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Time dependent Monte Carl@’DMC) simulations are performed to determine the effects of a
variety of H reactions at a diamorf{801}(2x1) surface exposed to gaseous atomic and molecular
hydrogen under chemical vapor deposition conditions. The simulation time in the TDMC method is
the same as the real time measured in experiments because all of the considered reactions are
allowed to occur with probabilities which are the product of the TDMC time step and the
corresponding reaction rates. The reaction rates are either explicitly calculated via molecular
dynamics or transition state theory methods, or taken from experimental measurements. The
simulation takes into account H adsorption, H abstractiondesorption, H diffusion, and the
reverse of these reactions. The relative values of the calculated rates and how they affect the surface
radical density and distribution, as well as the effect of ;Gbh radical site diffusion are
discussed. ©1995 American Institute of Physics.

I. INTRODUCTION microscopic rates of the individual reactions to the macro-
scopic regime of diamond film growth. The TDMC method
Diamond growth via chemical vapor depositi@@VD)  which we have been developitig® combines molecular dy-
is now a well-established procésdand extensive theoreti- namics(MD) simulations for extracting reaction probabili-
cal work has gone into understanding many of the principaties and mechanisn$, simplified transition state theory
phenomena associated witHit:®In spite of these efforts the (TST) for determining reaction rates of activated
mechanisms of diamond film growth are not yet fully under-processe$®!° and the TDMC simulations for extrapolating
stood. The CVD growth of diamond films on a hydrogenthe short-time microscopic information to the macroscopic
terminated diamond substrate typically occurs in a gaseouggime of experimental conditior}3
hydrogen/hydrocarbon atmosphere at pressures between The realistic modeling of atomic systems by
20-30 Torr. The atomic hydrogen in the gas phase is in gvay of kinetic?>"?* and time dependent MC
dynamic equilibrium with other gas phase species and theimulationg®16181925-2%h55 recently seen two significant
diamond surface. The growth process itself is initiated by thejevelopments. First, it is now possible to accurately deter-
formation of a surface carbon radical® The most likely mine the energetics of the equilibrium configurations as well
means of surface radical formation is the abstraction of &s the transition barriers of complex systefh¥ Thus the
surface H atom by a gas phase H atom to form gasegus Hrates of individual microscopic processes or reactions can be
Once the surface radical is formed, gas phase hydrocarbafetermined using methods such as molecular dynamics simu-
species such as methyl radical or acetylene can adsorb onfgions or transition state theot§.Second, the definition of
the surface and incorporate into the diamond lattice. Thehe Monte Carlo time and its relationship with real experi-
events leading to film growth are hence dependent on thghental time has been rigorously sought®®2-2%In the
behavior of the surface radical; specifically, how it is createdcase of a single isolated reaction the reciprocal of the reac-
what events it experiences during its lifetime, and how it istion rate determines the time required for the reaction to
destroyed. The rates of the individual reactions, however, argccurl®18 This guantity can be set equal to the Monte Carlo
at best difficult to determine experimentally. One strategy taime thus defining a direct relationship between the Monte
overcome this problem has been to model the whole growtltarlo time and real time. In the case of a many-particle mul-
process with a series of plausible and well-characterized r&iprocess system, however, the correlation between the two
actions, typically extracted from the gas phase hydrocarbofimes is not straightforward. One approach at determining
literature® This assumes that the rates of the gas phase pranis relationship has been to scale the MC time by a normal-
cesses are transferable to corresponding surface processggtion constant chosen such that the MC time matches the
There exists some evidence that this assumption is not valigxperimental time for the simulation of interé8t?* Other
at least for the case of H abstraction from the diamfiid}  approaches involve either considering the inverse of the net
surface'* The alternative is to either calculate the individual total reaction rate as a time step and moving one particle at a
rates associated with the growth processes or use experimetime 2°or assigning to each particle in the system indepen-
tal surface rates if the particular process has been measurefent time steps and the real time step is represented as an
The rates thus determined can then be used in time depegverage over all the independent time st&p3’*’Recently
dent Monte CarldTDMC) procedure in order to extend the we have presented a simpler alternafi¥éor many-particle
multiprocess systems, which is analogous to the single iso-
aDepartment of Chemistry, College of William and Mary, Williamsburg, lated reaction discussed above. Given a set of rates for all the
Virginia 23185. particles and processes in a system, where the reciprocal of a
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m-bond density is 1%—10% of the number of surface dimers.
This calculation sets the stage for further studies that include
hydrocarbon molecular reactions leading to the growth of
several layers of diamond under CVD conditions. These re-
sults will be published elsewhet?.

As the method combines many discrete pieces, this ar-
ticle will be organized with the calculations of the individual
reaction rates along with the discussion of the calculated val-
ues being described first in Sec. Il. The TDMC procedure
with the results of the simulations are presented in Sec. Ill.

II. MICROSCOPIC PROCESSES: RATES AND
PROBABILITIES

The dynamic picture of the diamorA60L(2Xx1):H sur-
face in equilibrium with atomic and molecular hydrogen gas
at a given temperature and pressure is composed of micro-
scopic individual reactions as well as the overall macro-
scopic view of the steady state conditions. The H atoms and
the H, molecules in the gas phase react with the surface
6. 1 Schematic di ¢ ol of the H dered in th hydrocarbon species and radical sites such that new radical
10, St dgan of s of e prcesses contdred o S e created and previously created ones are destoyed
tion at an-bond; 3, H abstraction to form an isolated radical; 4, H abstrac-DUriNg the process, radical sites may also diffuse along the
tion to form am-bond; (B), H diffusion process; 1, across trough; 2, across surface and come together or scatter off of each other. In this
g:m:? rg(lvae'l(r’]ggfo‘m‘efb;%} g' :;:;)SSSStgou“ghhai’édbfrzﬁé’*&%’;‘zi_ g 2:829 section we describe, in detail, how the rates and probabilities
dimer row and breal»:—bond;'(cv)l, H desorpt?on to form isolatea r:;ldical;gz, of ea(_:h of the m_|cr-os.cop|c reaf:t|ons ar? Calcmajted'
H desorption to formm-bond, 3, H desorption; 4, dissociative +addition; Given a realistic interatomic potential function capable
5, H, deposition of H at isolated radical; 6,teposition of H atr-bond. of describing the dynamics in a many-particle multiprocess
system, ideally one would like to use MD to either study the
full dynamics of the system or compute the rates and prob-
rate represents the duration of a process, any constant tingilities of the required microscopic reactions. This is prima-
step may be chosen which is less than the duration of thgly because once the interaction potential has been specified
fastest process. This simulation time step is equivalent to 1D does not require any further approximation or knowl-
real time step in which all particles are allowed to move, butedge about the paths or the products of the possible reactions
the processes are chosen randomly and allowed to occCuihder nonequilibrium conditions. For activated reactions
probablistically as will be explained below. with large barrierg~0.5 e\), however, it is challenging to
The processes on the diamo{801}(2x1) surface, yse MD to describe the system because the reaction simply
shown schematically in Fig. 1, which have been consideregioes not occur within the time scales of typical MD simula-
in this paper include H adsorption and abstraction reactionsions (~100 n3. The alternative then is to use transition state
H diffusion, H desorption, kdesorption, as well as the re- theory(TST) for computing the reaction rates, but the reac-
verse of each process so as to satisfy the principle of micromnts and products are predetermined and only the transition
scopic reversibility. This represents a large manifold of pro-states need to be found in the multidimensional phase space.
cesses with time scales varying over orders of magnituderhere are cases, however, in which the energetics and struc-
Molecular dynamics simulations using an empirical interacture of the transition states are not easily determined. For
tion potential® are used to directly determine the probabili- these processes we use experimental rates and probabilities
ties of fast time scale events such as adsorption and abstragr simple estimates. In this section we describe H atom ad-
tion. The rates of slow time scale events such as diffusiogorption and abstraction via MD simulations, H atom diffu-
and desorption are obtained through the use of transitiogjon via transition state theory, and H angd dsorption via
state theory using the same potential. The rates of both théxperimental observations. The rates of all the reverse pro-

short and long time scale processes are then combined in ti@sses are obtained from the corresponding forward rates.
TDMC simulation where two reactive elements, hydrogen

and carbon, are present. In addition to the presence of singi%
radical sites on the H-terminate@®01}(2x1) surface the a
simulations result in formation of straineg-bonds!*2 on We have used molecular dynamics to perform a series of
individual dimers in equilibrium conditions. The strained classical trajectory calculations involving H atoms colliding
m-bonds have been proposed as distinct reaction species anith a diamond{001}(2x1):H surface in order to determine
the diamond surfac&$*3but their formation and observation the adsorption probability on a radical site and the abstrac-
in a dynamically equilibrated system has been explored ition probability from a surface C—H bor{dFig. 1(A)]. The

this work. Our results show that the isolated radical densityclassical trajectory simulation involves solving Hamiltons
is from 4%-40% of the total number of C sites and theequations of motion using an analytic potential energy func-

MD calculations for H atom adsorption and
straction
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) ) FIG. 3. H adsorption and H abstraction probabilities for @e0.75{111}
FIG. 2. The diamond001}(2x 1) surface with a surface hydrogen coverage surface and several coverages on {881}(2x1) surface;], abstraction
of ©=0.94.(A) Top view with touching radius sphere®) Side view, ball  from {001} ©=0.89; W, abstraction from{001} ®=0.50; ¢, abstraction
and stick model. If the remaining H atom on the central surface dimer wasrom {111}; #, adsorption{111}; ®, adsorption{001} ®=0.50; O, adsorp-
missing, there would be a strainedbond. tion {001} ®=0.94; V, adsorption{001} ®=0.89; A, adsorption{001}
©=0.00.

tion. The specific potential energy function we have used is a

many-body empirical bond order potential developed by_ .= |
Brennerr®3® This potential was originally developed to This is done for each of three temperatures, 1200, 1500, and

model the chemical vapor deposition of diamond films but,1800 K. In between each set of 400 trajectories, the surface

in fact, has been used in a number of simulations of othefS further equilibrated for approximately 2 ps. During each

hydrocarbon interactions and reactions including the inserindividual trajectoy a H atom is randomly placed above the
tion of CH, into a surface dimer on the diamod@0L(2 crystal ar_1d given a thermal velocity picked from a 3D Bolt-
x1):H surface!’ the pick-up of a molecule from a surface by zmann dIStI’I.bLItIOI‘.\ at the same tem_pgrature as the substrate.
another gas-phase moleculend Eley-Rideal reaction Only the trajectories with net .velocmes tovyard the surfaqe
sequence®® surface molecular  reactions  during are allowed to proceed. The impact zone is thus the entire

sputtering”-*! and compressiof? indentation®** and crystal surface as periodic boundary conditions are em-
reactio® 49 at diamond surfaces. ’ ployed. The trajectory is then followed until either the H

The adsorption and abstraction trajectory studies are peﬁtom reflects from the surface and passes outside the poten-

formed on a diamond00L(2x1) crystal with various H tial cutoff, a hydrogen atom abstraction takes place and the
atom coverages. The basic system is 8 layers deep with 18

@gwly formed H molecule passes outside the potential cut-
atoms in each layer. For tH@x 1) reconstruction this yields °ff: OF @pproximately 2 ps has passed. At the end of 2 ps if a
3 rows of 3 dimers on the surfadeee Fig. 2 The bottom reflection or abstraction event has not occurred the incoming
two layers of the crystal are held rigid, the next four Iayersatom is checked for adsorption. It is considered adsorbed if it
are a heat bath using a Berend®estheme to maintain the

is within 1.8 A of a surface radical site and if the H binding
temperature of the system, and the top two layers of C atomS"erY has increased by3.4 ‘_BV for adsqrptlon onto_ a
move only under the influence of the interaction potential.™PoNd and~4.0 eV for adsorption onto an isolated radical.
Four different surfaces have been prepared that differ only if-x@mination of individual trajectories has shown that within
the hydrogen coverage®. The four configurations are as 2 ps all impinging H atoms have either adsorbed, reflected,
follows: or abstracted.

(1) ©®=0 (cleanw-bonded surfage

(2) ®=1/2 (each surface dimer has one adsorbed H atom 1. H adsorption

(3) ®=0.89(a fully hydrogenated surface with omebond,

(4) ®=0.94(a fully hydrogenated surface with one isolated
radica).

The results from the MD simulations of H atom adsorp-
tion on the{001}(2x1) surface of diamond for the four H
coverages are given in Fig. 3. Also shown are the values
Each of these surfaces is equilibrated to the desired temperfrom a similar calculation on diamond11} in which there
ture for approximately 2 ps. On each surface 6 sets of 40@ere four carbon sites, three of which had H atoms adsorbed
trajectories for a total of 2400 trajectories are completedand one was a radical sitéIn all cases the adsorption prob-
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TABLE I. Probabilities of H atom and CHdynamics on the diamon01} (2xX1):H surface.
Probability (events peus)
Reaction 1200 K 1500 K 1800 K
H atom collision(0.1 Torn D 6.56E—02 5.8 E—-02 5.3€&—-02
H, collision (18 Torr 8.35 7.47 6.82
H atom adsorption
At an isolated C radical Al 0.0348 0.0320 0.0231
At one C atom inm-bond A2 0.0511 0.0451 0.0396
H atom desorption
To form an isolated radical C1 2.4%E€-12 1.3 E-08 3.9E-05
To form 7-bond Cc2 3.94-08 3.0E-05 2.5E-03
H atom abstraction
To form an isolated radical A3 1.44£-03 3.1&-03 4.47E-03
To form w-bond A4 2.07E-03 3.5E-03 5.1ZF-03
H, deposition 6 a H atom
At an isolated radical C5 2.60(E-04 1.07E-03 2.2&-03
At one C atom inm-bond C6 4.68-08 9.0E-07 6.5£-06
H, desorption C3 6.51E—-07 2.8E-04 0.0162
H, adsorption C4 1.9E—12 8.4F-09 2.2ZE-06
H atom hop to a radical site
Across dimer B2 0.0709 3.81 54.3
Across trough Bl 2.8%€-05 7.61IE-03 0.312
Parallel to trough B3 4.84E-04 0.0609 1.53
H atom hop to form ar-bond
Across trough B4 7.91E-05 0.0174 0.637
Parallel to trough B5 1.62E-04 0.0256 0.752
H atom hop to break ar-bond
Across trough B6 4.1%€-09 6.5E—-06 8.7E-04
Parallel to trough B7 1.04£-08 1.1E-05 1.1&-03
CHjs hop to a radical site
Across dimer B2?2 44.7 368 1499
Across trough B1? 4.86E—-03 0.192 2.22
Parallel to trough B3? 0.512 8.31 53.2
¥Diffusion hops for a CH radical.
abilities are given on a per sifge., single C atom with a adsorption is that the portion of the surface available
radica) basis. The following analysis can be made from for sticking to the mbond is greater. Moreover, the
these values: empirical potential does not include explicit electron
(@ The adsorption process is exothermic and unactivated, density. Thes-bond electron density should, in fact,

(b)

(©

extend farther above the surface than the electron den-
sity of the isolated radical. This would lead to the
m-bond sites having even greater reactivity than the
isolated radicals towards incoming particles.

There is cooperativity for adsorption among adjacent
single radicals orr-bond sites. This is evidenced by
the adsorption probability being greater for the clean
surface than for the single-bond. This effect has been
observed before for F adsorption on(Bef. 52 where,

as mentioned above, there is a greater area on the sur-
face where the atom can approach a binding site unhin-
dered.

therefore the absolute value of the adsorpfionstick-

ing) probability represents a measure of the surface
area occupied by a surface C radical. The adsorption
probability on the{001}(2x 1) surface, where each unit d)
cell is 6.37 &, ranges from 50%—75%, thus the ad-
sorption cross section is 3.2—4.8./0n the{111} sur-

face the unit cell is 5.53 A the adsorption probability

is approximately 40%, thus the cross section-i2.3

A2 The difference is presumably because the radical
on the {111} face is perpendicular to the surface
whereas on thd001}(2X1) face the radical is at an
angle and there is a greater angle of approach for the
incoming H atom which can lead to adsorption. In the TDMC calculations we have used the adsorption
The temperature dependence of the adsorption prolprobabilities for the®=0.5 case for adsorption onto an iso-
ability is minor although the greater vibrational motion lated radical and those fo®=0 for adsorption onto the
of the solid at higher temperatures does decrease the-bond sites.

probability slightly.

The adsorption onto a-bond has a greater probability )

than the adsorption onto an isolated radical. This trend® H abstraction

is reverse of the exothermicities as energy must be ex- The H abstraction probabilities are also given in Fig. 3
pended to break the-bond. The major factor leading for both the {100}(2x1) and {111} surfaces. The values
to a difference inm-bond adsorption vs isolated radical shown at each temperature are identical within statistical
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limits although the values might be slightly higher for the TABLE II. H and CH; diffusion activation energies and prefactors.
{111} surface®® The activation energy for abstraction is in the
range of 0.34-0.42 eV depending on the surface and the
coverage. The transition state on both surfaces is a nearly Reaction v (s7Y E (eV) v(sY E (eV)
collinear configuration, and is the main reason for the low —
abstraction probabilities:>* As the temperature of both the H(fC:gSaS rg‘ii:cearl e, 318413 206 169412 109
gas and surface increases, it becomes easier to overcome th@cross trough Bl 3.6%E+13 288 4645411  1.90

activation barrier and the abstraction probability increases. Parallel to trough B3 1.5 +13 250 5.73E+11 144
Hop to form am-bond
. Across trough B4 4.1F+13 279
3. H collision frequency Parallel to trough B5 1.6FE+13  2.62

The quantities calculated from the MD simulations for H HOAp to brfak a’;'bO”dBe 386413 3.80
atom adsorp_tion and H_qt_om abstraction tp forma‘ﬁe_the Pgrr:\ﬁ; {gut?ough B7 151E+13 361
on-site reaction probabilities that are equivalent to isolated
rate constants. What is ultimately needed are the rates for
these events which depend on the partial pressure of the am-
bient gas. The multiplicative conversion factor to do this is
the number of collisions per unit time, that the gas par-

ticles make with the surface. The collision number is giveniS 9i

H atom CH

MD simulations. A description of the methodology used here
ven in recent references and will not be delineated

by?* here!>8Finally, we assume that the individual hops are iso-
lated events, thus the rate is independent of concentration
Z=AP/N(2mmkgT), (1) and the rate equals the rate constant for the specific hop

whereA, is the area of the siteP is the partial pressure of Under consideration. o
the gas,m is the mass of the particlkg is Boltzmann’s Presented in Table Il are the activation energkeg) (and

constant, and is the temperature. In this caseis the mass prefactors(v) for the various diffusion events as calculated
of the H atom andP is the partial pressure of the H atoms from TST. In this calculation the Cfis only allowed to
above the substrate. A typical value for the H atom partiafMigrate within a united molecule approximation, i.e., no H
pressure is 0.1 TofP A range of values for the H atom transfer is allowed to occur between the migrating methyl
partial pressures are used in the final TDMC simulations an@roup and the remaining system. Moreover, the;@&lues

the probabilities for H atom adsorption and abstraction undef® only used with single radical simulations, thusmbond
these conditions are listed in Table 1. states are allowed. Studies underway, though, do include

these additional configurations.

Focusing first on the H atom hops we find that all of the
activation barriers are quite high at 2—4 eV in contrast to the

The diffusion of species on the surface occurs concurdiffusion of H on metal surfaces. The easiest motion is the
rently with the adsorption and abstraction events. Using thenigration across the surface dim@r2 radical shift, a reac-
Brenner hydrocarbon potential and a steepest descent pdibn unprecedented in small molecule chemisfrfor the
(SDP algorithnt® we have calculated reaction paths for sev-{001(2x1):H surface it leads to no real net motion, but it is
eral H atom diffusion processes on the diam@ud}(2  included for completenes&. The most difficult motions are
X 1):H surface[Fig. 1(B)]. We have considered three simple to break am-bond as ther-bond is more stable by 1 eV than
H atom diffusion hops that may occur on this surfag@;a  two isolated and noninteracting radicals using this interaction
hop to a radical site on the same dim@), a hop to a radical potential. The prefactors for H diffusion are nearly constant
site on an adjacent dimer across the trough; @ hop to  at a value of 18 hops per s.
a radical site on an adjacent dimer in the same dimer row. Due to the directionality of the C—H bonds it has been
Processe$2) and (3) have also been considered for casesargueé9 that diffusion across the trough should be consider-
where they cause a-bond on the surface to be formed or ably more facile than diffusion parallel to the trough in con-
broken[Fig. 1(b)4—7]. Although the primary focus of this trast to the energies calculated with this interaction potential.
study is H concentration and distribution on the surface, thé\ll the activation energies for H diffusion correspond to al-
effect of competing reaction processes is also of interesiost breaking a surface C—H bond. This is a consequence of
Therefore the same types of hops for a single isolated radicahe short ranged nature of the interaction poteritidlter-
have also been considered for the case of; @Hfusion.  natively, dihydride speciedi.e., single C atoms with 2
Activation barriers for each diffusion path are determinedbonded H atomscould provide a low energy path for diffu-
directly from a SDP calculation. The corresponding rate consion across the trough. In the TDMC calculations some
stants are calculated using a simplified transition stat&ariation of the calculated diffusion barriers is performed to
theory:>!8in which the temperature dependent rate constanexplore the changes in the final results due to the above

B. Transition state theory for diffusion

is given by reasons.
B _ Finally the activation energies and prefactors for ;.CH
Krst=v exp(—Ea/ksT). @) diffusion are found to be smaller than for H diffusion. The

The prefactor,y, and the activation energ¥,, are calcu- CH; molecule is physically larger and should have an ex-
lated from the same interaction potential as is used for théended electron density. Hence it is easier for the; @
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TABLE Ill. Exponential factors for determining reverse reaction rate constants.

Forward reaction AE (eV) 1200 K 1500 K 1800 K
H, desorption to formm-bond C3 -3.14 6.FE-14 2.&-11 1.6e—-09
H abstraction from H saturated dimer A3 -0.33 4.FE-02 7.86-02 1.26-01
H abstraction from isolated radical A4 —1.66 1.E-07 2.66—-06 2.&E-05

bridge the diffusion path length both across and parallel t&ince the difference in energy between the reactants and

the surface dimer. products,AE, is known, the reverse rate constant can be
written as
C. Molecular and atomic H desorption k,=A exg — (E,+AE)/kgT]. 4

The desorption of H atoms and,Hnolecules from a o ] )
diamond surface have large activation barriers, thus the ratddom Egs.(2) and(3) it is straightforward to determine that
are too slow to be directly modeled via MD simulations and
the short range nature of the interaction potential precludes kr=k;S exp(—AE/kgT), ®)
determining a reasonable transition state for thedelsorp- . . ) )
tion reaction. For H atom desorption, an event which has no\f"here’ In _addltlon o the_ energy_dn‘ference correction, we
been observed experimentally, a simple Arrhenius form ié‘lave alsq mclude_d a_stenc cor_rectlon fac@ro accqunt for
assumed where the activation energy is the bond strength &5 Possible steric hindrance in the reverse reaction.
determined from the interaction potential and the prefactor is  Studies using transition state theory for calculating the
assumed to be 1®events per s. The rate constant of H atom'at€S of H deposition 6a H atom on the{111 surface of
desorption from a surface dimer with two H atoms bonded ili@mond indicate that in order for the reaction to proceed, H
k=101 exp(—4.42 eVksT) s L, where the product is an iso- must be almost perfectly collinear with the final C—H bond

. . 2 .
lated radical. The H atom desorption from a surface dimefNd aimed right at f Correspondingly we attempt to ac-
that already has a radical, a rate constant 01<:ount for the area of the carbon atom within the unit cell and

k=10 exp(—3.42 eVkgT) s L is used and the product is a the angle at which the deposition takes place on the
mbond. The rate constant of molecular, ldesorption is {001}(2Xx1) surface. In order for deposition to take place, the

taken directly from a temperature programmed desorptiofiiz Molecule must hit a surface carbon atom. The surface
experimerf® with k=10 exp(—3.14 eVkgT) s * and the Carbon atom occupies approximately 1.81da637 K
only mechanistic assumption made about the process is th4fit Cell giving the area correction factor of 1.81/6.37. As-
the two hydrogen atoms must desorb from the same dimer osuming the transition state for. the reverse reaction is fthe
the surface. In a recent time of flight and recoil spectroscopg@™Me as for the forward reaction a polar angle correction
(TOF-SARS experimenf! isothermal H desorption is also 'aCtor is applied to take into account that the deposition pro-

a first order process with an activation energy of 2:986 €SS is most likely to occur in a collinear fashion. This cor-
eV and a prefactor o&10" s™%. Our chosen value df for rection factor of 10°/90° allows the Ho impinge at an angle

H, desorption is same as the TPD experimental v&uiehe plus or minus ten degrees of collinear. Thiss approxi-

slower prefactor in TOF-SARS experiment is an averagdnately 0.03. _

over the full range of experimental conditions where as Finally the calculated rate constants as described above

10'¥s is a suitable prefactor for each independent event. Must be multiplied by the appropriate collision number as
defined by Eq(1). In these cases the mass is that of the H

molecule and a Kpartial pressure of 18 Torr.
D. Reverse reactions There are several approximations here so ultimately the
question is whether these will significantly alter the results.
The partial pressure of Hs typically 10—100 times larger
than that for atomic H. The mass factdmw?) from Eq. (1)
. and the steric factof0.03 almost cancel the pressure effect,
ecule on the surfacgFig. 1(C)]. These processes are too thus, the dominant term is the exponential AH/kgT). The

slow to be modeled with MD and the values have not bee ; . )
ré values for the three reactions are given in Table Il along

measured, therefore the rate constants have been estima .
. . . . with the evaluated exponential factors at the temperatures of
from their relative reaction energetics. If we express all of; . .
) X . interest. In the case of depositiohaH atom at an isolated
the rate constants in an Arrhenius form and assume a similar, . ; .
. . . radical(C5 in Table | and reverse of H abstraction from a H
prefactor, then it is straightforward to estimate the rate con- . . o
. saturated dimey the probability of deposition is two orders
stant of the reverse reaction once the forward rate constan . : )
. ; of magnitude smaller than the competing process of direct H
and the relative energetics of the reactants and products |

o Stom adsorptionA1). Since both processes have the same
known. If the forward rate constanky, has an activation end result, the additionfa H atom to a radical site, the exact
energy,E,, and a prefactorA, then

value for the deposition as a reverse of H abstraction is rela-
ki=A exp(—E,/kgT). (3) tively unimportant. In the other two cases the reverse reac-

In order to satisfy the principle of microscopic revers-
ibility in the TDMC simulations, we must also consider the
reverse processes of,Hepositig a H atom or a K mol-
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FIG. 4. Histograms of all event probabilities at 1200, 1500, and 1800 K in o
events/is/site. The events are labeled as they are given in Fig. 1, Dvith 10
standing for the H collision probability with the diamond surface.

ec

tions rates are orders of magnitude less than the correspond%
ing forward reactions and should be negligible.

—r
e

E. Comparative rates

Before discussing the TDMC calculations it is useful to
obtain a perspective of the relative magnitudes of the various 02
processes. Given in Table | are the rates for the various
events at 1200, 1500, and 1800 K. The experimental growth
conditions are in the Iower half of this temperatu_re ,rangeFlG. 5. Histograms of the dominant event probabilities at 1200 and 1800 K.
The calculation at the higher temperatu(@800 K) is in- Labeling is the same as for Fig. 4.
cluded to account for the possibility that the surface diffusion
activation barriers obtained from the empirical potential may
be higher than the actual barriers as explained in Sec. Il B.
The rates are given as number of events pgrper site as
this gives a convenient comparative time scale. The rates a

displayed graphically in Fig. 4. ¢ dicl It | tant
In Fig. 5 only the rates of the dominant events at 12000roce§sest or mt:;ny pe;rhlcdez sm;u r?neousty, Znﬂ:m?/?r a}[n
and 1800 K are shown. At 1200 K the dominant processe%OnSI eration is the method by which we exten € hvonte
arlo calculation into the time domain. For a single-particle,

are H atom addition to both isolated radicals amdbonds,

events which occur at the rate of approximately 0.04 adsorp- Mmultiprocess system we use the rates of the microscopic pro-
tions perus. The H abstraction probabilities are an order ofcesses to determine the duration of the processes. There is
magnitude smaller. The diffusion rates are negligible. One pnly one clock which keeps track of time for the entire

5
would expect in the TDMC simulations that the total number>Y’ ystem.® The rates of all of the allowed processes for the
of radicals would be low and that there would be m|n|mal particle are combined to obtain a total rate and the time step

diffusion of radicals. n which the particle moves is then the inverse of the total

At 1800 K the H, desorption probability is comparable rate. At each time step, one of all the poss@le processes is
to the two H adsorption probabilities. This would indicate randomly selected and the selected process is allowed to oc-

that the total radical site density should increase. In addition :jV\t”r:h a ?rob?t:wty_wglqz |s|the prf)e{é,dsl#:r: of tTe tlrr}etﬁtep
the diffusion rates are competitive in value and con&derablén € rate ot the individual proc € rates ot the

diffusion is expected. Although is it straightforward to esti- individual processes are thus included only through the prab-
bilities in a single time step which is the real time itself.

mate the dominant processes from the table of rates, it @. th doml lected both th d
almost impossible to predict quantitatively the competitive Ince Ihe processes are randomly selected bo € rare an
: frequent events are uniformly sampled at each step although
and cooperative effects. - o
the probability of the rare events occurring is very small. The
Il TIME DEPENDENT MONTE CARLO method has been applied successfully to the case of Si ada-
' tom diffusion on Si and Ge surfac&s®>**Recently we have
CALCULATIONS . . .
extended this method to a many-particle multiprocess
Given an ensemble of microscopic reactions in a systensystent® The extension is based upon the observation that
the essence of the time dependent Monte Carlo calculation given the rate of each individual process in a system, the
how the system evolves towards the equilibrium configuraprobability of a process occurring withamy specified time
tion. A template or grid of sites is established on which theperiod or time step is simply the product of the time step and

= R

€3 ca A3 €5 A4 C6 A ¢ a2 c2

Event

individual reactions occur. The sites are cycled through, and
Féom a Monte Carlo approach various events are allowed to
proceed. Since we are considering a multitude of competing
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perimental time remains unclear and is considered as an av-
START l ] erage over all of the particles. The approach in Ref. 27 picks
Advance clock by time ste| . . . oy
Random surface Yo particles randomly, from a list of given transition type, but

= the relationship of the individual time steps with an overall
real time step is also considered as an average over all the
Cycle through every site particles in the system. In our approach there is only one
%— ‘ Upaste time which is the real time itself. At each step all particles
Nor-aihusion are allowed to move, albeit probablistically, and events for
Randomly the particle are randomly sampled. The inconsistencies in the
l independent and master clock metfivd’ have been identi-
ol trougn e fied and addressed in recent publicatiéh® In the refined
— method?® for Poisson processes, the transition probabilities
Random are constructed from the normalization of individual rates
Direstion and the time step is the inverse of the average rate weighted
Neow Ste by a Poisson probability distribution. The particles are ran-
v domly selected and the time step is incremented only for
r » successful moves. When rare events occur, they are neces-
Update sarily accompanied by long time increments. Our method
List = [onsn] allows for rare events happening at short time duration al-
{ though with small probability. This is in principle closer to

the philosophy of static MC methods where atomic configu-
FIG. 6. Flow chart of the TDMC algorithm. rations of higher energies are also accepted albeit with small
probability. Cao in Ref. 29 points out that in the case of
independent and master clock methods, a faster convergence
the rate for the process. A single constant time s&pfor  is achieved if the real time step is an average over all the
the overall dynamics is chosen such that it is less than thprocesses in the system and not over all the particles in the
duration of the fastest process considered. The probabilitiesystem as considered in Refs. 25-27. For a single particle
for all of the considered processes are thus between 0 and many process system, in such a case, Cao's method is the
All of the particles are allowed to move in each step with thesame as our approath.The rare events in our approach
process for each particle randomly selected. A particldhough are uniformly sampled as real time progresses.
moves, however, only if the probability of the move is less ~ We are interested in the dynamics of hydrogen on a dia-
than a uniformly sampled random number between 0 and Imond {001}(2x 1) surface with the goal of determining the
The constant time step is chosen such that the acceptancadical site density and distribution. The grid chosen is 100
probability of the fastest process is about 0.5, a value typicak 100 points with periodic boundary conditions in which
of most MC simulations. With this procedure, values ofeach grid point is §001}(2x 1) surface C atom either with or
5t=10"°s (1200 K), 10 " s (1500 K), and 108 s (1800 K} without a bonded H atom. The algorithm followed for this
are chosen. The time stefp=10"° s at 1200 K, however, is calculation is given schematically in Fig. 6. The TDMC cal-
larger than the lifetime of a single radical. &=10""s culation proceeds by keeping track of all the grid points as
which is smaller than the lifetime of a radical is used in thewell as a history of each radical. In a single time step all grid
simulation at 1200 K. The results for radical diffusi@fig.  points are checked for the possible adsorption, desorption, or
7) were generated with time steps chosen from our earlieabstraction events which affect the radical density. Since the
approacf? because a single radical diffusion in a many-radicals are constantly created or destroyed at each grid
particle multiprocess system can be treated like a tracer difpoint, the radical list at each step is sufficiently uncorrelated
fusion in the system. with the list of the previous step. The complete list of radi-
A comparison of the above method with other recentcals at each step is thus cycled through and checked for
TDMC approaches for many-particle, multiprocessdiffusion. This approach assumes a separation of the diffu-
system&1%2>=2%s now in order. Given the rates and prob- sive events from all of the other events considered. This
abilities for each process in the system, in one approath  assumption is deemed reasonable as the overall radical con-
the time step is the inverse of the net total reaction rate. Atentration before and after the diffusive events remains the
each step a particle with a process is selected with a prolsame. The model allows for the tabulation of the overall

ability based on the individual rate. The process is allowed tgadical and=-bond concentrations as well as the diffusion
occur while other particles remain stationary. In otherconstants and lifetimes for each species.

approacheés? each particle is assigned an independent time. o _

clock. The clock for each particle advances as the reciprocd}- Diffusion of a single isolated radical vs

of the rate of the process that occurs. A master clock keeptée mperature and CH , coverage
track of the overall time, particles move consecutively such ~ The diffusion of a single species, i.e., a radical, on the
that a particle moves only when sufficient time has{O01(2Xx1):H surface is the simplest of the TDMC simula-
passed”?® The relationship between the time kept on indi- tions performed and is similar to those performed for Si and

vidual atomic clocks and on the master clock with real ex-Ge adatoms on Si surfacEs®>54 Shown in Fig. 7 is the
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B. Equilibrium configuration and radical dynamics
——— 0%CH; D=1.86x10%s"exp(-2.56 eV /k,T) . . .
——4—— 10%CH, D=1.95x10%s"exp(-2.53eV/kT) The full TDMC simulation consists of all the H atom

——— 50%CH, D=5.98x10"s"exp(-2.15eV/k.T) and H, molecule steps for addition and subtraction of H at-
oms to the surface as well as migration on it. The strength of
the TDMC approach is that all these processes can be in-
[ cluded regardless of the time scale. The inherent danger of
20 any TDMC approach is that one might not include “all” the
[ important events. In fact, our initial study assumed that there
[ were only isolated radicals on the surface. It was after exam-
251 ining the final configuration that we realized the importance

[ of -bonds and accordingly have calculated more energetics
and included more events in the TDMC calculation. The

15 -

in(D)

30
presence of ther-bonds offer the possibility of faster GH
i adsorption onto the surface and incorporation into the dia-
-35 oo L e mond lattice'®

0.5 0.6 0.7 0.8 0.9 1.0

1000/ () The results from the full TDMC simulation of H motion

on the{001}(2Xx 1):H surface are given in Table IV. The con-
FIG. 7. Arrhenius plot of diffusion constants for an isolated radical diffusing Cept of radical diffusion now becomes radical lifetime. The
on a diamond{00L(2x1):H surface with three different CHcoverages;  isolated radical coverage is given as a percentage of all avail-
©=0.00,0=0.10,6=0.50. able C atom sites. The-bond coverage is given as a per-
centage of surface dimers. For example, at 1800 K with a H
partial pressure of 0.10 Torr, 22% of 100 000 C atom sites
are radicals or there are 22 000 isolated radicals. In addition,
temperature dependence of the radical site diffusion. It dis12% of the 50 000 possible surface dimers asbonds, thus
plays Arrhenius behavior with an activation energy of 2.56there are 600@r-bonds. Consequently there aré6 000 H
eV, a value indicative of the diffusion barrierrfa H atom  atoms bound on the surface.
along the dimer row. The diffusion is anisotropic but at this ~ The values of the lifetimes and coveragesaad partial
stage we do not feel that the reliability of the relative activa-pressure of 0.10 Torr are logical based on the probability of
tion energies is such that we wish to attach significance tohe events as given in Table Ill. The radical lifetime is almost
the directionality. The TDMC method is capable, though, ofindependent of temperature and has a value ou80This
determining the specific amounts of anisotrdp§? corresponds to a migration area of approximately 132G
The effect of 10% and 50% Cftoverage on the radical 1800 K or approximately 50 hops. The radical is annihilated
diffusion is also shown in Fig. 7. The united gldpecies by adsorption ba H atom from the gas phase. The lifetime
serves as a trap for radical diffusion at low Cebverages. of the 7-bond is 10us. The -bond does not diffuse. It is
That is, the fastest diffusion reaction is for the radical and thecreated by either two radicals diffusing togethey, désorp-
CH; species to exchange places but then the fastest motidion, or the removal ba H atom, from a dimer with only one
for the next move is for the same radical and{3gecies to H atom, by way of abstraction. It is annihilated by adsorption
re-exchange back to the original configuration. Consequentlpf a H atom from the gas phase and by the diffusion of a H
there is no net diffusive motion. This interpretation is con-atom onto ther-bond. As expected the radical coverage in-
sistent with the data in Fig. 7 which have the diffusion ratecreases with temperature ag ttesorption becomes relatively
for the 10% CH coverage to be nearly identical with the more important at higher temperaturéSg. 5, Table Il).
fully hydrogen terminated surface. By increasing the;CH Similarly the ~-bond coverage increases with temperature.
coverage to 50% many slower diffusing H are replaced by  The validity of these conclusions must be ascertained
faster diffusing CH. Alternative easy diffusion paths are against the assumptions/limitations of the empirical poten-
presented to the radical and the radical diffusion rate intial. To this end, the TDMC calculations have been repeated
creases. for H atom partial pressures an order of magnitude latger

TABLE IV. Radical andw-bond lifetimes and coverages as a function of temperature and H partial pressure.

H partial pressure

(Torr) 0.01 0.10 1.00
TemperaturgK) 1200 1500 1800 1200 1500 1800 1200 1500 1800
Radical lifetime(us) 261 260 213 28 30 31 3 3 4
m-bond lifetime(us) 100 108 109 10 11 12 1 1 1
Radical coveragéY) 3.8 11 33 3.8 9 22 3.8 8.3 16
m-bond coverag€%) 0.2 3 25 0.2 1 12 0.2 0.7 3
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H abstraction
cH, & y
adsorption N
Dimer
Opening
1
Isolated Radical
‘ 'H migration
CH,
adsorption
3 4 6

FIG. 8. The pathways for Cfinsertion into a dimer epitaxial site.

Torr) and smaller(0.01 Torp than the initial calculation. As one of the surface dimer C atoms into the surface dimer
given in Table IV the pressure variation only changes thgconfigurations 5 and 6 of Fig.)8thus adding one C atom in
radical andm-bond coverages by about a factor of 1-2 inan epitaxial positiort! If only isolated radicals are present as
each direction. The H partial pressure does affect the lifereaction centers, as previously postulatetf the formation
times of both the radical ang-bond by an order of magni- of the adsorbed Cjunit (configuration % can occur via two
tude in each direction. Not surprisingly the more H that ispathways as shown in Fig. 8. In path 1-2-5 and 1-2-4-5,
present in the plasma, the shorter the lifetime of the radicalsadsorption of CH at the isolated radical is followed by H
The uncertainty in the diffusion barriers, as mentionedabstraction from the adsorbed HOn the other hand, if
above, has been compensated for in two ways. First, thetrainedr-bonds are also present on the surface, the €t
TDMC simulations have been performed at elevated temadd to am-bond(path 3-4-3 and a H atom can migrate to the
peratures compared to the typical diamond growth tempergesultant adjacent radical by either an intra- or intermolecular
tures. In all cases this leads to increases in the percentage @fechanismic The difference in importance among the paths
m-bonds on the surface. Second, the calculations were re-2.5 1-2-4-5 and 3-4-5 depends on the concentrations of
peated for diffusion barriers 0.8—1 eV lower in the directionthe isolated radicalconfiguration 1 vs the-bond (configu-
across the trough. This adjustment does not affect the totghtion 3, the rates of CHl addition to the two reaction cen-
number of radicals but does predict that the percentage Qkrs and the relative rate of H abstractipath 2-5 or 2-4vs
7-bonds increases at the expense of isolated radicals. In NoRemigration (path 4-5. The adsorption of Clat them-bond

of the calculations did ther-bonds disappear. (i.e., path 3 to %is about an order of magnitude larger than
at the isolated radicalpath 1 to 2, whereas ther-bond
IV. COMMENTS concentration is about an order of magnitude less than the

A many-particle multiprocess TDMC method has beenisolated radical concentration. Thus the key factor which in-
developed for two-dimensional reactive systems. This apfluences the relative rates among the three reaction paths in
proach allows one to use molecular dynamics simulations t&19. 1 is the H abstraction probability in path 2to 5 or 2 to 4
search for reaction mechanisthand also to calculate prob- Vs the H migration probability in path 4 to 5. Abstraction of
abilities of short time events such as adsorption and abstra@ H atom at a partial pressure of 0.1 Torr and in the tempera-
tion. Transition state theory is used to calculate rates of slowure range of 1200-1800 K occurs about once every milli-
events such as diffusion. Finally the time dependent Monté&econd per site. A simple transition state theory estimate of H
Carlo simulations take the microscopic information into themigration suggests that it should occur once every nanosec-
realm of macroscopic observables. ond per site. Since the reaction from 5 to 6 occurs once per

This prescription has been applied to the reactions opicosecond per site we estimate that the formation of CH
hydrogen atoms and molecules on the diam{@@i}(2x1)  adspecies through the-bond site in scheme 3 is 4 to 6
surface. Radical site densities and lifetimes are readily calerders of magnitude faster than through the isolated radical
culable. Moreover, the simulations predict the presence oin scheme 1.
m-bonds on the surface. This second form of reaction center, The extension of this approach into the realm of three-
in addition to the isolated radical, presents alternative pathdimensional growth is the real challenge. Work currently in
ways for carbon incorporation into the diamond latti€e. progress includes events associated with the small hydrocar-

It has been proposed that a key step for diamond filmbon species necessary for diamond growth. Additionally the
growth is the insertion of a Cftpecies initially adsorbed on system will include not only the two-dimensional surface,
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but also the three-dimensional diamond lattice. This ap#s. Skokov, B. Weiner, and M. Frenklach, J. Phys. Che& .8 (1994.
proach provides the framework necessary to simulate CVD'E. J. Dawnkaski, D. Srivastava, and B. J. Garrigonpreparation

growth processes.
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