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BARRIERS TO THE NUCLEATION OF METHYL GROUPS
ON THE DIAMOND (111) SURFACE

Steven M. Valone
Materials Science and Technoioav Division,

Los Alamos Nationai Laboratory, “

ABSTRACT

Questions about the mechanism of

Los Aiamos, NM 87545

diamond film growth by low-pressure, plasma-
assisted chemical vapor deposition methods have persisted for some time now. AS an
attempt to explore one asped Of the problem, we examine the energetic of severai
adsorbed diamond (111) surfaces. The adsotiates are mixtures Of methyi groups and
hydrogen atoms. The model for these systems is the molecular orbital hamiitonian of
Dewar and coworkers.

From these calculations We find that t-i adsorption is preferred due both to bond
energy and steric effects, Thus nucleation of a cluster of three Or more methyl 9rouPs~
as assumed in earlier work, is energetically very demanding.

INTRODUCTION

Recent interest In the growth O! diamond thin fiims has stimulated the study of
single crystal diamond surfaces n ever greater detaii [1], The hope is that s~h
studies wili aventua(iy contribute to a synthetic path way for the epitaxiai growth of high
quaiity, crystai films on a vane~ of substrates. one sythetic approach, diamond g-h
by plasma-assisted chemical va~r de~sition, pQSSeSSeSa bewildering number Of
variables. Understanding the detaiiad morphology and behavior of diamond suff~s
may shed light on the roles play~ by some of these variables. In genettd, we wati to

know what the chemistry of the de~sltion in the near-surface region (Fig. 1) S0 thti w
wIli know what we want the plasma to do. it must be added, however, that the -fee

piasma near-surface, surface

Figure 1. Schematic of CVO rea~or The areas of concern here are the
near-sutia~ and sudace regions.

to wh!ch the state of the diamond surface IS controlling the growth process is Still Q

topic of intones debate{



The premise of this work is that the surface is of substantial irnpOrtanCe and We
proceed on that basis. one of the major theories of diamond film growth is that the
termination of the surface changes the carbon-carbon particle Gpacings which, in turn,
promotes or inhibits the growth of diamond over graphite due to !attlCe matching
constraints. In particular, both experimental and theoretical work shows that the
atomic level behavior of diamond surfaces is sensitive to both temperature and
chemical environment. Below 1200 K, the (111) surface, for instance, is in a 1Xl
configuration as obsewed by LEED. Above that temperature, the SurfaCe reconstructs
to a 2X2 or a 2X1 pattern. There are several theories about the detailed nature of the
reconstruction. The one which seems most favorable in terms of its ability tO acCOUnt
for the most experimental data is the 2X1 pi-bonded reconstruction of Pandey [2,3].
These are motivated by anaiGgy to Si sudaces. On the other hand, addition of any of
Several adsorbates restores the diamond (111) surface nearly to its bulk Configuration.

Here we report numencal results On various surfaces and modified surfaces of
diamond (11 1), based on a molecular orbital model of the surfaces [4]. These are the
relative energies ot vanaus mi~ures of H and methyl group termination af the suffaCS,
clean surface reconstruction as described within the model, and estimates of the
energy required to remove a methyl group or a hydrogen atom frOrn the surface as a
function of coverage. We have chosen H and methyl group coverage in order to
compare with earlier work (!5]. There it is assumed that some sort of methyi group
coverage arises :pnntaneously, Then It is argued that it is possible to promota SOme
sort of epitsxy by gas-phase attack of a cation.

However, the present calculations give a picture of the difficult incurred by tryi~ to
initiate nucleation of a cluster of methyl groups on the (11 1) surface. The reason fOr
this is that the t-f terminated surface is so much more favorable energetirxdly. The
difference arises from both bond energy and steric intetierences. A comwundi~
factor is the f~uerlcy with which clusters of methy groups form so that some initiation
of growth can take place, The question of the frequency and barriers associated with
nucleation naturally lead to concerns a~ut the details of the deposition rnechanhwn.
These might fall into two categories, one being Eley-Rideal (ER) like and the other
being Langmuir-Hinschelwood (LH) like [6]. At some future date, it may be prOfhabhI
to identify which mechanism dominates under which plasmatic conditions .

The conclusion of the present study is that the presence of H is a two-edged SWM.
On the one hand, it does stabilize the (111) surface to maintain the diamond Iattke in
the presence of the plasma. on the other, it may imposes a serious barrier tO th.
attachment of methyl groups to the surface, thereby inhibiting growth. Naturally, as tho
experimental evic!ance for what the dominate reactive Spede$ In various pla8tVt@S
becomes more apparent, it will be desirable to study the re!ative adsorbation of th=
speaes as well,

The remainder of the paper IS as follows, The next section describes the numortd
and stratagtc methodology used, The section after that presents the results of th.
computations. The final section summarizes the salient points of tha research W’ld
points out a few of the pooslb(e directions of future work.



METHOD

Nurnerl@

Our numerical method is based on a semiempincal molecular orbitai theo~ Of
organic molecules and polymers due to I)ewar, Thiel, Stewart and others [4]. An
orbital matrix equation whose matrix elements are approximated using experimental
data is prcduced from the theory. The particular approximations used here is refWWCf
to the AM1 hamiltonlan. The form of the individual matrix elements is based on the
Hatree-Fock equations for the system. The approximations serve two purposes : 1)
The calculation of matrix elements is greatly reduced and 2) The use of f3xp0rif’?WItd

data allows inclusion of some important correlation effects neglected in the formal
theory.

Solving the matrix equation allows estimates of an optimum geometry, heat of
formation, dipole moments, charge distributions and a variety of other properties fOr
any given combination of atoms. The AM1 approach has been found to give
reasonable properties for many rnoie~u!es and ploymers, predicts a reasonable vakM
for the lattice constant of bulk diamond and can be confidently operated with p9hdiC
boundary conditions In one dimension.

Here we focm pnmanly on the geor;,e+ry and heat of formation of a several Of
related systems to be described below, A Comparison of the relative stability of VafkXJ8
adsorbates on the (11 1) surface of dimaond, as well as a understanding of what is
driving the stability. To achieve some description of the surface, it is necessary to
adopt a representation of the real physical Sysern. In the MOPAC routine, this is dOrW
by taking the bulk eel! and germinating the supposedly unexposed surfaceu with
hydrogen atoms ana by keep~rlgsomeOfthemmrl atoms fixed in space, ~WSO
the routines can only reliably handle periodidty in one dimension, all SUrfaCeSar.,
therefore, represented as strips or “polymers”. In instances where two dimensional
penodicity is reliable, the two representations give comparable results.

Eight different systems are con$iderad here, namely, bulk diamond, the clean (1 ?~)
surface, an H terminated surface, a surf~e terminated by 50% H and 50% mattryl
groups,a surface termlnat~d by 25% H and 75% methyl groups, a methyl group
terminatti surface, a surfac. in which a H atom as been abstracted, and, fin@~, ●

surface in which a methyl group has been abstracted.

These choices arc motivated by the following two questions. one, wh~ is th.
nature of ,ho aurfaa rmnstwdion relathe to bulk diamond? Two, how titi U9
these surfaces relative to each othar? By allowing each system to find an opdnltml
geometry, both of th080 questions may ~ ans~rad by simple comparison. Them 1$
also a third question, namely, what is the surface coverage of H and methyl gruupe M
a function of temperature? This method, as It stands, can only address the la8t
question at O K, but this is still of some util~, The method can be readily adapted to
nonzero temperatures using suitable Monte Carla averaging techniques,



Due to probiems in calculating correlation effects, it is difficult to obtain a reliable
potential energy surface at all points in configuration space. Consequently, we focus
chiefly on certain key metastable configurations corresponding tO relaxed Or
reconstructed surfaces or an abstracted system in which a hydrogen atom or methyl
group has been moved to infinity. In the latter instances, the calculation assumes a
biradical configuration. Otherwise, a closed-shell, restricted electronic configuration is
assumed.

RESULTS

The clean surface reconstructs in a manner simiiar to the pi-bonded reconstmction
model of Pandey [2], but not precisely the same. The top layer of carbon atoms (Fig. 2)
COntraCts,while the second layer dilates perpendicular to the surtace. However, little
d!menzation is seen,

Figure 2, clean diamond (111) surface : (a) Top view of first two Carbon layeRL
The heavy circles represent the relaxed SUrfaCC while the light circles represWlt
the equivalent bu{k atoms, (b) Side wew analogous to (a). The layer spadng
has decreased from 0,56 to 0.28A.

For all the fully terminated surfaces, near-bulk like configurations are seen for the
first layer of carbon atoms which are not considered adsorbates (Fig, 3), The C-H



Figure 3. Methyl radical abstracted from diamond (111) surface which is cove~d
with other methyl groups. 6wwSe of the penodicity of the calculation, the
abstraction reduces the coverage to 7S%, The hollow circles represent carbons,
whalethe solid circles represent hydrogens. This figure typifies the configurations
of the other seven systems reported in the text.

bond distances tor the l-i-terminated sittBsare 1‘/0 longer than those in methane, while
the C-H distances on adsorbed methyl grtx~psare 1‘/0 shorter, More importantly, the
H-H distances tor H atoms on adjacent methyl groups can be closer than 2.4 A, twice
the van der Waals radius of an H atom, Consequently, to help alleviate some the
stenc interference, the CCH bond angle for the methyl groups changes as a function of
coverage from nearly normal, 109’, to very oblique, 123°. Clrw might thinb that the
C(surface)-C(methyl) distances show some alternating pattern, but none has been
found. They are all about 1.51 A.

The binding energy of H atoms to the diamond (111) surface at high cOve~geS,
above 75%, is calculated 10 be 120 kcal/rnole, compared to 102 kcaVmole fOUnd
experimentally. This IS considered to be an Indication of the quality of the AM1
hamlltoman m describing diamond-related systems.

The binding energy of methyl groups when abstracted as methyl radicals at high
coverages, above 75Y0, IS about 105 kcal/mole. The author IS unaware of any
experimental data of this type at this time.



The binding energy of methyl groups when substituted for an H atom on the same
surface vanes fro,n about 25 k@/mo[e at IOWcoverages, below 25% methyl-750/0 H,
up to 130 kcal/mole at high Coverages, above 7&!40 tn@hyl-25°/o H. Thus it is apparent
:hat the H covered surface is much preferable energetically than any amount of
methyl coverage. Any appearance of methyl groups on the diamond (111) surface
ought to be purely transitory. Furthermore, the energy required to cluster three methyl
9rouPs !nto nearest ne}ghbor proximity is 210 kcal/mole. This energy difference is
almost an order of magnitude larger tnan the one found in an earlier study Of tl’!o
epttaxy mechanism [5]. Note also that these are energy differences rather than actual
barriers, which are generally considered to be unreliable in this method and may be
substantially more than this. AIsQ, the shape of the barrier will depend on the
mechanism of deposition, i.e. ER VS. LH. In all this seems to cast some doubt about
any possible role that methyl groups would play in diamond epitaxy,

SUMMARY

AS found experimentally, the present molecular otiltal calculations on the behavior
Of H covered dtamond (111) surfaces show that the adsorbate restores the Clean
surface to a nearly bulk configuration. Coverage by methyl groups shows similar
restorative Fowers. However, the re!ative energy of the H termmated diamond (111)
surface is always found to be less than that of mixtures of methyl groups and H atoms.
Consequently, displacement of H atoms by methyl groups seems to represent a
transient phenomenon. The energy required to being three methyl groups to near@St
neighbor proximity IS abodt 210 kcaumole, A substantial amount of this is due tO ~e~
Interactions among the methyl groups. This presents an additional barrier to
nucleation of methyl groups on the surface which is thought by some to be a prWIJrSOr
to the advent of diamond epltaxlal growth.

For future work, the present research suggests the study of different adsotied
s@@S Onca the relevant ones are identified through diagnostic studies, the transitory
surface damage done by the plasma, the calculation and measurement of Suff~
diffusion barriers for various surfa~ species, and the investigation of nonhydmgenic
systems.
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