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Abstract

The incorporation of vacancies, H atoms, and sp’ bond defects into single-crystal
homoepitaxial (100)(2x1)- and (111)-oriented CVD diamond was simulated by atomic-scale kinetic
Monte Carlo. Simulations were performed for substrate temperatures from 600 °C to 1200 °C with
0.4% CH, in the feed gas, and for 0.4% to 7% CH, feeds with a substrate temperature of 800 °C.
The concentrations of incorporated H atoms increase with increasing substrate temperature and
feed gas composition, and sp’ bond trapping increases with increasing feed gas composition.
Vacancy concentrations are low under all conditions. The ratio of growth rate to H atom
concentration is highest around 800-900 °C, and the growth rate to sp” ratio is maximum around

1% CH,, suggesting that these conditions are ideal for economical diamond growth under the

simulated conditions.
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Introduction

Many of diamond’s technologically promising mechanical, optical, and electronic
properties can be dramatically affected by the presence of defects in the solid material. When
diamond is chemically deposited from a vapor to produce thin films, these defects are incorporated
primarily during the growth process [1]. Extended defects like grain boundaries, twins, and
dislocations are common in CVD di‘amond [1-3], as are point defects like vacancies, impurities
(e.g., H, N, B), and sp* (non-diamond) C-C bonds [1,3]. While twins and dislocations are known
[1,4,5] to form in the diamond lattice as it grows, the details of these processes are not well
understood. Point defects can be trapped in the film when material overgrows surface adsorbates
or vacant lattice sites. Under typical low-pressure CVD conditions, growth of the
thermodynamically stable graphitic C phase is suppressed by the H-promoted growth of sp’-
bonded C, though the formation of at least some sp’>-bonded material is common.

Defects in diamond films can be detected ex situ by a variety of techniques [1]. Direct
observation of the processes that lead to defect production and incorporation, however, is not
currently possible. Diamond is generally deposited at elevated temperatures (700 to 1200 °C) in a
hydrogen plasma at 10-100 Torr pressure, and detailed in sifu probing of the growth surface or the
bulk material in this environment is difficult. Defect incorporation mechanisms that involve
chemical processes, such as the formation and etching of sp? C bonds, can be studied using simple
kinetic models of diamond growth [6,7]. However, point and extended defect formation processes
are inherently atomistic in nature, and a representation of diamond growth in three dimensions and
on the atomic level is helpful if a realistic and meaningful treatment of defect formation is to be
attermnpted.

Three-dimensional atomic-scale models of diamond growth have recently been used to
investigate growth behavior and film morphology. Dawnkaski et al. [8] simulated the growth rate

and morphology on the (100)(2x1) surface by computing transitions between surface states using a

[
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kinetic Monte Carlo approach. Clark et al. [9] used a hybrid on- / off-lattice Monte Carlo technique
to simulate the early stages of growth ona (111) diémond substrate. Though these models are
simplified to allow the consideration of realistic deposition times, they contain physically
meaningful representations of the atomic processes that lead to diamond growth. However, the
atomic-scale generation and incorporation of defects during diamond CVD have only been
discussed in brief [10]. In this paper we report predictions of Vacané-y, H atom, and sp> C-C bond
densities in CVD diamond based on our modeling studies. Homoepitaxial growth on diamond
substrates in (100) and (111) orientations is simulated atom-by-atom using a kinetic Monte Carlo
procedure. The rates of the surface processes that lead to growth are obtained from conventional
surface chemical reaction mechanisms and themochemistry [6,11-13]. The densities of vacancies,
H atoms, and sp” defects are computed using the hot-filament CVD reactor conditions considered
previously by Coltrin and Dandy [6], and the implications of these predictions for optimizing
hot-filament growth conditions are addressed. The detailed reaction dynamics of growth on the
(100) surface of diamond are not well understood [8,12] and are currently under investigation by
several groups. Hence, the modeling presented here will employ our current level of understanding

of the mechanisms, and may require refinement when the (100) reaction dynamics are better

understood.

Method

Diamond is typically deposited in a hycirogen atmosphere [3]. A feed gas of H, containing
a small fraction (about 1%) of a hydrocarbon precursor (often CH,) is activated by exposure to a
heat source (e.g., hot filament, microwave plasma, or dc arcjet). This dissociates some of the H,
into atomic H and evolves various hydrocarbon species (most importantly CH, and C,H,). The
atomic H passivates the radical C bonds at the diamond surface and preferentially etches sp’-
bonded C material. Atomic H in the gas activates surface sites by recombining with adsorbed H

atoms in an abstraction reaction (see below). Solid material is deposited when hydrocarbons from
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the gas chemisorb onto the activated sites and react with one another and the surface to add sp’-or -
sp’-bonded C to the film. In this work, we simulate diamond deposition in a hot-filament growth
environment (see below), since this is the most characterized environment reported in the literature
[14-16].

The chemistry underlying diamond deposition involves primarily C and H, and a vast
database of information about the chemical interactions between C- and H-containin g species is
available from studies of combustion [17]. This information can be combined with spectral
analysis and ab initio calculations to estimate the kinetics of many of the processes that are
important to diamond CVD. The kinetics for the reverse reactions can be estimated from the
forward rates and the equilibriurﬁ reaction thermochemistry. This approach has been used to
construct several diamond CVD reaction mechanisms, and the set of chemical reactions listed in
Table I was compiled from severai sources [6,11-13]. In Table I, C, represents a surface diamond
atom, C, is a “graphitic C atom” (i.e., an sp>-bonded C atom, following the notation of Coltrin and
Dandy [6]), species separated by a bullet (*) are dimer bonded, and an asterisk (*) represents a
surface biradical. Forward rate constants are k, = A T " exp(- E/RT) and reverse rate constants are
k,=CAT"exp(- S/R)exp(( H-E)/RT), where Cis a constant that accounts for the fact that H
and S correspond to a standard state of 1200 K and 1 atm [12]. Cis equal to 1.016x10°° molescm’
3/atm for reactions where the number of moles changes (i.e., the number of products and reactants
are unequal) and unity otherwise.

Reactions 1 and 2 are between H and the diamond surface. Reactions 3-5 occur between
hydrocarbon molecules and the surface. Reactions 6-9 are between H and chemisorbed
hydrocarbons. Reactions 10 and 11 represent the addition of CH, to an adsorbed hydrocarbon.
Reactions 13-16 handle hydrogen and hydrocarbon molecules interacting with dimer-bonded
surface atoms, and Reactions 18-22 account for hydrogen and hydrocarbon reactions with sp*-
bonded surface sites. (Reactions 5-11 apply to any surface site.) Reaction 17 represents formation /
breaking of dimer bonds between surface atoms [18], Reaction 12 represents insertion of a

hydrocarbon into an opened dimer bond [18], and Reaction 23 is the interconversion between sp*-
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and sp’-bonded C atoms at the surface [6]. The reactions involving H and CH, attachment to sp’-
and dimer-bonded surface atoms (Reactions 1-11 and 13-16), and those describing dimer bonding
(Reactions 12 and 17), were adopted from the work of Harris and Goodwin [12]. The C,H,
kinetics (Reaction 5) were taken from the ab initio calculations of Skokov et al. [13]. All reactions
involving sp*-bonded C (Reactions 18-23) were taken from the modeling of Coltrin and Dandy
[6]. According to their estimates, all reactions at sp>-bonded surface C atoms proceed at 1/10th the
rate of the corresponding reaction at an sp’-bonded site, with the exception of H abstraction which
occurs at 1/100th the rate. Thus, the forward reaction rates for Reactions 19-22 were obtained
simply by scaling the rates of Reactions 2-4 by 1/10, and the rate of Reaction 18 is 1/100th the rate
of Reaction 1. The thermochemistry for Reactions 18-21 are from Ref. [6], and that for Reaction
22 is the same as Reaction 5. The rate and thermochemistry for Reaction 23 is same as in Ref. [6].
Scaling the reaction rates in the manner described above insures that the reactions involving sites
on sp>-bonded C atoms are compatible with the reaction set of Harris and Goodwin [12]. The
reaction mechanism from Harris and Goodwin [12] is used here since Coltrin and Dandy [6]
consider diamond growth in a dc arcjet reactor, and their reaction mechanism is not entirely
appropriate for the hot filament CVD growth simulated here. The reaction rate data for sp*-related
reactions were adopted from Coltrin and Dandy [6] because Harris and Goodwin [12] do not
consider sp’ bond formation in their analysis.

The rate coefficients in Table I can be used to calculate the reaction rate constants in units of
either molesecm ?esec”’ for reactions involving a reactant in the gas, or sec”! otherwise. In the
former case, the absolute reaction rate in units of sec’' can be obtained by adjusting the rate
constant by the ideal partial molar volume (y,P/RT) of the gas-phase reactant. Thus a kinetic

| analysis of diamond growth using chemical reactions like those in Table I requires some
knowledge or estimate of several environmental variables: the substrate temperature (1), the
pressure (P), and the concentrations of the gas-phase species at the growth surface (). Dandy and
Coltrin [19] have reported predictions of the H, CH,, and C,H, concentrations at the growth

surface in a hot-filament reactor, and their estimates agree well with the experimental measurements
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of Hsu [15]. The modeled growth conditions correspond to a feed gas containing H,, 7% Ar, and
various concentrations of CH,, injected into a 20.25 Torr growth chamber at 1 cm/s over a 2347 °C
filament located 1.3 cm from a 800 °C diamond substrate. In order to convert the reaction rate
constants in Table I into absolute reaction rates suitable for input to a Monte Carlo algorithm, we
have adopted the hot-filament reactor gas-phase concentration data from the modeling of Dandy
and Coltrin [19].

The diamond growth simulations start on a H-passivated diamond substrate. All lattice sites
are fixed at their diamond cubic positions. The temporal evolution of the diamond surface is
simulated using a kinetic Monte Carlo procedure [20]. Any surface site that is occupied by the
reactant or product (;f one or more reactions in Table I can evolve according to the pertinent
reaction(s). Events occur stochastically on the surface according to their reaction rates. At each
simulation step, one reaction is randomly chosen to occur at one surface site with a probability
equal to the rate of the reaction relative to the sum of the rates of all the events (i.e., all possible
reactions at all sites) that can occur at that simulation step. Thus fast processes are more likely to be
chosen than slow ones. Since one event occurs at each simulation step, the time increment is not
constant and is proportional to the inverse of the sum of the rates of all the events that are possible
at the particular simulation step [21].

As the surface evolves according to this Monte Carlo procedure, it will be covered by
various combinations of radical (“empty”) sites, H atoms, and hydrocarbon chemisorbates, all of

which will evolve according to the site-by-site reactions in Table I. Diamond and sp*-bonded C
| growth occurs by the conversion of chemisorbed hydrocarbons into solid C. A cluster of one or
more hydrocarbons is incorporated into the film whenever it is bonded to the surface at two or
more sites. (Hydrocarbon clusters can form when one or more CH, or C,H, molecules deposit
next to one another on the surface.) Since growth is simulated on a rigid lattice, the geometries of
large non-diamond C complexes cannot be represented. To allow sp” bond forrnatib_n in spite of
this limitation, all C atoms in the film are labelled as either sp*- or sp*-bonded C. As each C atom

in a hydrocarbon cluster is converted to “solid” material on the surface, the probability that it will
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be labelled as “sp*-bonded” is equal to the fraction of its C neighbors that are themselves sp*-
bonded. The starting substrate contains only sp’-bonded C, and conversion of surface C pairs to
sp*-bonded C and back again via H-assisted “etching” occurs according to Reaction 23. The
kinetics and necessary surface configuration for this reaction are those proposed by Coltrin and
Dandy (6], i.e., a pair of sp3—_bonded C atoms on the surface can convert to spz—bonded Cif the
first has one H neighbor and three C neighbors, and the second has one radical site, one H
neighbor, and two C neighbors. Any sp*-bonded C atom pair on the surface can be converted back
to sp>-bonded C by the reverse of Reaction 23.

Vacant (i.e., radical) sites, H atoms, and sp>-bonded C atoms are trapped into the film
whenever they become completely overgrown by diamond (i.e., all neighbor sites are sp’-bonded
C). Once this has occurred, the defect site no longer participates in chemical reactions. Although
this treatment of sp” bond formation and defect trapping is clearly a simplified treatment, it does
capture the kinetics appropriate to sp’ bond formation and the atomic processes by which defects
are trapped into the film as it grows.

The simulation method discussed above provides a simpliﬁed picture of diamond growth.
It neglects thermal vibrations, atomic relaxations, surface diffusion, twin formation, and other
effects that might be important to the growth process under some conditions. The treatment of sp?
bond formation, after Coltrin andDandy [6], is drastically simplified, and is designed primarily to
capture only the kinetics of sp>-sp’ interconversion on the diamond surface. Nonetheless, the
simulation method as a whole captures the effects of both surface chemical kinetics and surface
atomic configuration. Furthermore, it includes a simple yet realistic representation of defect
trapping by overgrowth. The discussion above contains a cursory description of the diamond
growth model and the kinetic Monte Carlo'algorithm, and the reader is referred to Ref. [20] for a
more complete treatment.

The incorporation of vacancies, H atoms, and sp* C was simulated for several substrate
temperatures and feed gas compositions. The (100)- and (111)-oriented diamond substrates contain

288 and 300 surface atoms, respectively, and periodic boundary conditions are imposed parallel to
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the isurface plane to simulate effectively larger substrates. The surfaces of the (100) substrates start
in the (100)(2x1) dimer row reconstruction. The near-surface growth environment was adopted
from the modeling of Dandy and Coltrin [19], as discussed above. The hot filament reactor
conditions considered here correspond to a feed gas of H, with 7% Ar and varying concentrations
of CH,, injected into a 20.25 Torr growth chamber at 1 cm/s over a 2347 °C filament located 1.3
cm from a 800 °C diamond substrate. The concentrations of the gas-i)hase species as functions of
the CH, concentration in the feed are given in Fig. 1 [19]. Simulations were performed for
substrate temperatures from 600 to 1200 °C with a constant gas composition at the growth surface
corresponding to 0.4% inlet CH, in Fig. 1. (The gas composition was assumed independent of
substrate temperature in lieu of the relevant data.) Simulations were also performed for inlet CH,
concentrations from 0.4 to 7.0% at a constant substrate temperature of 800 °C using the data in
Fig. 1 to specify the composition of the gas at the growth surface. Sixty atomic layers (about
18,000 atoms) were deposited in each simulation, and five simulations were performed for each
grbwth environment to obtain acceptably precise statistics. For each set of growth conditions

(substrate temperatures and feed gas compositions), the growth rates and defect densities were

calculated.

Growth Rates

The growth rates of (100)- and (111)-oriented films as functions of substrate temperature
(at 0.4% inlet CH,) and as functions of inlet CH, concentration (at 800 °C substrate temperature)
are shown in Fig. 2. As the substrate temperature increases in Fig. 2a, the growth rates increase
because the rate of H abstraction (Reaction 1), which is the dominant mechanism for activating
growth sites, increases. However, the desorption of CH, and C,H, from the surface (the reverse
of Reactions 4 and 5, respectively) becomes rapid at elevated temperatures, and the growth rates
decrease with increasing temperature at high temperatures. These growth kinetics are similar to

those reported by us in an earlier paper [10].
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The growth rates increase as the concentration of CH, in the feed gas increases, as shown
in Fig. 2b. Changing the CH, content in the feed gas alters the growth rate primarily by influencing
the concentrations of CH, and C,H, at the growth surface. Since growth can occur only after CH,
or C,H, deposition, the growth rate is directly related to the concentrations of these hydrocarbons
in the gas at the surface. As more CH, is supplied to the growth chamber, the concentration of

growth species (CH, and C,H,) at the growth surface increases, yiei&ing an increase in the growth

rates.
Vacancies and Trapped Hydrogen

The concentrations of vacancies and H atoms are shown as functions of temperature in Fig.
3a and as functions of inlet CH, in Fig. 3b. As the substrate temperature is increased in Fig. 3a,
the concentration of incorporated H atoms increases from less than 0.01% to near 3% in the (100)
films and above 1% in the (111) films. The vacancy concentrations in Fig. 3a are below 0.1% at
most temperatures, and are below 0.01% at most of the CH, concentrations in F1g 3b. The H
atom concentrations in the (100) films increase from about 0.03% H at 0.4% inlet CH, to 0.4% H
at 7% CH,, and in the (111) films from 0.2% H at 0.4% CH, to 0.8% H at 7% CH,. The
concentrations of vacancies are much lower than those of H atoms because a vacant site is more
likely to be filled than covered by diamond material, whereas an H atom site can be covered by
diamond but not filled.

High vacancy concentrations are uncommon in CVD diamond [1], and the results in Fig. 3
are consistent with this observation. A comprehensive and systematic experimental study of the
dependence of incofporated H atom density on processing conditions is not available, but H atom
concentrations around 0.5% are commonly measured [22-24] in CVD diamond, and up to 1.5%
trapped H has been observed [24] in the near sub-surface region. (However, it should be noted
that evidence [22-24] exists to suggest that much of the incorporated H is located at grain

boundaries in polycrystalline diamond.) Since we have not allowed diffusion or outgassing from
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the film, it is not surprising that the H atom concentrations in Fig. 3 are slightly higher than is
generally observed. Nonetheless, the agreement between the magnitudes of the H atom
concentrations in Fig. 3 and those observed experimentally is encouraging.

Point defects are trapped into the film when non-diamond sites are covered by growing
diamond material. Once a site is completely covered by solid material, it can no longer react. In
order to trap a defective site (i.e., a vacancy or H atom), C must groQ{/ around and over the site
while leaving the defect site itself undisturbed. Larger molecules are inherently better at covering

defect sites than smaller ones, and so the density of vacancies and H atoms should increase as
C,H, becomes more important (relative to CH,) to growth. According to Table I, the enthalpy
change upon CH, adsorption (Reaction 4) is larger than that upon C,H, adsorption (Reaction 5),
and so the activation barrier for CH, desorption (reverse of Reaction 4) is larger than that for C,H,
desorption (reverse of Reaction 5). Thus CH, desorption accelerates with temperature faster than
does C,H, desorption, and deposition from C,H, becomes increasingly important relative to CH,
as the temperature is raised. This is reflected in Fig. 4a which shows the percentage of diamond
material deposited from C,H, on both the (100) and (111) surfaces as a function of the substrate
temperature. (The contribution that C,H, makes to growth in these simulations is somewhat higher
than expected from experimental evidence [25], perhaps because of the relatively high adsorption
and low desorption rates for C,H, taken from the calculations of Skokov et al. [13]) As the
substrate temperature increases, more of the material is deposited from C,H,. This leads to an
increase in the concentration of incorporated H atoms with temperature in Fig. 3a, and the trends in
H atom concentration in Fig. 3a closely follow the trends in growth from C,H, in Fig. 4a.

‘When the concentration of inlet CH, is varied, the correlation between the concentration of
H atoms and the amount of material deposited from C,H, is less obvious. The H atom defect
concentrations in Fig. 3b increase with increasing inlet CH,, whereas the contribution to deposition
from C,H, initially decreases with increasing inlet CH, concentration under low CH, flux, and
then increases as the concentration of CH, increases above 3% (see Fig. 4b). However, increasing

the concentration of inlet CH, creates significant fractions of sp’ bonds on the surface, introducing
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an additional complicating factor to the defect trapping process.

sp’ Defects

The concentration of sp* defects at 0.4% inlet CH, is about 0.1% at all of the temperatures
examined (see Fig. 3a). sp* defects are bonds rather than atomic sites and can, therefore, be
covered without having to be “encased” like a site defect (i.e., vacancy or H atom - see above).
Therefore the concentration of sp* defects is not significantly affected by the relative contribution of
C,H, to growth, and the sp> defect concentration does not vary substantially with temperature. The
concentration of sp” bonds in Fig. 3b increases from about 0.1% to 1.5% as the concentration of
CH, in the feed is varied from 0.4% to 7%. This is because H is required to convert sp* bonds on
the surface to sp® bonds (see Reaction 23 in Table I). Thus the density of sp* bonds on the surface
should increase as the rate of Reaction 23 increases. Reaction 23 requires H to proceed, and so its
rate should increase as the concentration of H increases. Therefore, the decrease in the H
concentration at the surface with increasing CH, in the feed (see Fig. 1) hinders the conversion of
sp’ defects to sp® diamond at the surface, leaving more sp* material that can be overgrown by
deposition. These predictions are in accord with experiments [26] that show that the sp* content

decreases as the ratio of H to CH, in the gas near the surface increases.

Growth Optimization

Many applications of thin diamond films require high-quality, defect-free material. For
example, the perforrnanée of diamond-based electronic and optical components depends strongly
on the quality of the material. In addition, minimizing production costs and maximizing yield
demand high film growth rates. Therefore, the efficient production of diamond films for many
applications requires a compromise between maximizing growth rate and minimizing defect

density. If the ratio of growth rate to defect concentration is used as a measure of growth
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“efficiency,” then a maximum in this indicator would correspond to “ideal” growth conditions.

This ratio is shown as a function of temperature in Fig. 5a using the H atom defect concentrations
and in Fig. 5b using the sp’ defect concentrations; and as a function of inlet CH, in Fig. 5c using
the H atom defect concentrations and in Fig. 5d as a function of inlet CH, using the sp” defect
concentrations. (The vacancy concentrations are low, as is typically observed [1,3], and were not
considered for the growth efficiency calculations.) The growth efficiencies versus temperature,
calculated based on H atom defects, have maxima around 800-900 °C in Fig. 5a [10] because the
incorporated H concentrations in Fig. 3a begin to increase in that temperature range. As mentioned
above, the sp® bond fractions in Fig. 3a do not vary substantially with temperature, and thus the
shapes of the curves in Fig. 5b are governed by the growth rate curves in Fig. 2a. Therefore, the
maximum growth efficiency based on the sp? defect concentrations occurs around 900-950 °C.
These findings are in accord with well-established experimental observations which show that this
temperature range produces the best-quality hot-filament CVD diamond [27,28] at relatively high
rates, and, hence, it is this temperature range which is widely used for diamond CVD [3,5,28].

The film growth rate in Fig. 2b, and the H atom and sp? bond concentrations in Fig. 3b, aH
increase with CH, concentration. The maximum sp*-based growth efficiency in Fig. 5d occurs
around 1% CH,, and the optimum H-based efficiency in Fig. 5c is around 2-3% CH, though the H
atom concentrations in Fig. 3b are comparatively low. The quality of hot filament CVD diamond is
known to deteriorate due to sp2 bond formation above about 1% inlet CH, [28,29] and, hence,
inlet CH, concentrations in the 0.3% to 1.0% range are commonly employed [15,28-31]. The
predictions in Fig. 5b support these observations.

Thus the optimum growth temperature range of about 800-900 °C in Fig. 5a is controlled
primarily by H incorporation, and the ideal feed gas composition of about 1% CH, in Fig. 5d is
influenced most by sp? bond formation. As mentioned above, these findings are in accord with
common observations [3,5,27-29]. The input parameters to these simulations are the surface
chemical kinetics estimated from experimental combustion data, atomistic calculations {6,12,13],

and the gas-phase composition at the diamond growth surface adopted from experimentally verified
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transport modeling [19]. Thus the agreement between the predictions made here and typical
experimental observations is particularly noteworthy because no adjustable input parameters were
used in any part of these simulations. This suggests that the model of diamond deposition

employed in this study captures most of the important and general features of actual diamond

growth dynamics.

Conclusions

The growth of diamond films and the rate of incorporation of vacancies, H atoms, and sp*
defects were simulated for several substrate temperatures and feed gas compositions. An efficient
atomic-scale on-lattice kinetic Monte Carlo method was used to capture a simple yet physically
meaningful representation of the atomic processes involved in defect trapping. Growth on
(100)(2x1)- and (111)-oriented diamond surfaces was simulated for substrate temperatures from
600 °C to 1200 °C with 0.4% inlet CH,, and for 0.4% to 7% inlet CH, concentrations with a
substrate temperature of 800 °C. The simulations predict that H atom defect concentrations increase
with substrate temperature as the relative contribution of C,H, to deposition increases, simply
because the larger C,H, molecule can cover defect sites more easily than can CH,. The
concentrations of incorporated sp” bonds increase with the CH, content in the feed gas because the
concentration of H, which is required to convert sp2 bonds to sp3 bonds at the surface, decreases
with increasing inlet CH,. Vacancy concentrations are low under all simulated conditions. The ratio
of growth rate to H atom concentration is highest around 800-900 °C, and the growth rate to sp.2
ratio is maximum around 1% CH,, suggesting that these conditions are ideal for diamond growth

under the simulated conditions, as is often found experimentally.
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Figure Captions

Figure 1. Gas composition at the diamond growth surface. The filled symbols are data from
modeling [19] and the open symbols are from experimental measurements [15].
Figure 2. Growth rates on the (100)(2x1) and (111) surfaces of diamond as functions of a)

substrate temperature with 0.4% CH, in the feed gas, and b) CH, content in the feed with a 800 °C

substrate.

Figure 3. Concentrations of incorporated vacancies, H, and sp” bond defects in (100)- and (111)-

oriented diamond films as functions of a) substrate temperature with 0.4% CH, in the feed gas,

and b) CH, content in the feed with a 800 °C substrate.

Figure 4. The percentage of diamond material grown from C,H, deposition on the (100)(2x1) and

(111) surfaces as a function of a) substrate temperature with 0.4% CH, in the feed gas, and b) CH,

content in the feed with a 800 °C substrate.

Figure 5. The normalized ratio of growth rate to a) incorporated H concentration and b) sp® bond
fraction as functions of substrate temperature with 0.4% CH, in the feed gas; and ¢) incorporated

H and d) sp” bond fraction as functions of CH, content in the feed with a 800 °C substrate.
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Table I. Diamond growth reactions, kinetics, and thermochemistry [6,11-13].

Reaction A n E AH AS

L. C,H+Ho Cy+H, 13x10* 0 73 99 53
2. C,+He CH 10x10° 0 00 969 -3238
3. C,CH,+Hé Cy+CH, 30x10° 0 00 246 79
4. C,+CH, > C,CH, 50x10° 0 00 -709 -420
5. C,+C,H, & C,C,H, 45x10"" 0 69 -285 -19
6.  C4CH,+H & CCH +H, 2.8x1()z3 2 77 -113 66
7. C4.CH,+H&CCH,, L0x10° 0 00 -830 -34.
8. CGH +HOCGH, +H,  90x10° 2 50 89 87
9.  CyCH, +H&CCHy, 20x10° 0 00 477 -362
10, C,CH, +He& CCH,,+CHy  30x10° 0 00 246 79
1. C4CH, +CH, > C,CH, 4 50107 0 00 709 420
12.C4+ *+ CyCH, > CyCC, Hy +Cy 20x10° 0 88— e
13. CyeCH+He>CyoCy+H, 25x10% 0 73 62 67
14, C,eCy+He CyeCH 1.0x 102 0 00 -1006 -342
15. C;o C,CH,+He> CyeCy+CH,  30x10° 0 00 -17.8 8.0
6. C,eC,+CH, ¢ C,eC,CH, 50x10% 0 00 -81.0 -42.2
17, C o Cye>Cy+*+Cy l.OxlOZ 0 00 49 04
18, C,H+He C, +H, 13x10° 0 73 27 44
19, C,+He CH 10x10> 0 00 -1040 -320
20.  C,CH,+He> C +CH, 30x10% 0 00 246 79
21, C,+ CH; ¢ C,CH, 50x10° 0 00 907 -448
22, C,+ C,H, & C,C,H, 45x10° 0 69 285  -19
23.  C,+C,+He Cy+CH 52x10° 0 00 458 -320

A is in moles, cm>, and sec as appropriate; E and AH are in kecal; and AS is in cal/moleK.
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