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Etching effects during the chemical vapor deposition of (100) diamond
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Current theories of CVD growth o1§100) diamond are unable to account for the numerous
experimental observations of slow-growing, locally smooth (10812 films. In this paper we use
quantum mechanical calculations of diamond surface thermochemistry and atomic-scale kinetic
Monte Carlo simulations of deposition to investigate the efficacy of preferential etching as a
mechanism that can help to reconcile this discrepancy. This etching mechanism allows for the
removal of undercoordinated carbon atoms from the diamond surface. In the absence of etching,
simulated growth on the (100)§21) surface is faster than growth on tt#10) and(111) surfaces,

and the(100 surface is atomically rough. When etching is included in the simulations/ 1@

growth rates decrease to values near those observed experimentally, while the rates of growth on the
other surfaces remain largely unaffected and similar to those observed experimentally. In addition,
the etching mechanism promotes the growth of smda€0) surface regions in agreement with
numerous scanning probe studies. 1®99 American Institute of Physics.
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I. INTRODUCTION x1):H].2*"1The {110 surfaces are not generally observed
(except in {110-oriented homoepitaxy!d because they

Despite the years of research that have already gone inigrow much faster than thg00; or {111 faces®'® The rate
understanding the chem_ical vapor deposition of diar’nlolnd,of diamond deposition onto thd00 and {111} surfaces at
the stereochemical details of diamond growth mechanismg200 K in a hot filament assisted CVD reactor is typically
remain unclear. Diamond film growth is usually conducted inaround 0.5um/h***” and deposition onto thgl10 face oc-
a high-temperature hydrogen plasma in which direct monicurs at around 2um/h®
toring of the elementary reactions responsible for growth is  Kinetic model§*®-?*of diamond growth have succeeded
very difficult. Therefore, modeling of the surface ChemiCﬂ'in reproducing many aspects of observed diamond growth
reactions and simulation of the grOWth behavior are USEbeehavior_ For examp|E, chemical kinetics modd% and
tools for probing the diamond CVD process on a level ofatomic-scale kinetic Monte Carlo simulatioffsusing dia-
deta” that iS not aVaiIabIe to dil’eCt measurement.mond growth mechanisms W|th QHS the on|y growth spe_
Experiment$™® and modeling” indicate that the most abun- jes, can prediotL00) growth rates that agree very well with
hydrogen(H), methyl radicals (Ch), and acetylene (£12).  aspects of diamond growth behavior that current diamond
Atomic hydrogen plays a particularly important role during growth models are unable to capture. As stated above, ex-
diamond growth, as it is simultaneously responsible for PaSperiments show that the 10) surface should grow the fast-
sivating the diamond surface and activating surface sites fogg; However, the atomic-scale growth simulatfdref hot
subsequent growth reactions. Incorporation of carbon atomgament-assisted diamond CVD, with only methyl radical as
(C) into the diamond lattice occurs by the deposition ofsCH 5 growth species, predict growth rates that are too slow, i.e.,
and GH, onto the surfac_:é. - the (100) surface grows fastest at around QBi/h, and the

As dlarrgg?od crystallites grow, they exhifit0Q and/or (110, and (111) growth rates are extremely low at around
{113} facets.” The {100 surfaces are often smooth, dimer g 01 and 0.003um/h, respectively. This is because nucle-
row reconstructed, and hydrogen terminatgflo0(2  afion on the(100), (110), and (111) surfaces requires the
adjacent deposition of one, two, and three C atoms, respec-
dElectronic mail: cchatta@sandia.gov tively, and the probability of realizing a deposited multicar-
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bon cluster on the diamond surface decreases rapidly as tlexplicitly determined®3*2¢Qur recent quantum mechanical
size of the cluster increasé&%?® (The presence of surface calculations, on the other hand, indicate that a rapid etching
steps in the simulations does not qualitatively change thenechanism does indeed exist. The precise effects of etching
result?®®) In the framework of conventional diamond growth on the growth of the(100), (110, and (111) surfaces are
mechanism$?2%??these nucleation requirements imply that ascertained using an atomic-scale kinetic Monte Carlo simu-
growth on the(100) surface of diamond will be fastest in any lation technique. The growth rates of all three surface orien-
“reasonable” growth environmerit’ Therefore, even tations and the morphology of tH&00) surface are exam-
though the predicted110 and (111) growth rates can be ined, and the agreement between the simulation predictions
brought into agreement with experiments by including bothand experimental observations is discussed.
CH; and GH, as a growth speciés®>2?®this approach pro-
duces anomalously high100 growth rates around 2 Il. DIAMOND GROWTH MODEL
"Lm/h?'ZS Furthermore, atomic-scale growth amulat@%" Diamond films are grown by the chemical deposition of
predict rough(100 surfaces regardless of the choice of hyqgrocarbon species in a vapor composed predominantly of
growth _Species, In contradiction  to  experimental by qrogen. Typical growth atmospheres in hot filament and
observations:~ . _ _ _microwave plasma-assisted CVD reactors contain mosgly H
These results suggest two likely scenarios. It is possiblg,iiy appreciable amounts of H, GHCH,, and GH,.” Most
that diamond growth occurs primarily by Gliicorporation,  of the unsatisfied C bonds on the growth surface are passi-
and that our current understanding of growth on all threg aieq by H atoms. Surface sites can be activated by the de-
surface orientations is in error. In particular, current diamoncgorption or abstraction of H atoms, and growth at activated
growth models might be able to reproduce obsere@D)  sjtes occurs by the chemisorption and subsequent incorpora-
growth rates, but notL10) growth rates(111) growth rates, tion of CHy and GH,. These and other chemical reactions
or (100 surface morphologies. This hypothesis is supportedyre responsible for surface evolution and film growth. Since
by experimental eviden&& **that the majority of deposited the chemical processes that are important to diamond CVD
C in CVD diamond comes from Cfi However, growth jnyolve mainly C and H, whose chemistry is well known
simulation$>2® demonstrate that I, can be critical in pro-  from combustion studie¥, the rates can be easily
moting nucleation on the¢110 and (111) surfaces, while  estimated:'® Though many surface reactions are possible,
representing only a minor fraction of the total deposited mainformation about the concentrations of gas-phase species
terial. In terms of understanding the growth mechanisms, th@ear the diamond surface and about the rates of the possible
(110 and (111) growth processes appear to be relativelyreactions allows the intractably large set of conceivable re-

straightforward’>*>*"*?and it is the complex100 growth  actions to be reduced to a relatively small set of important
process that has historically presented the mospnes.

difficulty.**?*% Therefore, the second scenario is that dia-  This approach has been used in previous
mond growth relies on both Giand possible small amounts  attempt®29222%0 model the growth of diamond films. By
of C,Hy, and that current growth models contain a meaningmaking some basic assumptions about the proegsby

ful picture of (110 and(111) growth, but fail to adequately which diamond formation occurs from these species, the ki-
reproduce(100) growth behavior. netics of diamond growth can be modefeld:?° However,

In this paper, we will reevaluate the mechanism formodeling of diamond growth using only the kinetics of sur-
growth on the(100 surface of diamond to explain the slow face reactions provides no explicit representation of the
growth of smooth(100) surfaces. To construct a generalized atomic-level processes by which chemisorbed hydrocarbons
set of chemical surface reactions, we include the importanbond together and are converted to diamond. This limitation
chemistry from previous theoretical studi€s*3*In addi- s particularly severe when the diamond formation process is
tion, we combine density functional theofFT) and semi-  complex, and overcoming it requires a realistic representa-
empirical tight binding(TE) calculations to critically exam- tion of the three-dimensional diamond cubic lattice in addi-
ine the chemistry of undercoordinated hydrocarbontion to the chemical kinetic information. Three-dimensional
complexes on thé€100) surface of diamond. These calcula- atomic-scale kinetic Monte Carlo simulations of diamond
tions suggest that there exists a viable reaction pathway fagrowth have already been applied to study the growth of
the removal of isolated monomolecular methylene §CH specific diamond structurfs and particular surface
moieties from the(100) surface of diamond. Furthermore, orientations??~2426:383%nd a comparison of the growth be-
the same calculations indicate that the removal of, €ds-  havior of all three high-symmetry diamond surface orienta-
ters from terrace and step edge sites is not appreciable. Thi®ns[(100), (110), and(111)] has been presented recerffly.
“preferential etching” of isolated CkH moieties from the The latter study clearly shows that the discrepancy between
(100 surface is assisted by atomic hydrogen, and effectivelyimulations and experimental observations(b®0) growth
creates a barrier td.00) layer nucleation, which should slow remains largely unresolved.
the (100) growth rate. This allowselatively rapid C incor- In the present study, chemical kinetic information is
poration at step edges, which should produce smatib) combined with a three-dimensional atomic-scale representa-
surface features. Related mechanisms have been proposedion of film growth to produce a diamond growth model that
other studie$®33353%yt either the etching kinetics were too can handle arbitrary surface orientations and a wide range of
slow to significantly affect growth? or the effects of the surface chemical processes. The rate constants of the surface
etching mechanism on diamond growth behavior were noteactions and the concentrations of the gas-phase species are
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TABLE I. Chemical reactions, rate coefficients, and thermochemi&egfs. 19, 20, and 35

Reaction A n E AH AS
1. CyH+H—Cy+H, 1.3x10% 0 7.3 -9.9 5.3
2. Cy+H—CyH 1.0x10% 0 0.0 —96.9 -32.8
3. C4CHp+H—Cy+ CH, 3.0x10'° 0 0.0 —24.6 7.9
4. Cy+ CHy—CyCH, 5.0x10' 0 0.0 —-70.9 —42.0
5. Cy+ CHpy>CyCoH, 4.5x10' 0 6.9 —28.5 -1.9
6. GyCH,+He-CyCHy_1+H, 2.8x 10 2 7.7 -11.3 6.6
7. CyCH,+H<CyCH, 4 1.0x10% 0 0.0 —83.0 -34.1
8. GyCoHy+H—CyCH, 1 +H, 9.0x 10° 2 5.0 -8.9 8.7
9. CyCoHy+H—CyCoH, g 2.0x10% 0 0.0 —47.7 -36.2
10. GiCoHy +H—CyCH,_,+CH, 3.0x10'® 0 0.0 —24.6 7.9
11. GiCHy+ CHz>CyCoH, 1 5.0x 10 0 0.0 —-70.9 —42.0

12. Gy ¥+ --CyCHy— Cy - -CyCy_1Hy - Cy 2.0x10% 0 8.8
13. Gy-CgH+H—Cy-Cyt+H, 2.5x10% 0 7.3 —-6.2 6.7
14. Gy-Cy+ HeCy-CyH 1.0x10% 0 0.0 —100.6 —34.2
15. Gy-C4CH,+H—Cy-Cy+ CHy 3.0x10' 0 0.0 -17.8 8.0
16. Gy-Cy+ CHz~Cy-C4CHy 5.0x10% 0 0.0 —81.0 —42.2
17. Gy-Cy—=Cy - +*++-Cy 1.0x10% 0 0.0 4.9 0.4

18. Gy +*CyHy “Cy+ HeCyr - *++-Cy+ CHy 7.0x10% 0 7.0

Ais in moles, crm, and s, as appropriat& andAH are in kcalmole™%; andAS is in calmole 1. K1,

used as input to a variable time step kinetic Monte Carlahe work of Harris and Goodwitt. The GH, kinetics (Re-
algorithm;***which simulates the evolution of the diamond action § were taken from the quantum mechanical calcula-

growth surface by tracking the occupancies of surface sitesions of Skokovet al3®

Dimer bonding, and the associated C incorporation mecha- The reaction mechanism in Table | does not include the
nisms, e.g.-scission and dimer/trough insertiéh’***are  surface migration processes that have been proposed recently
included(Reactions 12 and 17 in Table |—see beloim the by Frenklachet al3%% The development of smoottiL00)
following discussion we focus mainly on the chemical reac-surface features could certainly be accomplished by supple-
tions and the preferential etching mechanism used in thigenting the growth model with a mechanism for the diffu-
study, and the reader is referred to Ref. 38 for a detailegion and attachment of growth species to step edges. How-
description of the kinetic Monte Carlo simulation method. ever, this would only serve to increase the predidt&@0)

In order to describe the evolution and incorporation ofgrowth rates(which are, as discussed above, already too
surface species, we have adopted a set of surface chemiggahh). Thus, while surface migration might be important on
reactions and rate coefficients from several souttds® the (100) surface of diamond‘,1 it cannot provide an answer
These data are provided in Table | and involve interactiongo the fundamental problems discussed above, and thus we
between H, H, CH;, CH,, and the diamond surface. The have not considered it in the present study.
information in Table | specifies the rates at which various
species evolve on the growth surface. The calculation of for-
ward and reverse rate constants from the data in Table | i§; SUREACE ETCHING MECHANISM
accomplished in the standard fashion and is discussed
elsewheré® C4 represents a surface diamond atom, species  In this study, we reexamined the details of the growth
separated by a bullge) are dimer bonded, an asterigk) mechanisms specific to thd00) surface of diamond. The
represents a surface biradical, and an elligsi9 denotes reaction pathway by which growth proceeds from £Ciddi-
species that are adjacent to one another on the diamond suiens on the (100)(X 1):H surface is shown in Fig.(&).
face. Reactions 1 and 2 are between H and the diamonthe reaction numbeffrom Table ) is shown between each
surface. Reactions 3-5 occur between hydrocarbon moframe. Reactions 17 and 12 in Table | and Fi¢g) Icorre-
ecules and the surface. Reactions 6—9 are between H assgond to the3-scission and dimer insertion mechanisms pro-
chemisorbed hydrocarbons. Reactions 10 and 11 represepbsed by Garrisoret al** The combined two-step process
the addition of CH to an adsorbed hydrocarbon. Reactionsallows C incorporation at theLl00) surface, as shown in Fig.
13-16 handle hydrogen and hydrocarbon molecules interaci(b). The rate limiting step in the process is Reaction 12,
ing with dimer-bonded surface atoniReactions 5—-11 apply since it is a factor of 20 slower than Reaction 17 at 1200 K
to any surface sitg. Reaction 17 represents formation/ (see Table)l The reverse of the incorporation process, fol-
breaking of dimer bonds between surface at8frsnd Re- lowed by the removal of the adsorbed Cspeciesvia ab-
action 12 represents the insertion of a hydrocarbon into astraction by atomic hydrogen, constitutes the “etching”of
opened dimer bontf Reaction 18 describes the etching of C undercoordinated C from tHa00) surface, as shown in Fig.
from the surface of the film, as described in the following 1(c). In this study, we consider the etching reaction to be the
section. The reactions involving H and gldttachment to composite process in Fig(d. This is because the forward
the surfacgReactions 1-11 and 13-fl&nd those describ- and reverse rates of Reactions 12 and 17 are very fast com-
ing dimer bondingReactions 12 and }/were adopted from pared to the other reactions on the surface, and explicitly
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where Reaction | denotes the reverse of the combined
B-scission and dimer insertion processes, i.e., the reverse of
Reactions 17 and 12, as discussed above. Reaction Il is iden-
tical to Reaction 3 in Table I, and is assumed irreversible in
Eq. (Il) due to the large negative Gibbs free energy change,
approximately AG, = — 30 kcatmole™%,*° associated with

the reaction. Our quantum mechanical calculatitsee be-
low) indicate that Reaction | proceeds at similar rates in the
forward and reverse directions, and thus we can assume
steady state for the reaction subsystem in Ebsand (ll).
Thus, the system of kinetic equations associated with the
reaction subsystem reduces to

K[AT=k_[B], M
do]_
~5r = kulBITH], @

wherek,, k_,, andk,, are the relevant reaction rate constants
for Egs.(I) and(ll); [A], [B], and[D] are the concentrations
of the species depicted in Fig(c}; and[H] is the concen-
tration of atomic hydrogen. Thus, the per-site rate of etching,

le, IS
1 d[D] .
re—mT—K,‘k”[H], )
etching by atomic hydrogen whereK;%is the equilibrium constant for Reaction I, i.e.,

© K, AG, AS, AH,
o . . . H=r—=exp — 5=|=exg o |exp — 5=/ 4
FIG. 1. Reactions involvinga) growth, (b) C incorporation, andc) etching k_, RT R RT
on the (100)(2 1) surface. Gray atoms are carbons and white atoms are .
hydroge(ns. (1) s Y i whereAG,, AH,, andAS, are the Gibbs free energy, en-

thalpy, and entropy changes, respectively, for Reaction I.
Substituting Eq(4) into Eq. (3) yields

incorporating each step from Fig(cl into the kinetic Monte

Carlo growth simulation would be cumbersome. ro—k [H]exp{ A_S'> exp{ _ ﬂ) (5)
Harris and Goodwil? estimated a Gibbs free energy e R RT

changeAG,,, for dimer msertl_olr(Reacnon 120f approxi-  The rate constank,, for the etching reaction is obtained by

matelyAG,,=—21.2kcalmole " at 1200 K, indicating that iiding the absolute rate,,, by the concentration of the

the forward reaction dominates the reverse. This was thﬁppropriate gas-phase react¥hite., [H], which yields

justification for assuming the insertion reaction to be irre-

versible in previous studi€§. The thermochemistry adopted K=k AS _AH, 6

by Harris and Goodwin was obtained by molecular mechan- e~ Ki€X R ex RT)/" ©)

ics (MM3) F:alculations, which are prone to significant €O Since the rate of Reaction Il is approximately independent of

yvhen appll_ed to hydrocgrbon radl_cé?sl.f the thermochem- temperaturésee Reaction 3 in Tabl¢,landA S, is small and

istry associated with C incorporation was such that the rat%nly weakly dependent on temperatd?ehe temperature de-

of the reverse of incorporatiofand, therefore, etchit)gven_e pendence of the etching reaction rate ir'1 B6).is defined by

2%%{:&?“% theg grﬁwth on tmog) surface CIOU|d dbehS|g— the enthalpy change of the incorporation Reaction I. There-
cantly & e_cte 'T. erefqre, we have reeva uated the ene%re' the heat of Reaction AH,, serves as an effective

geycs associated with C incorporation ‘."It 1100 surface activation barrier for the net etching reaction, and it repre-

using more accurate quantum mechanical methods, as dgénts a parameter that is critical(id0) growth behavior and

scribed below. must be quantified as precisely as possible.

A. Etching kinetics

The reaction sequence depicted in Figc)lcan be ex- B Etching thermochemistry

pressed as In order to estimate the thermochemistry associated with
K, Reaction |, we performed gquantum mechanical calculations
A=B, )] of the energetics of the relevant surface configurations. Since
k- the forming and breaking of bonds at the surface is accom-
Ky panied by substantial rearrangements of the atoms around the

B+H—D+CHs, (1 reacting molecules, we have employed a scheme wherein the
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TABLE II. Thermochemistry of Reaction Isee Eq.(1)] at 1200 K, as et al,**>®°who did not report this quantity. A CHadsor-
calculated by TB/DFT, MM3Ref. 19, and PM3(Ref. 55 approachesAS  pate is expected to lose some rotational and translational
's in catmole ~-K 7, andAG andAH are in kealmole degrees of freedom when it is incorporated at the suffsee
Method AS, AH, AG, Fig. 1(b)] and thus an appreciable positive entropy change is
expected for Reaction 1, so it is not clear why the PM3 ap-

TB/DFT 6.4 7.0 -0.7 . -
MM3 54 234 16.9 proach should yield a negligible value faArS, .
PM3 0.7 11.6 10.8 The most important result from the data in Table Il is

that Reaction | involves a very small change in Gibbs free
energy, and can thus proceed at similar rates in both direc-
tions. The fact that the reverse of Reaction | is very fast
Fig. 1(b), and Reactions 12 and 17 in Tablifnplies that

region of interest is divided into two parts. A small volume . ) . )
here exists a viable reaction path for the removal of inserted

of approximately 20 carbon atoms located at the reactio H lecules by R ) | and || in Ei Th
zone is treated by density functional thedBFT). A larger qH, molecules by Reactions | and I, as in Fidcll (The

volume that includes the reaction zone itself is modeled b)potation, G, distinguigheg inserted C complexes from ad-
the semiempirical tight bindingTB) method. The TB slab sorbed methylene, which is labeled £HThe rate constant

. . _3 _1 . . _
consists of five atomic layers with 16 atoms in each Iayer.(_In units of molescm™*.s™) for the combined etching reac

The forces on the atoms in the total system are composed PN shown in Fig. {c) can be obtained by substituting the
the DFT forces acting on the atoms in the reaction zone plu B/_DFT values from '!'able Il and the raf[e constant for Re-
the TB forces acting on the atoms in the diamond slab. Th&ction 3 from Table | into Eq(6), which yields
TB forces in the reaction region are replaced by correspond- -7
ing DFT forces. The atomic positions of all the atoms in the ke=7><1014ex;{ﬁ , (7)
combined system are relaxed simultaneously to have forces . ) .
acting on each atom equal to zero. The DFT calculationdNeré R is the universal gas constant, ie. 1.987
were preformed using the MSI density functional code,Xca@l-mole *-K™% andT is in units of K. The kinetics for
pmoL,“® with Becke-1988’ gradient-corrected exchange and Réaction '3 in Table | were estimated by Haris and
Perdew—Wan$ gradient-corrected correlation functionals. GOPdW'”l from analogous gas-phase chemisthand are
The TB region was handled by a two-center orthogonal tighpeheved to be su_fﬁmer]tly accurate for the present purpose.
binding parametrizatidi—! for hydrocarbons, as imple- The _absolute rat_en ynlts of s'1) of the etching reaction is
mented in theoxon code® Our approach of combining ©Ptained by multiplying 859(7) by the gas-phase concentra-
quantum mechanical calculations with less accurate semfion of atomic hydrogeri? i.e., [H], as described above.
empirical methods is similar to the scheme pioneered by
Frenklachet al>3

The interface between the TB and DFT regions of th
slab is handled in the following manner. The forces on the  The results presented in Table Il and Ef.indicate that
atoms in the DFT region are calculated by “cutting” the the removal of GH, from the (100 surface of diamond oc-
cluster from the larger diamond slab and saturating the broeurs at an appreciable rate. The inclusion of a kinetically
ken C—C bonds with hydrogen atoms. The positions of thesgiable etching mechanism to the diamond growth model is
hydrogens are chosen to take into account the proper changpsactically guaranteed to reduce the growth rate. However,
in the nearest-neighbor environment around each carbotne magnitude of this effect is difficult to gaugepriori, and
atom at the TB/DFT boundary during the structural relax-the impact on the growth of the other fadee., (110 and
ation. As the total system is relaxed, the cluster shapéll1)] must be ascertained. In addition, etching by itself does
evolves to match the displacements of the carbon atoms inothing to promote the growth of smooth surfaces. Just as C
the TB slab. We have checked that the TB and DFT forcesncorporation can occur anywhere on tti®0) surface with
are consistent at the TB/DFT boundary, and that the size adqual probability’>?®so can etching. Thus the simplest etch-
the cluster is sufficient to provide an accurate description oing mechanism would slow the growth rate, but could not
the local surface chemistry. The details of the combined TBfenerate smooth surfaces. In order to reconcile the growth
DFT approach can be found in Ref. 54, and a more completeodel with experimental observations, growth must occur
description of its application to the study of diamofi®0)  preferentially at step edges to promote smooth surface fea-
surface chemistry will be reported in a future publication. tures. We have used the TB/DFT method described above to

The thermochemistry obtained for Reaction | by theinvestigate the energetics of etching from different surface
combined TB/DFT approach is provided in Table Il. Esti- structures. These structures are depicted in Fig. 2, and corre-
mates from molecular mechani@M3)'° and parametrized spond to an isolated monomoleculafG [Fig. 28], a GH,
model (PM3)*+%6:5® calculations are provided for compari- on a typeSg step edg® [Fig. 2(b)], a GH, in the midst of a
son. The TB/DFT method predicts a heat of reactidhi,, flat (100 terrace[Fig. 2(c)], and a dimer bonded CFFig.
that is three times smaller than that estimated by Harris an@(d)]. According to our calculations, the enthalpy change
Goodwin?® and an entropy changdS,, that is nearly the upon etching (by Reactions | and )l is about AH,
same. The TB/DFT value fakH, agrees well with the PM3 = —7.8 kcatmole™* when the etched C atom is alone on the
calculations of Frenklacht al**%%>*We estimated the PM3 surface[Fig. 2@)], AH,=9.4 kcalmole * when the etched
value for AS; using the kinetic simulations of Frenklach atom is at the edge of a tyf&; step[Fig. 2(b)], andAH,

eC. Etching configurations
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insertion occur only after, and adjacent to, a dimer insertion
event, the irreversibility of trough insertion implies that type
Sg step edge site@nd, by extension, terrace sitesannot be
etched. This, of course, is the same assumption made here
[see Fig. 2a)]. [Our Figs. 2a), 2(b), and Zd) can be com-
pared to Harris’ and Goodwin's Figs(@, 3(f), and 3a),
respectivelyl However, despite these similarities in the two
molecular pictures of etching, the reaction kinetics and ther-
mochemistry that Harris and Goodwin ascribed to their
dimer insertion reactiorisee abovewere not sufficient to
dramatically alter the growth behaviot.

(a) (b)

© (d)

FIG. 2. Examples of atomic structures tifatcan andb), (c), (d) cannot be IV. RESULTS
etched from the (100)(1) surface of diamond. Light gray atoms are To gauge the effects of anisotropic etching on diamond
car'bons, dark gray atoms are the carbons to be considered for etching, aEﬂOWth, kinetic Monte Carlo simulations of growth on the
white atoms are hydrogens.

(100), (110, and(111) surfaces were performed at substrate

temperatures between 800 and 1400 K. The gas near the

growth surface was assumed to contain constant partial pres-
=57.7 kcalmole ! when the atom is in the midst of a sur- sures of 0.05 Torr H, 18Torrj§l 0.002 TorrCH, and
face terracdFig. 2(c)]. When the dark atom in Fig.(& is  0.05Torr GH,, which is typical of hot filament CVD
etched, the biradical that is left behind is free to relax andreactors”’ These pressures are assumed constant, and are
reduce its energy. However, when the surrounding diamondsed to obtain absolute reaction rates from the rate coeffi-
lattice is constrained by other insertegHG molecules, as in  cients in Table |, as described in Ref. 38. The growth rates
Figs. 4b) and Zc), the biradical at the etched site cannoton the(100), (110), and(111) surfaces were calculated and
relax, and is therefore high in energy. Thus the energy reeompared with available experimental values, and(ft®)
quired to remove a §H, complex from the(100 surface is  surface morphologies were examined.
much higher when the complex is adjacent to othgHL The growth rates of all three surface orientations as
units. This suggests that etching is much more likely to occufunctions of temperature are shown in Fig. 3 for simulations
at an isolated ¢H, than at a step edge or on a flat face.with and without etching. Data from experiments are in-
Therefore, etching in our simulations is only allowed to oc-cluded for comparison. Thét+) symbols are single crystal
cur at GH, complexes that are isolated monomolecular is-growth rates from the measurements of Gual® (0.4%
lands on thg100) surface, as in Fig. (&). C4H, molecules CH, in H, fed into a hot filament reactor held at 25 Torr
that are part of a larger island like those in Figé)Jand Xc) and the(X) symbols in Fig. 8a) are(100) growth rates from
are not allowed to etch. Furthermore, the removal of a dimeRawleset all’ (0.5% CH, in H, fed into a hot filament re-
bonded C atom involves the breaking of three C—C bondsactor held at 25 Tojr When the growth simulations are per-
which should involve a very large increase in energy, andormed without etching, th¢100) growth rate[Fig. 3@)] is
thus dimer bonded C atonj&ig. 1(d)] are also prohibited highest, followed by(110) [Fig. 3(b)], and the(111) growth
from etching. In terms of the simulation methodology, theserate[Fig. 3(c)] is lowest. Obviously, this is in contradiction
etching criteria dictate that a diamond atom can only bewith experiments® Even without etching, the magnitudes of
etched if(1) it is not dimer bonded(2) it is bonded to ex- the(110 and(111) growth rates are in reasonable agreement
actly two other diamond atoms, ait@) these two diamond with experimental valuegFigs. 3b) and 3c)], but the(100)
neighbors have exactly three diamond neighbors each. Thegeowth rates are ndtFig. 3@]. The (100 growth rate is
requirements describe the etching of a longiE€moiety on  reduced substantially by including etching in the growth
the (100 surface, and ensure that atoms that are part of anodel, as shown in Fig.(8). The (110 and(111) growth
larger island will not be etched, as indicated by our TB/DFTrates change only slightly due to etching because even rough
calculations. surfaces in these orientations contain very few sites resem-

It should be noted that this etching scheme containdling an isolated gH, molecule on thg100) surface[The

some similarities to the growth model of Harris and subtle differences between the two sets of simuldfedl)
Goodwin®® In their reaction mechanism, diamond growth growth rates in Fig. &) are due primarily to statistical varia-
starts by dimer insertiorfas in Fig. 1, and continues by tions in the stochastic Monte Carlo procedlifEhus, when
insertion into an adjacent “troughli.e., a site between two the etching mechanism is included in the growth model, the
dimers. They assumed that dimer insertion is reversible inabsolute and relative magnitudes of the growth rates on all
principle (though very slow in the reverse direction in prac- three surfaces are brought into reasonable agreement with the
tice), and that insertion into a “troughi.e., a site between experimental measurements.
two dimers is not. Since their growth mechanism demands  An example of the rough atomic surface morphologies
that dimer insertion occur first, the reversibility of the dimer of simulated(100) films grown without etching is shown in
insertion reaction implies that isolated,is, can be etched Fig. 4(@). As discussed above, numerous experiméntd
from the surface, just as we have assumed lisee Fig. show that(100 facets on the CVD diamond are atomically
2(c)]. In addition, since their mechanism requires that troughsmooth. The etching mechanism presented in this paper pro-
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FIG. 4. Images 0f100) films during growth at 1200 Ka) without and(b)
= with etching. Light gray atoms are carbons in the diamond film. The hydro-
E gen atoms are shaded according to their height. Two gray lédaeik gray
= 11 L and whitg are used, and cycle every two layers.
% J
e
g V. DISCUSSION
2
O The results presented above suggest that much of the
= . . . experimentally observed CVD diamond growth behavior on
= | 4 0 e Simulation (no etching) .
Simulation (etching) the (100 surface can be reproduced reasonably well if the
0.14 7 * +  Experiment [16] L etching of isolated gH, moieties from thg100) surface is
800 900 1000 1100 1200 1300 1400 considered. Nonetheless, there are some differences between
T (K) the growth behavior observed experimentally and that pre-
(b) dicted by the theory. The simulated growth rates exhibit
. maxima around 1200 K, whereas the experimental measure-
N T ml ments of single-crystal growth rat3’ do not show such a
= + pronounced peak. On the other hand, measurements of poly-
g crystalline growth rates do show maxima with
e temperatur&®®! but this might arise due to the deposition of
= nondiamond carbon at high temperatures in these
f’é 0.1 | experiment$? In the simulations, the growth rates decrease
g at high temperatures because £&hd GH, desorption be-
G comes more rapid, and competes with the carbon incorpora-
= e Simala chi tion reactions. The “turnover” in th€100 growth rate rep-
< Siulation E:fcﬁiﬁg)ng) resented by the solid curve in Fig(al is exacerbated by
0.01 + Experiment [16] etching at high temperatures. This discrepancy between the
"800 900 1000 1100 1200 1300 1400 simulated and experimental temperature behavior in single-
T® crystal growth might be due to the influence of other phe-
© nomena such as twinning or specific defect-mediated surface

chemistry that are present in the real experiments but absent

FIG. 3. Growth rates ofa) (100), (b) (110), and(c) (11) films as functions  from the growth model.

of substrate temperature. The dotted lines are simulations values with no Despite this fact, the overall success of the current

etching, the solid lines are simulations values with etching, and-thend . L. .

(x) symbols are experimental values provided for comparison. growth model in predicting the re|a“_Ve growth rates on
(100), (110, and(111), and at reproducing some of the fea-
tures of the(100 morphology, is encouraging. This work,
and our earlier studies;?® suggest that ¢4, (or more ge-

_ _ nerically, GH, , wherex=0-6) at the growth surface is an
motes the incorporation of C at step edges on(ff®) sur-  important growth species, particularly in that it assists the
face to produce smooth surface features. This is demomucleation of next-layer growth. However, it is worth men-
strated in Fig. 4), which contains an image of the atomic tioning that the reliance of110 and(111) growth on GH,
surface morphology produced when etching is active. Theloes not imply that a significant fraction of,i€, becomes
(100 surface in Fig. &) shows the relatively smooth, incorporated into the film. In fact, our simulaticng® sug-
terrace/step morphology commonly associated with step flowgest that GH, is necessary to promote layer nucleation on
growth. the (110 and(112) surfaces, but that only a few percent of
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the deposited C comes from,i&, in agreement with CVD process itself, remain unclear. However, the results of
experiment$’~2° Furthermore, the reliance ofl10 and the present study demonstrate that preferential etching of
(111) growth on GH, applies only to single-crystal deposi- (100 surface features accounts for the experimental obser-
tion. Although the mechanisms of growth on the individual vations of slow-growing smoott00 faces.

surfaces are important building blocks in our knowledge of

diamond CVD, the real CVD experiments are much morevl. CONCLUSIONS

complicated. Diamond films are often polycrystalline and/or

multifaceted. In this case, it is likely that features unique to . .
the polycrystal, e.g.{10G/{111 facet intersections, might known to grow more slowly thafl10)-oriented material and
S ’ to contain smooth surface features. The existing self-

significantly alter the nuclegﬂ_on mechanisms over the Smgl%onsistent models for diamond growth, on the other hand,
crystal case, and could eliminate the need for layer nucle-

ation on the(111) surface. Therefore, the presence gHg predict that(100-oriented films grow fastest and are atomi-

might not be necessary for the growth @f11) facets on a cally rough. Surfaces that grow slowly and develop smooth

. . features, such a4.11), do so because the nucleation of new
polycrystal, and our computational growth studies cannot di- ad1l

; ) : rowth layers on these surfaces is much slower than growth
rectly confirm the experimental suggestitts that poly- 9 y 9

; : at step edges, but previous growth models contain no nucle-
crystalline CVD diamond can be grown from gldlone. b ecg P 9

. o ation barrier for the formation of new growth layers @0
Though the proposed etching mechanism is supported bgurfaces. This suggests that the experimentally observed

reliable quantum mechanical calculations, we cannot dismisaoo) growth behavior might be rationalized by the introduc-

the possibility that other channels exist for the removal Oftion of growth mechanisms that hinder layer nucleation and

hydrocarbons from the surface in the CVD chemical envi-

Al h b h ; hgromote step-flow growth. One such mechanism is the pref-
ronment, AlSo, there may be other surface processes thafg iy etching of monomolecular carbon islands. The ther-
play an important role in the development of smooth

> ; ¢ le. sh d_fmochemistry of thé100 dimer insertion reaction, by which
(10.0)( Xé) sur ﬁce eatures. For exadmp € s ort-ragﬁ%tz ! ‘CH, species are incorporated at the surface, indicates that the
fusion an attachment of C%Ho_ step edges may occ, incorporation reaction is reversible and that an etching
or the chemical reaction kinetid$l and CH; addition and

) mechanism does indeed exist.
remova) on the (100 surface might promote growth at We have presented the results of combined tight binding

steps. Noneth_eless, etching as a surface chemical_process(-i-sB) and density functional theoFT) quantum mechani-
thermodynamically sound and works very effectively 10 .4 caiculations that suggest that the etching of isolated,
smooth(100 surfaces and to sloWl00) growth rates while 1, omolecular moieties occurs at an appreciable rate, while
leaving (110 and(111) growth rates relatively unaffected, in etching from larger carbon islandse., step edges and ter-

agreement with experiments. races is not favorable. The TB/DFT calculations and the
There are some important limitations of the growth ,ronosed etching mechanism were combined with previously
model presented here that deserve mention. For example, ta@termined hydrocarbon reaction rates on diamond surfaces
present model is incapable of predicting the well-orderedyng input to a kinetic Monte Carlo model of the chemical
(100)(2x1) dimer row_lrgeconstructed domains that are ob-4p0r deposition of diamond d100), (110), and(111) sur-
served experimentallf.~>As stated above, observations of taces. The simulation results clearly demonstrate that the in-
;mooth surface features Q]JOQ) diamond indicate preferen— clusion of etching produces much smootti#00) diamond
tial growth at step edges, which can be accomplished by thg,ifaces as compared with calculations that omit etching.
etching mechanism used here. The presence of ordergtiching also slow€100 growth considerably without sub-
(100)(2x1) surface material suggests that, when new Maganiglly affecting110) and(111) growth rates. The growth
terial deposits at a step edge, it “prefers” to form dimer rates that are predicted when etching is included in the model
bonds in registry with the existing dimer row pattern. This 5.6 in very good agreement with a wide range of experimen-
might arise due to the strain imposed on the diamond latticgy| evidence that suggests tHa00 growth is slower than
by the existing dimer rows, or from a stereochemical effect(llo) growth and comparable td11) growth under hot fila-
that promotes growth of dimer-bonded C pairs in registtyment CvD reactor conditions. However, while etching is key
with the existing reconstruction. Furthermore, it is possible,g oy understanding of diamond growth in general, and

that §hor3t5-range diffusion of dimer bondévia CH, (100 growth in particular, several details 6100 growth
migration plays a role in facilitating the alignment of the ;|| need to be addressed in future studies.
dimer row pattern. Experimental evidefitalso suggests

that mu<_:h of the smqoth, orde_red (100)(2) material ob- . ACKNOWLEDGMENTS
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