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Density-functional calculations have been performed to investigate the reaction of diamond~100! surfaces
with the hydrogen and methyl radical. In the present study, the plasma chemical-vapor deposition process
using CH4 /H2 gas was considered. The reactions with vapor CH3 radicals on the terrace~dimer mechanism!
and at theSB step~trough mechanism! were investigated. The desorption of hydrogen from the step edge is
easier than that from the terrace. It is expected that the concentration of the surface dangling bond at the step
edge is higher than that on the terrace; therefore, the CH3 radical is preferentially adsorbed at the step edge.
The H abstraction from the CH3 group at the step edge is easier than that on the terrace due to the steric
repulsion with the adjacent H atom. The C2H5 group is formed on the surface as a by-product with the CH3

adsorption at the CH2 group.
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I. INTRODUCTION

For the purpose of electronic applications of diamond t
films, it is important to establish high-quality crystal-grow
techniques using chemical-vapor deposition~CVD!. To real-
ize a controllable process for high-quality diamond grow
the crystal-growth mechanisms in CVD must be elucidat
In the typical plasma CVD method, CH4 and H2 gases are
supplied as sources for the diamond growth.1 Hydrogen is
believed to play an important role in this growth proces2

Generally, the as-grown CVD diamond surfaces are ter
nated by hydrogen.1 It is believed that the exchanges of th
hydrogen atoms between the vapor and diamond surface
ceed throughout the CVD growth. The crystal quality of d
mond~100! surfaces tends to be higher than that of the~111!
surfaces;3 therefore, they are more important for the ele
tronic applications.

The hydrogenated diamond~100! surfaces are generall
terminated by 231 monohydride dimers.1 The 231 and 1
32 domains of the dimer arrays coexist on the diamo
~100! surfaces. The single layer steps perpendicular and
allel to the dimer bond of the upper terrace are calledSA and
SB , respectively.4,5 It is known that the crystal quality can b
improved by decreasing the CH4 /H2 ratio in the source gas
For a low CH4 /H2 ratio @e.g., 2%~Ref. 5!#, the flat surfaces
are grown along the dimer arrays, the so-called step-fl
growth.4,5 The step-flow growth selectively proceeds at t
SB step. For a high CH4 /H2 ratio @e.g., 6%~Ref. 5!#, the rate
of nucleation on the terrace increases; therefore, the sele
ity of the growth direction decreases.

Recently, the growth mechanisms of the diamond surfa
have been theoretically investigated using empiri
potential,6,7 semiempirical,8,9 ab initio molecular-orbital10,11

~MO!, and density-functional~DFT! calculations,12–14 and
PRB 620163-1829/2000/62~24!/16995~9!/$15.00
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Monte Carlo~MC! simulations.15,16 Harris and Goodwin in-
vestigated the chemical reactions of the hydrogenated
mond ~100! surfaces with the CH3 radical and hydrogen us
ing molecular mechanics~MM ! calculations.6 As for the
initial stage of the diamond~100! growth, two kinds of reac-
tion mechanisms have been proposed.

The dimer mechanism has the following steps.
~1! The vapor H radical abstracts a H atom from t

monohydride dimer.
~2! The vapor CH3 radical is adsorbed on the surface da

gling bond at the dimer.
~3! The H atom from the adsorbed CH3 group is ab-

stracted and the CH2 group is formed.
~4! The CH2 group is inserted into the dimer bond.
The trough mechanism is a reaction mechanism with

following steps.
~1! The CH3 radical is adsorbed on the surface dangli

bond at the step edge.
~2! The H atoms from the adsorbed CH3 group and that

from the adjacent monohydride dimer are abstracted.
~3! The CH2 group at the step edge bridges with the a

jacent dimer.
The effects of the CH2 diffusion8,9 and etching of the

surface carbon16 on the crystal growth have also been the
retically investigated. It has been expected that the step-fl
growth proceeds via the trough mechanism while the dim
mechanism initiates the new nucleation on the flat terrace
is important to understand how the crystal quality depe
on the growth mechanisms. In particular, the factor that
creases the crystal quality must be elucidated in orde
control the growth process. In the present study, the reac
mechanisms of the diamond~100! surfaces with hydrogen
and methyl radicals have been studied using DFT calc
tions. The reactions during the initial stage of the grow
16 995 ©2000 The American Physical Society
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process on the terrace and that at theSB step have been
investigated.

II. METHODS

The DFT calculations were performed using theCASTEP

code, in which a plane-wave basis set and a conjugated
dient electronic minimization17 are used. In the presen
study, the electron-ion interactions are described using
norm-conserving nonlocal pseudopotentials18 in real space.19

The exchange and correlation energies were calculated u
the Perdew-Wang form of the generalized gradient appr
mation ~GGA!.20 The reliability of this method for the dia
mond surface reactions was proved in a previous stud21

The details of the calculation are similar to those of the p
vious study. The plane-wave cutoff energy was set at
eV. Figure 1 shows the slab models of the hydrogena
diamond~100! surfaces represented by the 432 supercell.
Figure 1~a! represents the 231 monohydride, where the
dimer arrays periodically continue in the^1120& direction.
Figure 1~b! represents theSB step at the (231)/(132) do-
main boundary, where the 231 and 132 dimers are ar-
ranged side by side in thê110& direction. The carbon atom
from the bottom layer and all of the cell parameters w
fixed at the experimental value of the bulk crystal during
geometry optimizations. The dangling bonds of the bott
layer were terminated by the monohydride dimers. In t
paper, the total spin of the even and odd electron system
and 1, respectively, unless it is mentioned.

III. RESULTS AND DISCUSSION

A. Desorption of hydrogen

The adsorption and desorption of the hydrogen on
diamond surface have been exhaustively studied due to
importance in the CVD process.3 In the present study, the
hydrogen desorptions from the terrace and that from theSB
step edge have been investigated. The reaction ene
~DH! of the H desorptions are summarized in Table I. T
desorption of the H radical from the diamond surface
found to be endothermic. Under the CVD growth proce
the H radicals in the vapor phase are considered to abs
the H atoms from the diamond surface. TheDH of the H
abstraction by the vapor H radical is more exothermic th
the H radical desorption due to theDH of the H2 formation
of 103 kcal/mol~see Table II!.

Figure 2~a! shows the model of theSB step edge, in which
H atoms are labeled as H1 to H5 for convenience. To co
pare the stability of the surface dangling bond, the H ato
were removed one by one and the total energy of the e
librium geometries were calculated. Thep-like orbital is
found at the surface dangling bond in the single occup
level after one H atom is removed. Generally, the C
lengths around the surface dangling bond decrease f
those of the H-terminated surface and the C-C-C angles
crease toward the plane structure. Although thr
coordinated carbon atoms favor plane structures, they
strained by the surrounded lattice of the diamond. The th
coordinated carbon at theSB step edge~H3 is removed! re-
laxes toward the plane structure. Therefore, the surface
gling bond at the step edge is found to be more stable t
ra-
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that at the dimer on the flat terrace. Since, the H atom at
step edge~H3! and that at the adjacent dimer~H5! is close to
each other~1.80 Å!, the steric repulsion is considered to b
effective. The H desorption from the dimer adjacent to t
SB step~H5! is more favorable than that on the terrace due
the steric repulsion. In terms of equilibrium constants,
concentration of the surface dangling bond at the step edg
expected to be approximatelye10/RT ~150 at 1000 K! times
larger than that on the terrace if the pre-exponential fac
can be ignored. These results indicate that in the CVD p
cess, the surface dangling bonds are preferentially forme
the SB step edge.

The second abstractions of the H atom from the surf
were also investigated. Figure 3 shows the schematic il

FIG. 1. Equilibrium geometries of the hydrogenated diamo
~100! surfaces represented by the 432 supercell: ~a! 231 dimer
array on the flat terrace;~b! SB step edge of a (231)/(132) do-
main boundary, where the fixed carbon atoms are marked in bl
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TABLE I. Reaction energies of hydrogen desorptions from the H-terminated diamond~100! surface.

Reaction DH ~kcal/mol!

H radical desorption (diamond2H5diamond1H•)
Dimer on the terrace@Fig. 4~b!# 104
Dimer adjacent to the step@Fig. 5~b8!# 99
Step edge@Fig. 5~b!# 94

H abstraction by vapor H radical (diamond2H1H•5diamond1H2)
Dimer on the terrace@Fig. 4~b!# 1
Dimer adjacent to the step@Fig. 5~b8!# 24
Step edge@Fig. 5~b!# 29

Second H abstraction (diamond2H1H•5diamond1H2)
Dimer on the terrace 221
H3→H4 @Fig. 2~b!# 1 ~singlet! 29 ~triplet!
H3→H1 @Fig. 2~c!# 228

Third H abstraction (diamond2H1H•5diamond1H2)
H3,H1→H2 @Fig. 2~d!# 23
H3,H1→H4 @Fig. 2~e!# 29

Fourth H abstraction (diamond2H1H•5diamond1H2)
H3,H1,H4→H2 @Fig. 2~f!# 234

H2 desorption (diamond22H5diamond1H2)
Dimer on the terrace 84
Step edge@Fig. 2~b!# 95 ~singlet! 85 ~triplet!
Side bond@Fig. 2~c!# 66

Second H2 desorption (diamond22H5diamond1H2)
H1-H3@Fig. 2~c!#→H2-H4 @Fig. 2~f !# 61
I
u
ar
th
-

a
r
s

ib

d

g

-
a

ith
at
e

,
c-

d

.
glet

he
trations of the orbitals near the highest occupied level.
these orbitals, the charge density generally distributes aro
the surface dangling bonds and is delocalized if they
close to each other. After the second H abstraction from
monohydride dimer, the clean dimer is formed and the C
length is decreased to 1.36 Å. TheDH of the second H
abstraction from the monohydride dimer~221 kcal/mol! is
lower than that of the first one~1 kcal/mol!. This difference
is considered to originate from the stabilization due to thep
bond formation at the clean dimer. A similar tendency w
also found in the ab initio calculations using cluste
models.22 It is believed that this tendency enhances the as
ciative desorption of hydrogen from the dimer and it contr
utes to the first-order kinetics of the H2 thermal desorption.3

The adjacent dangling bonds are created by the secon
abstraction from the step edge~abstract H4 after H3!. Figure
2~b! shows the equilibrium geometry of the adjacent ed
dangling bonds. The carbons at the step edge and also
carbon atoms from the lower two layers deviate from thesp3

structure toward the plane structure. Therefore, the C
lengths between the first and second lower layer incre
from the original C-C length of the diamond@see Fig. 2~b!#.
The equilibrium geometry of the edge dangling bond w
total spin52 ~triplet! is found to be more stable than th
with spin50 ~singlet!. In the case of the singlet state, th
DH of the second H abstraction~H4! of 1 kcal/mol is higher
than that of the first one~H3! of 29 kcal/mol. In this case
the antibonding orbital~i.e., there is a node in the wave fun
tion between the two dangling bonds! is found in the highest
occupied level@Fig. 3~a8!#, and the bonding orbital is found
in the lowest unoccupied level@Fig. 3~a!#. This is in contrast
to the clean dimer bond in which the bondingp and the
n
nd
e
e

C

s

o-
-

H

e
the

C
se

antibondingp* orbitals are found in the highest occupie
and the lowest unoccupied level, respectively.23 In the case
of the triplet state, theDH of the second H abstraction from
the step edge~29 kcal/mol! is as large as that of the first one
Therefore, the triplet state is more stable than the sin

TABLE II. Reaction energies of the dimer mechanism on t
flat terrace.

Reaction DH ~kcal/mol!

Creation of surface dangling bond
Fig. 4~a!1H•5Fig. 4~b!1H2 1

CH3 adsorption
Fig. 4~b!1CH3•5Fig. 4~c! 284

CH4 desorption
Fig. 4~c!1H•5Fig. 4~b!1CH4 223

H abstraction from CH3 group
Fig. 4~c!1H•5Fig.4~d!1H2 25

Dimer bond dissociation
Fig. 4~d!5Fig. 4~e! 7

CH2 insertion into dimer bond
Fig. 4~e!5Fig. 4~f! 218

Dihydride formation
Fig. 4~e!1H•5Fig. 4~h! 282

H adsorption after CH2 insertion
Fig. 4~f!1H•5Fig. 4~g! 295

C2H5 formation
Fig. 4~d!1CH3•5Fig. 4~i! 277

C2H6 desorption
Fig. 4~i!1H•5Fig. 4~b!1C2H6 230
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state for the adjacent dangling bonds at the step edge. In
case of the triplet state, both the bonding@Fig. 3~a!# and the
antibonding@Fig. 3~a8!# orbitals are occupied by one ele
tron. The distance between the dangling bonds at the
edge~2.4 Å! is larger than that of the clean dimer~1.36 Å!.
Therefore, the stabilization due top bond formation is inef-
fective for the adjacent dangling bond at the step edge. T
is in contrast to the clean dimer bond, which is stabilized
the p bond.

Figure 2~c! shows the equilibrium geometry after the
desorption from the step edge~H3! and the upper dime
~H1!. In the case of the H abstraction from the upper dim
which is adjacent to the edge dangling bond~i.e., abstract H1
after H3!, theDH of the second H abstraction from the dim
of 228 kcal/mol is lower than that of the first one on th
terrace of 1 kcal/mol. In this case, thep bond orbital is found
between two dangling bonds@Fig. 3~b!#; therefore, the length
of the C-C bond, namely the side bond, is decreased to

FIG. 2. ~a! Equilibrium geometry~in Å! of the SB step edge,
where H1-H2, H3-H4, and H5 indicate the H atoms from the up
dimer, from theSB step edge, and from the adjacent dimer, resp
tively. Equilibrium geometries~in Å! after ~b! H3-H4, ~c! H1-H3,
~d! H1-H2-H3, ~e! H1-H3-H4, and~f! H1-H2-H3-H4 are desorbed
where the dangling bonds are marked in black.
he

ep

is
y

r,

35

Å @Fig. 2~c!#. Therefore, thep bond formation at the side
bond is expected to enhance the associative desorptio
hydrogen similar to the dimer bond.

In the experimental measurements of the thermal des
tions of hydrogen from diamond~100!, only the H2 mol-
ecules are observed due to the associative desorption o
H atoms.3 The DH of the molecular desorption of H2 is less
endothermic than that of the H radical desorption~see Table
I!. The desorption of the H2 molecule from the side bond
~H1-H3! is found to be the most favorable. In this case, bo
the p bond formation and the relaxation toward the pla
structure contribute to the stabilization. Su and Lin inves
gated the thermal desorption of H2 from diamond~100! using
temperature programmed desorption~TPD! and three types

r
-

FIG. 3. Schematic illustrations of the orbitals near the high
occupied level;~a! bonding and~a8! antibonding orbitals between
the dangling bonds at the step edge;~b! thep bonding orbital at the
side bond~highest occupied orbital!; ~c! the second highest occu
pied and~c8! single occupied orbital after H1-H2-H3 are desorbe
~d! the second highest occupied and~d8! single occupied orbital
after H1-H3-H4 are desorbed;~e! the second highest and~e8! high-
est occupied orbital after H1-H2-H3-H4 are desorbed; the sin
occupied orbital of~f! the CH2 group at the dimer,~g! the ethylene-
like structure, and~h! the CH2-inserted dimer. For simplification
the phase of the wave function is represented by the two kind
patterns with the node between the different patterns.
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of peaks for the H2 desorption were observed.24 They also
reported that the peak at the highest temperature, for w
the activation energy (Eact) is 80 kcal/mol and the rate is firs
order, corresponds to the H2 desorption from the 231 dimer.
The experimentalEact is close to the calculatedDH of the H2
desorption from the 231 dimer of 84 kcal/mol. The reaso
for the first-order kinetics is explained that the H atoms
associatively desorbed from the same dimer rather than
stracted by the H atom from another dimer. The TPD pe
at the lower temperature were supposed to be caused b
H2 desorption from the dihydride and that from the st
edge.24 Our calculations indicate that the H2 desorption from
the side bond@Fig. 2~c!# is easier than the other sites and
it is supposed to correspond to the TPD peak at the low
temperature.

We also investigated the third and fourth H abstractio
The DH of the H abstractions in Table I were calculat
using the lowest-energy path, i.e., theDH of the third H
abstraction was calculated from Fig. 2~c!. Figure 2~d! is the
equilibrium geometries after H3, H1, and H2 are desorb
In the single occupied orbital of this geometry, thep bond is
found at the side bond, while the node is found at the dim
bond @Fig. 3~c8!#. The second highest occupied orbital
found to be bonding for both the dimer and the side bo
@Fig. 3~c!#. The dimer bond length of 1.53 Å is longer tha
that of the clean dimer on the terrace of 1.36 Å, because
electron occupies the antibonding orbital. These results i
cate that thep bond is preferentially formed at the side bon
versus the dimer bond due to the shorter C-C length.

Figure 2~e! shows the equilibrium geometry after H3, H
and H4 are desorbed. The single occupied orbital of
geometry is found to be localized at the edge dangling b
@Fig. 3~d8!#, which is almost similar to that of the isolate
edge dangling bond. In the second highest occupied orb
thep bond is found at the side bond@Fig. 3~d!#. In this case,
the delocalization of the orbital does not significantly co
tribute to the energetics. Therefore, theDH of the third H
abstraction is as large as that of the first one at the step e

Figure 2~f! shows the equilibrium geometry after H3, H
H4, and H2 are desorbed. TheDH of the fourth H abstrac-
tion is found to be the most exothermic~234 kcal/mol!. In
the highest occupied orbital, thep bond is found at each o
the side bonds and the node is found at the dimer bond@Fig.
3~e8!#. In the second highest occupied orbital, thep bonds
are found not only at the side bond but also at the dimer b
@Fig. 3~e!#. In this case, thep bond is also preferentially
formed at the side bond rather than at the dimer bond.
C-C distance of the dimer is longer than that of the cle
dimer on the terrace due to the contribution of the antibo
ing orbital. As for the molecular desorptions of H2, theDH
of the second H2 desorption from the side bond~61 kcal/mol!
is lower than that of the first one~66 kcal/mol!. In this case,
the p bond formation at the dimer does not enhance
second H2 desorption very much, because the antibond
orbital is also occupied.

The DH of abstraction of the surface hydrogen by t
vapor H radical is much more exothermic than either
thermal desorptions of the H radicals or that of the H2 mol-
ecules. Therefore, in the CVD process, the surface dang
bonds are considered to be created by the vapor H radi
TheDH of the H radical adsorption is more exothermic th
ch
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that of the H abstraction for any sites. In the typical plas
CVD process, the large amount of the vapor H radical
expected to be readily adsorbed at the surface dang
bonds. Therefore, most of the surface area is regarded t
H-terminated though the exchange of hydrogen between
vapor and the surface proceeds during the CVD growth p
cess. The concentration of the surface dangling bonds a
step edge is considered to be higher than that on the terr
It is expected that a large amount of vapor H radical d
creases the concentration of the surface dangling bonds
increases the selectivity of the chemical reactions. In the
cent theoretical investigation of the Si~100!,25 the H adsorp-
tion at the step edge is more favorable than that on the
race in contrast to the diamond~100!.

B. Dimer mechanism

Recently, based on theoretical investigations,6–16 it has
been suggested that the nucleation on the terrace of diam
~100! occurs with CH2 insertion into the dimer bond via
several reaction steps, e.g., the so-called dimer mechan
However, the reaction mechanisms are considered more
troversial.

In the present calculations, theDH of the reactions have
been calculated while theEact of the reactions have not bee
investigated. The calculated reaction path and the reac
energies are summarized in Fig. 4 and Table II, respectiv
The CH3 radical is expected to be readily adsorbed at
dangling bond on the terrace@Fig. 4~c!#. TheDH of the CH3
adsorption is found to be284 kcal/mol, which is more exo-
thermic than the result of the non-self-consistent loc
density approximation~LDA ! calculation by Alfonso, Yang,
and Drabold.13

The H atom from the adsorbed CH3 group is abstracted by
the vapor H radical and a CH2 group is formed@Fig. 4~d!#.
The DH of the H abstraction from the adsorbed CH3 group
~25 kcal/mol! is more exothermic than that from the dim
on the terrace~1 kcal/mol!. The CH3 group is considered to
be desorbed as a CH4 molecule with the vapor H radical. Th
DH of CH4 desorption is found to be exothermic and it m
competitively occur with the H abstraction.

After H abstraction from the CH3 group, the dimer bond
length slightly increases and the C-CH2 bond length slightly
decreases@Fig. 4~d!#. In this geometry, the single occupie
orbital distributes at the CH2 and dimer bond@Fig. 3~f!#.
Another local minimum geometry is found after the dissoc
tion of the dimer bond in which an ethylenelike structure
found @Fig. 4~e!#. TheDH of the dimer bond dissociation i
endothermic with a value of 7 kcal/mol. The single occupi
orbital of this geometry distributes at the CH2 of the ethyl-
enelike structure and the adjacent three-coordinated ca
in which the node is found between them@Fig. 3~g!#. The
C-C length of the ethylenelike structure decreases to 1.3
after the dimer dissociation, because the charge density
contributes the dimer bond transfers to thep bond of the
ethylenelike structure.

The DH of the CH2 insertion into the dimer bond@Fig.
4~f!# is found to be exothermic. After the CH2 insertion, a
new surface dangling bond is formed at the side of the di
dride. The single occupied orbital distributes at the dangl
bond and the CH2-CH bond @Fig. 3~h!#. In terms of the
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frontier-orbital theory,26 the change in the single occupie
orbital with the CH2 insertion indicates the symmetry forbid
den; therefore, a considerableEact is predicted to be neces
sary. In the non-self-consistent LDA calculations
Kaukonenet al.,14 theEact of the CH2 insertion is found to be
40 kcal/mol. They also reported that boron doping decrea
the Eact of the CH2 insertion due to the charge transfer fro
the surface to the boron acceptor level.

The DH of H adsorption at the surface dangling bo
after the CH2 insertion @Fig. 4~g!# was found to be295

FIG. 4. Reaction path of the dimer mechanism on the terra
Equilibrium geometries~in Å! of the ~a! 231 dimer, ~b! the dan-
gling bond at the dimer,~c! the CH3 group at the dimer,~d! the CH2

group at the dimer, ~e! the ethylenelike structure,~f! the
CH2-inserted dimer,~g! the CH2-inserted dimer after the H termi
nate,~h! the dihydride adjacent to the ethylenelike structure, and~i!
the C2H5 group at the dimer, where only the geometries around
dimer are shown.
es

kcal/mol. TheDH of the abstraction of this H atom~28
kcal/mol! is close to that from the step edge~29 kcal/mol!
and so the trough mechanism, which is described later
expected to proceed from here. The CH2 insertion must oc-
cur in the lifetime of the dangling bond at the CH2 group
because it readily reverses to the CH3 group with the adsorp-
tion of a vapor H radical~in this case, theDH is 298 kcal/
mol!. Moreover, the reverse reaction of the CH2 insertion is
also considered to occur during the CVD process.16

The dihydride structure is formed via the H radical a
sorption at the three-coordinated carbon adjacent to the
ylenelike structure@Fig. 4~h!#. The DH of this reaction is
found to be exothermic with a value of282 kcal/mol. There-
fore, this intermediate geometry can be also formed wit
considerable probability. This dihydride prevents both t
CH2 insertion and the reformation of the dimer bond. Th
geometry is less stable than the CH2-inserted dimer@Fig.
4~g!#, where the stoichiometry is equal. These two geo
etries@Figs. 4~g! and 4~h!# are considered to be reversible
the CVD process, although energy barriers exist in the re
tion path between them.

If the CH2 group adsorbs the vapor CH3 radical, the C2H5
group is formed at the dimer@Fig. 4~i!#. TheDH of the C2H5
group formation is more exothermic than that of the C2
insertion into the dimer bond. Moreover, the CH2 insertion is
considered to be the rate-determining step of the dim
mechanism due to its highEact.

14 Therefore, the C2H5 group
can be formed before the CH2 insertion with a considerable
probability. As the vapor CH3 concentration increases, th
formation of the C2H5 group is expected to increase. On
the C2H5 group is formed, the CH2 insertion into the dimer
bond is inhibited. Therefore, the C2H5 group is considered to
be one of the by products, which disturbs the crystal grow
This idea is in agreement with the experimental fact that
crystal quality decreases as the CH4 /H2 ratio in the source
gas increases. The C2H5 group is considered to be desorbe
by the vapor H radical, where theDH of the C2H6 desorption
is found to be230 kcal/mol. Therefore, a large amount of
radical is expected to remove such a by-product during
CVD process.

C. Trough mechanism

The trough mechanism6 was investigated using the 432
supercell which includes theSB step of the (231)/(132)
domain boundary@Fig. 1~b!#. The reaction path and the re
action energies are summarized in Figs. 5 and Table III,
spectively. The chance of CH3 adsorption at the step edge
expected to be higher than that at the dimer due to the hig
concentration of the surface dangling bonds. TheDH of the
CH3 adsorption at the step edge of246 kcal/mol and that at
the adjacent dimer site of268 kcal/mol are less exothermi
than that at the dimer on the terrace of284 kcal/mol. For the
CH3 group at the step edge and at the adjacent dimer, th
atom from the CH3 group is close to the adjacent H ato
@see Figs. 5~c! and 5~c8!#. In particular, the torsion angle o
the CH3 group at the step edge deviates from that of
trans-conformation~60°! by approximately 25° to decreas
the steric repulsion. In the case of the CH3 group on the
terrace@Fig. 4~c!#, the distance to the adjacent H atom
larger ~1.68 Å! and it keeps the trans-conformation. The
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results indicate that the CH3 group at the step edge is mo
unstable than that on the terrace due to the steric repuls
Therefore, theDH that desorbs the CH4 molecule from the
step edge is more exothermic than that from the terrace

The DH of the H abstraction from the adsorbed CH3
group at the step edge@Fig. 5~d!# of 218 kcal/mol and that a
the adjacent dimer@Fig. 5~d8!# of 29 kcal/mol are more exo
thermic than that on the terrace@Fig. 4~d!# of 25 kcal/mol

FIG. 5. Reaction path of the trough mechanism at theSB step
edge. Equilibrium geometries~in Å! of the ~a! H-terminatedSB

step, the dangling bond~b! at the step edge and~b8! at the adjacent
dimer, the CH3 group ~c! at the step edge and~c8! at the adjacent
dimer, the CH2 group ~d! at the step edge and~d8! at the adjacent
dimer, the dangling bond~e! at the dimer and~e8! at the step edge
adjacent to the CH3 group,~f! the CH2 bridging across the trough
and the C2H5 group ~g! at the step edge and~g8! at the adjacent
dimer, where only the geometries of the upper layers are show
n.

due to the steric repulsion. TheDH of the H abstraction from
the dimer adjacent to the CH3 group@Fig. 5~e!# and that from
the step edge adjacent to the CH3 group@Fig. 5~e8!# are more
exothermic than those without the adjacent CH3 group.
These results indicate that at theSB step edge, the steric
repulsion between H atoms accelerates the H desorption

The CH2 group bridges across the trough with the seco
H abstraction@Fig. 5~f!#. In this geometry, the C-C length o
the adjacent dimer is elongated to 1.8 Å due to the incre
in the tensile stress. The bridging can occur in the lifetime
the dangling bond; in other words, the second H must
abstracted before another dangling bond adsorbs H ag
The DH of the molecular desorptions of H2 with the CH2
bridging are much less endothermic than either that from
dimer or that from the step edge; therefore, the thermal
sorption of H2 is considered to be relatively easy. TheDH of
the bridging with the two-step H abstraction is more exoth
mic than that with the one-step H2 thermal desorption.
Therefore, in the CVD process with a large amount of
radicals, the CH2 bridging is considered to occur via th
two-step H abstraction.

If the CH3 radical is adsorbed at the CH2 group before the
bridging, the C2H5 group is formed@Figs. 4~g! and 4~g8!#.
This C2H5 group inhibits the bridging of CH2 across the
trough. TheDH of C2H5 formation at the step edge and th
at the adjacent dimer are less exothermic than that on
terrace due to the steric repulsion. In particular, the tors
angle of the C2H5 group at the step edge@Fig. 4~g!# deviates

.

TABLE III. Reaction energies of the trough mechanism at t
SB step.

Reaction DH ~kcal/mol!

Creation of surface dangling bond
Fig. 5~a!1H•5Fig. 5~b!1H2 29
Fig. 5~a!1H•5Fig. 5~b8!1H2 24

CH3 adsorption
Fig. 5~b!1CH3•5Fig. 5~c! 246
Fig. 5~b8!1CH3•5Fig. 5~c8! 268

CH4 desorption
Fig. 5~c!1H•5Fig. 5~b!1CH4 261
Fig. 5~c8!1H•5Fig. 5~b8!1CH4 239

H abstraction from CH3 group
Fig. 5~c!1H•5Fig. 5~d!1H2 218
Fig. 5~c8!1H•5Fig. 5~d8!1H2 29

Abstraction of adjacent H
Fig. 5~c!1H•5Fig. 5~e!1H2 216
Fig. 5~c8!1H•5Fig. 5~e8!1H2 214

CH2 bridging
Two-step Fig. 5~c!12H•5Fig. 5~f!12H2 2101
Two-step Fig. 5~c8!12H•5Fig. 5~f!12H2 280
One-step Fig. 5~c!5Fig. 5~f!1H2 2
One-step Fig. 5~c8!5Fig. 5~f!1H2 23
C2H5 formation

Fig. 5~d!1CH3•5Fig. 5~g! 260
Fig. 5~d8!1CH3•5Fig. 5~g8! 269

C2H6 desorption
Fig. 5~g!1H•5Fig. 5~b!1C2H6 272
Fig. 5~g8!1H•5Fig. 5~b8!1C2H6 244
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by approximately 60°~i.e., cis-conformation!. The DH of
C2H6 desorption from the step edge is more exothermic t
that from the terrace due to its unstability. These results
dicate that the C2H5 formation at theSB step is relatively
unfavorable; therefore, the selectivity of the growth reactio
at theSB step is expected to be higher than that on the
race.

IV. CONCLUSIONS

The reactions of the diamond~100! surface with hydrogen
and methyl radicals have been investigated using the D
calculations with the GGA level and norm-conservi
pseudopotentials. The present study revealed the gro
mechanisms of the CVD diamond~100! on the terrace and a
the step edge as follows.

~1! The surface dangling bond at theSB step edge is more
stable than that on the terrace due to the relaxation tow
the plane structure.

~2! The second H abstraction becomes easier if the d
gling bonds are closer to each other to form thep bond. The
thermal desorption of H2 from the side bond@H1-H3 in Fig.
2~a!# is the most favorable because of the close C-C dista

~3! The CH2 insertion into the dimer bond proceeds v
the CH3 adsorption, H abstraction, and dimer dissociat
with the formation of the ethylenelike structure. If the CH3
radical is adsorbed on the CH2 group, the C2H5 group is
formed and the CH2 insertion is inhibited.

~4! The adsorbed CH3 at theSB step edge is closer to th
adjacent H atom than that on the terrace; therefore, th
desorption is easier due to the steric repulsion.

~5! The C2H5 group formation at the step edge inhibits t
CH2 bridging across the trough. This C2H5 group is more
unstable than that on the terrace due to the steric repuls

In the experimental observations, the step-flow growth
d
w

ri,
n
-

s
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th

rd

n-
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H

n.
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lectively proceeds at theSB step for a low CH4 /H2 ratio,
while the nucleation on the terrace increases for a h
CH4 /H2 ratio.5 This tendency is considered to originate fro
the difference in the reaction mechanisms on the terrace
those at the step edge. In the CVD process with a la
amount of H radicals, the concentration of surface dangl
bonds is expected to be very low and it mainly distributes
theSB step edge. At theSB step edge, the CH3 is expected to
be preferentially adsorbed due to the higher concentratio
the surface dangling bonds. The rate of some reactions in
step-flow growth is considered to be independent on the c
centration of the vapor CH3 radicals. For example, the rate o
the CH2 bridging @Figs. 5~c! to 5~f!# only depends on the
reaction with H. Moreover, the total length of theSB step on
the surface is relatively small4,5 and the newSB step does not
appear until the entire reaction cycle is completed. Theref
even if the concentration of the vapor CH3 radicals increases
the rate of the step-flow growth does not increase very mu
The oversupplied CH3 radical is expected to increases th
nucleation on the terrace. The increase in the CH3 radical
concentration is considered to rather enhance the C2H5 group
formation than the CH2 insertion on the terrace. In the cas
of the low CH3 concentrations, the CH2 insertion is consid-
ered to proceed before the formation of the C2H5 group. As
long as the crystal growth proceeds at theSB step, the for-
mation of the C2H5 group is expected to be more unfavorab
due to the steric repulsions. Therefore, in order to prod
the high-quality CVD diamond, it is important to decrea
the CH4/H2 ratio to increase the selectivity of the grow
reactions.

It is known that the growth mechanisms of diamond d
pend not only on the CH4/H2 ratio but also on some
impurities.14,27 Therefore, the investigation of the effect o
impurities on the growth mechanisms is now in progress
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