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Ab initio study on surface segregation of hydrogen from diamond (00) surfaces
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The segregation of a hydrogéhl) atom to the monohydride diamond C(102 surface from the sub-
surface, which consists of two elementary processes of lateral migration in the subsurface and migration to the
surface from the bulk, has been investigatedabyinitio pseudopotential method. Since the activation energy
barrier (AEB) for H migration in the subsurface perpendicular to dimer rows markedly decreases due to the
presence of an H defect on the surface, it becomes an easy diffusion path and the diffusing H atoms tend to
approach a position under a hollow site. The AEB for H migration to the surface from the bulk also markedly
decreases due to the H defect on the surface. Thus, the H defect on the monohydride surface is easily repaired
by H atoms from the subsurface, resulting in the suppression of methane adsorption and diamond epitaxial
growth. The theoretical results support the experimental observations.
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Due to recent technological advances in epitaxial diafilms. Hayashi and co-workef%!®suggested that the surface
mond growth, obtaining diamond films is not difficult by conductivity of hydrogenated diamond surfaces depends on
means of the chemical vapor depositit®VD) method:?  hydrogen incorporated in the subsurface region. Thus, it is
but it is still very challenging to obtain single-crystalline important to theoretically investigate the energetics of hydro-
diamond films with large surface areas. In diamond epitaxygen in the diamond subsurfaces and its effect on the surface
the behavior of hydrogen on the diamond surface influenceslectronic states for electronic device applications. Although
the growth rate and the quality of diamond films. Thus, it ismany theoretical studiés23on hydrogen in bulk diamond
important to elucidate the chemical processes of hydrogen dtave been performed, to our knowledge, there have been no
the atomic level in order to understand the complicatecheoretical studies on hydrogen in the diamond subsurface.
mechanism of diamond growth. Many experiméntsand  Therefore, the objectives of this study are to obtain the en-
theoreticadl 12 studies have been performed on hydrogen orergetics and migration pathways of hydrogen atoms in the
diamond surfaces. Focusing on the role of hydrogen in diasubsurface, and to predict the effect of hydrogen in the sub-
mond epitaxy, we have investigated the stability of hydroge-surface on epitaxial diamond growth usial initio calcula-
nated diamond surfacé$hydrogen desorption pathways un- tions.

der atomic hydrogen irradiati6hand hydrogen etching of In the present study, we performed self-consistent total-
the graphite phase on the diamond surfadey usingab  energy calculations within the framework of density-
initio pseudopotential calculations. functional theory using the norm-conserving pseudopotential

Secondary-ion mass spectrosctpgnd elastic recoil de- scheme*~?*The generalized gradient approximation by Per-
tection analysi¥ suggest that much hydrogen exists in thedewet al?’ was used for the exchange-correlation potential.
diamond subsurfaces. One of the reasons for the incorpord¥e employed the norm-conserving pseudopotentials ob-
tion of hydrogen in the diamond subsurface is that hydrocartained by Kobayash? using the scheme of Troullier and
bons diluted with hydrogen as raw material gas are generalliartins®® for both carbon and hydrogen. The electron wave
used in epitaxial diamond growtfi. Therefore, hydrogen in functions were expanded in a plane-wave basis set including
the subsurface is predicted to influence diamond growth aplane waves up to a cutoff energy of 49 Ry. We chosé& 16
well as hydrogen on the surface. By an analysis of the timgoints for the system of the diamond surface in the first Bril-
evolution of surface hydrogen coverage, Nishimetial”  louin zone. In our calculations of the monohydride diamond
demonstrated that the rate of surface hydrogen segregatisurface, the substrate was modeled by a repeated slab for
from the bulk, leading to the suppression of diamond growthdiamond @100), which had eight atomic layers witl{4x4)
caused by hydrogen in the subsurface, is comparable to treoms per layer and was separated by a vacuum region
rate of hydrogen desorption. They concluded that surfacequivalent to twelve atomic layers. The dangling bonds on
hydrogen has to be removed by means of a nonthermdhe bottom surface of the slab were saturated with hydrogen
method to increase the growth rate of diamond. Thereforegtoms. Atoms on the top six layers of the slab were relaxed,
the effect of surface hydrogen segregation from the bulk haand those in the remaining two layers were fixed at their bulk
to be taken into account to reveal the complicated processgmsitions.
in diamond growth. Moreover, hydrogen in the diamond sub- Initially, we describe the most stable site for a hydrogen
surface is also predicted to influence the surface electroniatom in the subsurface region under a monohydri€0Q
properties. For example, hydrogen in the subsurface mighgurface. We calculated the total energies of the systems when
be the cause of the-type conductive layer in CVD diamond a hydrogen atom is at three sites, i.e., bond ce(@&) site,
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same as those in Fig. A, A’, B, B’ are bond cente{BC) sites.D
corresponds to a transition state between the two local minifaum
andB’.
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dride surface has two local minimd(and B") under the
FIG. 1. Top view of monohydride C(100)21 surface. Open dimer row, in addition to the lowest onesAtandA’. Acti-
circles, small open circles and closed circles denote carbon atomggtion energy barrierAEB’s) for migration fromB to B’
hydrogen vacancies, and adsorbed hydrogen atoms, respectivelyy transition stat®® and that fromA to B are 0.64 eV and
Path 1 and path 2 indicate the diffusion paths in the subsurface 34 eV, respectively. All of the positions, A’, B, andB’
perpendicular to dimer rows and along dimer rows, respectively. are BC sites. In bulk diamond, these BC Sltes are equivalent
and the AEB between them is 2.14 eV from our calculation
tetrahedral interstitia(T) site, and equilateral triangl€ET) under periodic boundary conditions without surface. There-
site in the region of five to six atomic layers below the sur-fore, it is important to note that th@econstructedsurface
face. The BC site is found to be the most stable one becausdfect markedly influences the migration in the subsurface. It
the ET site and th@& site are higher in energy by 1.09 eV and is also noted that a semiempirical cluster calculation by Me-
1.23 eV than the BC site, respectively. Thus, some typicahandruet al?> gave an AEB of 1.9 eV for migration from
migration paths from one BC site to another BC site via aone BC site to another BC site. The difference of 0.24 eV is
transition state have been chosen in this study. Regarding tle@nsidered to come mainly from the finite- size effect by the
most stable site in the bulk, our calculation gives also the BQluster calculations in addition to the semiempirical calcula-
site although Saadat al?® obtained the ET site that has tion.
slightly lower energy than the BC site by the tight-binding When an H defect is generated on the surfée@esmall
calculations. We do not focus on the difference between theropen circle in Fig. 2 the PEC is significantly changed with
further, because the difference is probably ascribed to théhe disappearance of the local minimaB&ndB’, as shown
different numerical approaches and does not affect the maiby the broken line in Fig. @). This indicates that the migrat-
results in this study. ing H atom in the direction perpendicular to dimer rows in
We investigated the effect of H defe@tacancy of the the subsurface is pulled toward positiarby the H defect on
monohydride €100 surface[Fig. 1, a top view of monohy- the surface. On the other hand, the AEB for migration along
dride 100 surfacg on H segregation from the bulk. Open the dimer row(path 2 is changed by only 10% due to the H
circles small closed circles, and small open circles in Fig. ldefect, by comparing the two curves for perfect monohydride
refer to carbon atoms, hydrogen atoms adsorbed on the casurface (solid line) and H-defect surface in Fig.(3), al-
bon dimer atoms and hydrogen defe(fise vacancies re-  though a local maximum immediately below the dimer be-
spectively. comes a local minimunM when an H defect is introduced
First, we describe the potential-energy cur¢@gC’s for  on the surface. However, positidvl is almost an unstable
the lateral migration in the subsurface in two directions, persaddle point because positidf, which is midway between
pendicular to the dimer rowath 1 in Fig. 1 and along the positionsB andB’, has high potential energy along path 1,
dimer rows(path 2 in Fig. 1. Path 1 is represented by an as shown in Fig. &). Thus, the results in Figs(& and 3b)
arrow in a side view of the monohydride(ID0) surface in  enable us to conclude that migrating H atoms in the subsur-
Fig. 2. PositionD is a transition state immediately below a face tend to approach positioh immediately below the H
dimer row and position& andA’ are stable BC sites under defect on the surface.
hollow sites. Next, we investigated H migration from the subsurface to
In Fig. 3@, the PEC’s along path 1 are given when thethe surface in the direction perpendicular to the surface. Two
surface is a perfect monohydrideolid line) and when it has migration pathways chosen in this calculation are schemati-
H defects(broken ling. The PEC for the perfect monohy- cally shown by arrows in Fig. 4. The PEC'’s along path 3 are
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FIG. 4. Migration paths from subsurface to the surface in the
side view of monohydride C(100)21 surface. Potential-energy
curves are calculated for path 3 and path 4. The definitions of
circles are the same as those in FigOL.A, andB are BC sites.

qualitative features are similar to those along path 3. The
only difference between the two PEC'’s is that the AEB for
migration along path 3 is slightly smaller than that for mi-
gration along path 4, because C-C bond stretching is more
permissible for the former path than for the latter path when
an H atom approaches a BC site, as clearly seen in the
atomic geometry in Fig. 4. The present result on the PEC’s in
Fig. 5 provides a theoretical explanation for an experimental
observation by Nishimort al.” that methane adsorption and
epitaxial diamond growth are suppressed by hydrogen atoms
in the subsurface.
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FIG. 3. Potential-energy curves for diffusion of a hydrogen atom >

in the subsurface alon@ path 1 andb) path 2. Solid curves and L,
broken curves are for the migration under the perfect monohydride >,

surface and under the H defect monohydride surface, respectively.&0 3
A, B, D, B’, A’ are the H positions defined in Fig. 2. )

=
given by a solid curve for the perfect monohydride surfacei’
and by a dashed curve for the H-defect surface in Fig. 5. The S
horizontal coordinate is the position of a migrating H atom E
measured from the stable position at the surface. The con 3
figurations corresponding to the right ends of the curves are,@
such that the carbon atom with number 1 in Fig. 4 is a dihy-
dride for a perfect monohydride surfa¢slid curve and a
monohydride for an H-defect surfagbroken curveé Sur-
prisingly, the AEB for the migration from the bulk to the
surface almost disappears in the presence of a single H ve
cancy on the surface. It is obvious from these two curves tha

H migration toward the surface is significantly promoted by

face.

The PEC along path 4 is not shown in Fig. 5, because it&en curve.
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Position of H [A]

the H defect on the surface and as a result, an H vacancy FIG. 5. Potential-energy curves for migration from subsurface to
tends to be repaired by the H atom coming from the subsure(100 surface along path 3 defined in Fig. 4 when the surface is
perfect monohydridésolid curve and has hydrogen vacangyro-
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In conclusion, we have calculated the PEC’s for hydrogersulting in a repair of the H vacancy by the H atom coming
segregation from the subsurface to the monohydride surfadeom the subsurface. The present results on H segregation
and found that a single hydrogen vacancy on the monohyfrom the subsurface provide a theoretical background for the
dride surface significantly changes the PEC’s. The H vaexperimental observation of the hydrogen effect on the
cancy on the surface makes the PEC for lateral migratiogyrowth rate of epitaxial diamond.
perpendicular to dimer rows in the subsurface considerably
smooth. As a result, migrating H in the subsurface tends to This work was supported by the JSPS Research for the
approach a position immediately under the H vacancy on th&uture Program in the Area of Atomic-Scale Surface and
surface. Furthermore, H migration from the subsurface to thénterface Dynamics. C.K. thanks the Supercomputer Center,
surface is considerably promoted by the H vacancy with annstitute for Solid State Physics, University of Tokyo for the
almost complete disappearance of the activation energy, retse of their facilities.
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