

the defect was not mentioned. This simple picture is

similar in spirit to the Butler and Woodin20 picture of sp3

defect formation just mentioned. The assumption that the

defect formation reaction was second-order in surface

reactants led to a simple scaling relationship7 between

defect fraction Xd, growth rate, G, and hydrogen-atom

molar concentration [H]:

G

[Hf
(26)

Goodwin was careful to point out the exact form of the

scaling of defect formation is uncertain, and that Eq. (26)

would more generally be written with an exponent n in

the denominator, where n is determined experimentally.

We note that scaling of defect fraction rate depends

upon the order of the surface reaction forming the

defect. This is illustrated by comparing scaling of the re-

action set Ml with predictions using a defect-formation

reaction second order in the surface adsorbate, such as

2 CM(s) —» CM(s) + CH(s) + H2 + Pd. (S10)

The precise form of such a second order reaction,

especially the list of products, is uncertain. However,

reaction S10 will suffice for the current purpose, which

is examining the dependence of defect formation scaling

with respect to the order of the surface reaction. For

this example, the rate constant for S10 was set to 3.0 X

108; this value was chosen to give roughly the same

defect formation rates as reaction set Ml for a nominal

arcjet condition with H-atom mole fraction of 0.02 and

CH3 mole fraction of 0.001. The set of reactions S1-S7

and S10 will be denoted M2.

Figure 9 shows that, for a fixed concentration of H at

the surface, the lattice defect fraction increases linearly

with CH3 concentration at the surface for both sets of

reactions Ml and M2. (Here the defect fraction is taken

to be the ratio of the defect growth rate to the diamond

growth rate.) The defect fraction will also scale linearly

with C-atom concentration at the surface for set Ml, but

for simplicity of discussion is not plotted. Since growth

rate and defect fraction both increase linearly with CH3

fraction, it is immediately clear that defect fraction will

increase (and diamond "quality" will decrease) as growth

rate increases for either set of reactions.
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l . . . . i . . . . i , . . . i

0.2-

0.0-1

0.0000 0.0005 0.0010
CH3 Mole Fraction

0.0015 0.0020

FIG. 9. Calculated defect mole fraction as a function of CH3 mole

fraction using reaction sets Ml (solid line) and M2 (dashed line). See

text for definition of reaction sets. Other conditions are the same as

in Fig. 8.

The diamond growth rate attainable for a fixed defect

density scales differently for the two sets of reactions Ml

and M2, as illustrated in Fig. 10. For this plot, defect

density was specified to be 10~6 mole fraction, and for

each value of [H], the amount of CH3 necessary to attain

that defect fraction was determined; the allowable CH3

mole fraction at fixed density as a function of [H] is

shown in Fig. 11. For larger values of [H], Fig. 10

shows that set Ml predicts the growth rate at fixed

defect density will scale approximately linearly with

H concentration. For reaction set M2, the attainable

growth rate at fixed defect density scales quadratically

with [H]; this is consistent with the formula given by

Goodwin,7 Eq. (26). For the defect mechanism that

includes the first-order (in surface adsorbate) reactions,

set Ml, the allowable CH3 increases linearly with H

concentration (solid curve in Fig. 11). For reaction set

M2, which includes the second-order defect formation

reaction S10, the allowable CH3 increases quadratically

with H (dashed curve in Fig. 11).

The difference in scaling of growth rate with

H-atoms at constant defect density has implications

for making higher powered arcjet reactors. If defect

formation scales as in the first-order reaction set Ml ,

then increasing the arcjet power would increase H-atom

production, giving approximately a linear increase in

attainable growth rate. However, if the defect formation

is second order in surface adsorbates as in set M2,

growth rate at constant quality increases quadratically

with [H], indicating much larger pay-off in going to

higher power (higher H2 dissociation fraction).

III. CONCLUSION

A simplified model has been presented whereby

diamond growth rate and defect formation rate in dc arc-

jet reactors may be computed, requiring only specifica-

tion of torch power, free stream gas temperature, reactor

pressure, CH4 injection rate, downstream H2 injection

rate (if any), substrate temperature, and torch-substrate

separation distance. While the model was presented for

pure H2 feed into the plasma torch, it can readily be

adapted for the inclusion of an additional gas, such as

argon. Also, the torch model in Sec. II. A was based

on the presumption that torch power and free stream

temperature were known. However, Gibbs phase rule

indicates that for the plasma torch, two constrains must

be imposed to specify the state of the system, thus, two

degrees of freedom other than those employed here could

be used, for example, torch power and inlet H2 flow rate.

The model developed in this work has been tested

against detailed stagnation flow calculations, which

in turn have been compared with experiment where

possible.5 The simplified model has proven to yield

results consistent with those from stagnation flow models

for 5 =£ p == 60 Torr and 2000 =£ rout s= 3500 K.

For pressures lower than approximately 5 Torr the free

stream jet is supersonic, and cannot be approximated

-i—i—i—i—r~

0.00 0.01 0.02 0.03 0.04
H Mole Fraction

0.05

FIG. 10. Growth rate as a function of gas-phase H mole fraction

obtained for a fixed defect mole fraction of 10~6 using reaction

sets Ml (solid line) and M2 (dashed line). The CH3 concentration

was adjusted to obtain the desired defect fraction (see Fig. 9). Other

conditions are the same as in Fig. 8.
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0.005-1

0.000

0.00 0.01 0.02 0.03

H Mole Fraction

0.04 0.05

FIG. 11. CH3 mole fraction needed to obtain a growth rate at constant
defect density of 10~6 as a function of gas-phase H mole fraction.
Other conditions are the same as in Fig. 8.

by the laminar flow assumptions imposed here; for

pressures above 60 Torr appreciable homogeneous H

recombination occurs, and the free stream and boundary-

layer models would have to be modified to account for

this chemistry. Temperatures outside the range given

above were not examined in this work.
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APPENDIX: EVALUATION OF

TRANSPORT PROPERTIES

Because dc arcjet systems are typically operated

with one gas-phase species present in great excess rela-

tive to all others, transport properties used in the evalua-

tion of energy and mass fluxes at the deposition surface,

and in the Cl species and C2H2 conservation equations

in the boundary layer, can be computed using relatively

simple binary transport theory. The quantities needed

in the reactor model presented in this work include the

binary diffusion coefficients of H, C, CH, CH2, CH3,

CH4, and C2H2 in H2; the thermal conductivity of an

H/H2 mixture; and the thermal diffusion ratios of C, CH,

CH2, CH3, CH4, and C2H2. Note that, while it has been

assumed H2 is the major species in the arcjet system, the

same analysis would hold for a different major species

such as Ar.
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A. Binary diffusion coefficients

The Chapman -Enskog kinetic theory is used to de-

scribe the diffusion coefficient for a binary gas mixture:22

T>X2 = 1.8583 X 10_3
M2)/MXM2

.(1,1) (Al)

in which T)x 2 is in cm2/s, M is the molecular weight, the

temperature T is in Kelvin, pressure p is in atm, crX2 is a

combined Lennard-Jones parameter specified in A and

defined in terms of the individual species parameters as

f"i2 = 1/2 (CT\ + cr2), and Oi2' is a dimensionless

collision function that depends on the reduced tem-

perature, kT/' eX2. The Lennard-Jones parameter e12 is

defined in terms of the individual species parameters as

B. Thermal diffusion ratio

To treat the gas mixture in the boundary layer as

multicomponent would require that the coefficients of

thermal diffusion Df be obtained from rigorous kinetic

theory. However, because the transport of each Cl

species and C2H2 through the boundary layer is treated as

a separate two-component system, it is possible to utilize

formulae that yield the thermal diffusion ratio kT for gas

pairs. For a binary gas mixture, the first approximation

to the thermal diffusion ratio is given by22'23

kT =
xxx2 - x2S{2)

6A12 X,
(A2)

where xx and x2 are the mole fractions of the two species.

The dependence of thermal diffusion on molecular mass

is captured by Sm and S(2):

S(D =

S(2) =

Mi + M2 A

2M2

M i

12

A,

17

15 M2 - Mi
- 1

15 M, - M,

2M2

- 1

(A3)

The other quantities appearing in Eq. (A2) are

_
x\ 2xxx2 x\

"XT h

r> = j ; (A4)
M2

where the functions in Y\ are

(1) = _4_ . . / 12

15

12

- — B*n + 1
Mi

12M2

M2

12M,

(Mi - M2)2

(M2 - M,)2

2MXM2

and

1 /12

15 4MiM2

12 . ,

AiA2 1

(M, - M2)2

32A12 V 5 1Z / MXM2

The quantities Aj, A2, and Ai2 are the thermal conductivi-

ties for pure monatomic species 1 and 2, and for a binary

mixture of monatomic gases 1 and 2, respectively, and

are given by

A = 8.3224 X 103

= 5. X 10j

M2)/MXM2

'

(A5)

(A6)

In (A5) and (A6), A is in erg cm ' K ', T is in Kelvin,

cr is in A, and fl(2?2) is a dimensionless function of

the reduced temperature kT/e. Finally, there are three

combinations of the collision integrals iV'>7' appearing

in the expression for thermal diffusion ratio:

A*\2 =

B\2 =

C\2 = (A7)

Evaluation of the fl ( ' '^ and A*n, B\2 and C*2 as func-

tions of the reduced temperature T= kT/e will be

discussed below. The Lennard-Jones parameters appear-

ing in Eqs. (A1)-(A7) are listed in Table AL

In a binary mixture the thermal diffusion ratio kT is

related to the coefficient of thermal diffusion Dj by

P D\

c2MxM2
(A8)

where c, p are the total concentration and density of

the mixture. Application of full multicomponent theory

to the calculation of Df for the limiting case of two

components yields the expression for kT in Eq. (A2),

after application of Eq. (A8).

TABLE Al.

0- (A)
e/k (K)

2-rot

The Lennard-Jones parameters

C

3.298
71.4
0

CH

2.750
80.0
0

used in the

CH2

3.800
144.0

0

transport property

CH3

3.800
144.0

0

evaluations.27

CH4

3.746
141.4

13

H

2.050
145.0

0

H2

2.920
38.0

280

Ar

3.330
136.5

0
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C. Thermal conductivity

To obtain an estimate for the thermal conductivity

of the mixture it is necessary to know the thermal

conductivities of the dominant (in concentration) species.

The formula in Eq. (A5) is valid only for monatomic

species, and can be applied to calculate the thermal

conductivity of H, for example. To compute the thermal

conductivity of the major species in this system, H2,

it is necessary to take into account the vibrational

and rotational degrees of freedom within that molecule.

Denoting the thermal conductivity predicted by Eq. (A5)

as Am, a general expression for the thermal conductivity

of a linear polyatomic species is24

77 V 3
(All)

where p is the density and 17 is the coefficient of

viscosity:

4 M
(A12)

B

cV[Cp - -R).

TT B

(A9)

The quantity D is the coefficient of self diffusion of the

species, given by

T) = 2.628 X IO"3 (A10)

Cp is the molar heat capacity at constant pressure, and

The parameter Zrot in Eq. (All) is the rotational relaxa-

tion collision number adjusted for temperature25; values

of this parameter at 298 K are listed in Table AI.

To obtain an estimate for the mixture-averaged ther-

mal conductivity, a mole fraction weighted combination

averaging formula is used26:

Amix = y

D. Polynomial fits to collision integrals

The collision integrals H ( i j ) appearing in Eqs. ( A l ) -

(A7) have been evaluated using Lennard-Jones inter-

molecular potentials, and are tabulated as functions of

the reduced temperature 7\22 To utilize these functions

in numerical calculation it is convenient to fit them

to continuous analytical expressions. It was found here

that the dependence of the collision integrals ( f t ( u ) ,

n(1>2), fl(1>3), n(2>2)) on reduced temperature are well

TABLE AIL Polynomial coefficients for collision integral curve-fit expression in Eq. (A 14).

a0

a\

a2

a3

a4

a5

a6

a7

a8
ag

TABLE AHI.

a0

«2

a4

a6

a7

as

ag

ft*1'')

3.64143296 X 1O-'

-4.90763093 X 10"'

8.21319962 X 10~2

4.05187572 X 10"2

-2.18593854 X lO"2

-2.03733608 X 10"3

3.83117056 X 10"3

-1.13723230 X lO-3

1.48138379 X 10~4

-7.47896514 X IO-6

Polynomial coefficients for

A*

9.79658841

-1.18199219

-1.48319945

2.99553485

-9.78651731

-4.22994722

3.85789124

-1.11340927

1.47279247

-7.56315066

collision

X

X

X

X

X

X

X

X

X

X

IO-2

10~2

io-2

10"2

IO-3

10"3

io-3

10~3

10"4

io-6

ft('.2>

1.85615591

-4.25676538

1.26614839

5.49262837

-2.38591622

5.87763608

1.04964297

-7.34668347

1.27423841

-7.64282498

integral ratios

X

X

X

X

X

X

X

X

X

X

in

10

10

10

10

10

10

10

10

10

10

Eq

ft<'.3>

-' 7.31839709 X

-' -3.54330127 X

-i 1.28857743 X

-3 -2.32907961 X

-2 -1.29482971 X

-3 8.06838743 X

"3 -1.71191617 X

-4 1.21773240 X

-" 6.98611684 X

"6 -1.04438514 X

lO-2

io-i

io-i

IO-2

lO-2

io-3

io-3

io-4

10~6

io-6

. (A7) using the curve-fit expression in Eq.

B*

1.75686064 X 1 0 H

-1.14468260 X 10"1

1.91754719 X IO-2

3.49310192 X 10"2

-1.83923142 X lO"2

-9.39068490 X 10"5

2.60749721 X 10"3

-8.89422926 X 10"4

1.27670145 X 10-"

-7.01803668 X 10"6

4.61819834

-5.03060550

6.80197941

7.06849424

-3.22189277

-6.13437273

7.80976649

-2.32303732

3.09704825

-1.60218268

(A14).

C*

-1.78376712 X

6.34778582 X

4.50384957 X

-3.25043336 X

-3.84999163 X

7.47623838 X

-1.93716103 X

7.52217690 X

3.32052347 X

-3.48345912 X

X 10"'

X 10-'

X lO-2

X 10"2

X IO-2

X IO-3

X 10"3

x IO-3

X IO-4

X IO"5

10-'

lO-2

lO-2

lO-2

IO-3

10~3

10-3

lO-5

lO-5

1Q-6
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represented over the range 0.3 =£ T ^ 100 by a ninth- for the f l ( ' j ) computed via Eq. (A14). The quantities

order polynomial expression of the form A*, B*, and C* are used frequently enough in transport

(• rt 2 3 9 calculations that their values have also been tabulated

In O ^ - a o + alX + a2X + aiX ••• + a9X , a s f u n c t ions of the reduced temperature T.22 These

(A14) tabulated values of the collision integral ratios have been

, , = „, , . . ._ . fit to polynomial expressions of the form in Eq. (A14);
where X = In T. The polynomial coefficients corre- , . ^ . , ... . .* D , , ^* i.

, . . . , . . J .. t , . ^ U1 ATT that is, the natural logarithms of A*, B*, and C are fit
sponding to this expression are listed in Table AIL . ' , , . , . rr., , . , ^c

r™ i r • . . , .. • • -p , . _ . to ninth-order polynomials in X. The polynomial coeffi-
The collision integral ratios appearing in Eq. (A7) . .. , p- , . \ , • ™ , , . TTT

„ A- A • u i • i . cients corresponding to these fits are listed in Table AIII.
are not well predicted using the polynomial expressions
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