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Ab initio calculations on etching of graphite and diamond surfaces by atomic hydrogen
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Etching of graphite and hydrogenated diamond C~100! 231 surfaces by irradiating atomic hydrogen, which
is one of the key reactions to promote epitaxial diamond growth by chemical vapor deposition, has been
investigated byab initio pseudopotential calculations. We demonstrate the reaction pathways and determine
the activation energies for breaking C-C bonds on the surfaces by irradiating hydrogen atoms. The activation
energy for C-C bond breaking on graphite is found to be only one-half of that on the hydrogenated diamond
surface. This indicates that graphite, which is a typical nondiamond phase unnecessarily generated on the
diamond surface during epitaxial growth, can be selectively eliminated by atomic hydrogen, resulting in
methane desorption. Our result supports the growth rate enhancement in diamond epitaxy observed in a recent
experiment by gas-source molecular beam epitaxy under hydrogen beam irradiation.

DOI: 10.1103/PhysRevB.63.235311 PACS number~s!: 71.15.2m, 81.05.Tp, 82.30.2b
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I. INTRODUCTION

Recently, the behavior of hydrogen atoms and molecu
at semiconductor surfaces has attracted the attention of
entists as an important subject in gas-phase semicondu
processes. The role of hydrogen in diamond growth
chemical vapor deposition~CVD! with hydrocarbon gase
such as methane is especially important, because not onl
growth rate but also the crystallographic quality of grow
layers is significantly influenced by the surface reaction
hydrogen.1–10 For example, to get a diamond layer witho
graphite and amorphous carbon, it is well known that
hydrocarbon gas should be greatly diluted by hydrogen do
to a few volume percent and that atomic hydrogen as we
hydrocarbon radicals are produced by a hot tungsten filam
or a microwave and effectively transferred to the diamo
growing surface.2,5 This means that the atomic hydrogen i
teracting with the surface during diamond growth is imp
tant. Therefore, the interaction of atomic hydrogen with
diamond surface is experimentally investigated by vario
methods of surface analyses.3 In spite of progress in rates o
film production1,2,5 and discoveries of new methods of di
mond growth,7,8 very little is currently understood at th
atomic level about the chemical processes responsible
diamond growth.

In the experiment of gas-source molecular beam epit
~GSMBE! with pure methane, Nishimoriet al.7 demon-
strated that the epitaxial diamond growth is rate limited
hydrogen desorption; hydrogen atoms on diamond surfa
prevent methane from being adsorbed onto the surface.
thermore, they have shown that irradiating the diamond s
face with an atomic hydrogen beam during GSMBE w
pure methane enhanced the growth rate~GR! by about five-
fold without the concurrent growth of amorphous carbon.8 In
the GSMBE method, since the gas pressure is of the orde
1026–1024 Torr, the gas-phase reaction is negligible a
0163-1829/2001/63~23!/235311~6!/$20.00 63 2353
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diamond growth is predominantly governed by surface re
tions such as methane adsorption and hydrogen desorp
The experimental results of GSMBE prove that GR enhan
ment of diamond and suppression of growth of nondiamo
components are due to the surface reactions of atomic hy
gen. Thus, in the growth of high-quality diamond, atom
hydrogen is known to fulfill important roles including th
stabilization of the diamond surface, the production of vac
surface sites, and the preferential etching of graphite11–14

during the codeposition of graphite and diamond surface
Although Battaile et al.15 have performed the detaile

calculations of various chemical reactions involving hydr
carbon complexes and of the surface-orientation-depen
etching effect on CVD growth, and some theoretical stud
with empirical calculations have been reported,16–18ab initio
calculations, in particular, focusing on the atomic proces
of hydrogenated diamond surfaces are very rare comp
with those of hydrogenated silicon surfaces.19,20

In our previous studies,21,22we have calculated the poten
tial energy curves and the reaction pathways for
Langmuir-Hinshelwood~LH! desorption of hydrogen mol
ecules and for the Eley-Rideal~ER! extraction of a hydrogen
atom by irradiating atomic hydrogen from hydrogenated d
mond C~100! surfaces~monohydride and dihydride surface!
by the ab initio pseudopotential method. In the LH desor
tion of hydrogen molecules from C~100! surfaces, we found
that the activation energy of 1.45 eV from a dihydride su
face is less than that of 4.94 eV from a monohydride surfa
This allows us to conclude that the dihydride C~100! surface
is less stable than the monohydride surface and that hy
gen desorption occurs mostly from the dihydride sites
defects on the monohydride surface. On the other hand
the ER extraction of a hydrogen atom from the dihydri
C~100! surface, a hydrogen atom is extracted with zero a
vation energy to form a hydrogen molecule with an irradi
ing atomic hydrogen. This indicates that the dihydride pha
©2001 The American Physical Society11-1
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which is less stable than the monohydride phase, tend
become even more unstable and may disappear under at
hydrogen beam irradiation. It was also found that a hydro
atom on the monohydride surface can be extracted with
activation energy of 0.20 eV with the aid of irradiating h
drogen, having a kinetic energy of 0.22 eV. Comparing
low activation energy~0.20 eV! for the ER extraction with
that ~4.94 eV! for the LH desorption of a hydrogen molecu
from the monohydride surface, we demonstrated that H be
irradiation promotes hydrogen removal from the diamo
surface, leading to GR enhancement in diamond epita
These numerical results are in good agreement with the
perimental observations by GSMBE. In the GSMBE expe
ment with atomic hydrogen,8 it was conjectured that irradi
ating hydrogen atoms eliminates nondiamond phases suc
graphite generated on the diamond surface, resulting in
improvement of the crystallographic quality of grown laye
Hydrogen etching of the diamond surface itself is also pr
tically important from the viewpoint of surface processes
get a smooth diamond surface on an atomic scale.9,23

The objectives of this study are to reveal the etching p
cesses by atomic hydrogen on graphite and diamond
faces, and to provide a theoretical interpretation for the
ference in the degree of etching between graphite
diamond surfaces. In this paper, we presentab initio calcu-
lations of the atomic processes for etching of both grap
and diamond surfaces by atomic hydrogen, which are
essential surface reactions of atomic hydrogen in diam
growth by CVD. This paper is organized as follows. In Se
II, the computational method to determine atomic and el
tronic structures including the transition states for the etch
processes is briefly described. In Sec. III, we present
results and discussion on the hydrogen etching processe
graphite and diamond C~100! surfaces. A summary is give
in Sec. IV.

II. METHOD AND MODEL

Our calculations were performed using theab initio
molecular dynamics method24 within the framework of the
density functional theory~DFT!.25,26 The generalized gradi
ent approximation~GGA! by Perdewet al.27 was used for
the exchange-correlation potential. In our calculatio
total energies and atomic forces were determined s
consistently by employing the preconditioned conjug
gradient method28 and the efficient density mixing scheme.29

We employed the norm-conserving pseudopotentials wh
were formulated by Troullier and Martins30 and Kobayashi31

and expanded the electronic wave functions in plane wa
up to a kinetic energy of 36 Ry. We chose twok points for
the system of the diamond surface and aG point for the
system of graphite in each Brillouin zone. In our calculatio
of the diamond surface, the substrate was modeled by a
peated slab for diamond C~100!, which had six atomic layers
with 432 atoms per layer~see Fig. 1! and was separated b
a vacuum region equivalent to 12 atomic layers. The d
gling bonds on the bottom surface of the slab were satur
with hydrogen atoms. Atoms on the top four layers of t
slab were relaxed, and those in the remaining two lay
23531
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were fixed at their bulk positions. In the present calculati
graphite was replaced by a graphene sheet in a unit cel
simplicity. This replacement was not expected to quali
tively influence the etching mechanism. The graphene in
unit cell contained 24 carbon atoms, as shown in Fig. 2.
of the atoms contained in the unit cell were relaxed in t
work. The atomic distances on the monohydride C~100! sur-
face obtained in this study differed by less than 1% fro
those reported by a previous elaborate work with the Vien
ab initio simulation package~VASP!.32,33

In this paper, we present the energy diagrams for the
action processes of hydrogen etching of graphite and
mond surfaces. For the most probable etching proces
graphite and diamond, we assumed that a hydrogen a
adsorbs to a carbon atom on the diamond surface
graphene and the C-C back bond of the surface carbon a
is broken, leading to methane evaporation after four hyd
gen atoms adsorb to the same carbon atom. We employ
hybrid of two algorithms to efficiently determine the trans

FIG. 1. Top view of the monohydride C~100! 231 surface.
Open and closed circles denote carbon and hydrogen atoms, re
tively. The region surrounded by a solid line is a unit cell used
the present calculations. The unit cell contains six atomic lay
with 432 atoms per layer.

FIG. 2. Top view of graphene. Open circles denotes carb
atoms. The region surrounded by a solid line is an unit cell use
the present calculations.
1-2
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FIG. 3. Energy diagram for hy-
drogen etching of monohydride
diamond surface. Open and close
circles denote carbon and hydro
gen atoms, respectively. Hydroge
adsorption proceeds in sequen
through processes~a! to ~c! with
two activation barriers, leading to
methane desorption. The numbe
is the energy change in each pro
cess.
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tion states of C-C bond breaking at the surfaces: First,
steepest descent paths~SDP! algorithm34 is used to roughly
search the saddle point of potential energy surfaces in
atomic configuration space. Second, the force-inversion~FI!
technique35 is used to determine the exact saddle point c
figuration from the initial conditions obtained with the SD
algorithm.

III. RESULTS AND DISCUSSION

The energy diagrams calculated for hydrogen etching
diamond and graphene are given in Figs. 3 and 4, res
tively. The energy change in each process is given in th
diagrams. First, we discuss the hydrogen etching proces
the diamond surface using three steps~a!, ~b! and~c! in Fig.
3. A hydrogen atom is supplied externally to the same car
atom on the surface in each step. In step~a!, atomic hydro-
gen adsorption leads to the formation of the dihydride str
ture after the carbon dimer opening with an energy barrie
0.55 eV. In step~b!, the dihydride changes into a trihydrid
by adsorption of another hydrogen atom with breaking o
C-C back bond of the dihydride. In this process, there is
activation energy barrier~AEB! of 2.37 eV. In step~c!, a
C-C back bond of the trihydride is broken by atomic hydr
gen adsorption, leading to CH4 desorption precursor forma
tion. This process has an AEB of 1.23 eV. Therefore,
etching of a carbon atom on the diamond surface is co
pleted as methane evaporation only if energies sufficient
overcoming the two AEB’s are supplied.

Thomaset al.36 have already done similar calculations o
a finite cluster of C28H46 by a semiempirical@modified ne-
glect of differential overlap~MNDO!# method. They re-
ported AEB’s of 2.1 eV for breaking of the dimer bond an
3.3 eV for breaking the back bond. Their values are co
pared with our values of 0.55 eV in step~a! and 2.37 eV in
step~b!, respectively. It is physically reasonable that AEB
obtained from the the semiempirical cluster calculations
generally larger than those obtained by first-principles ca
lations under periodic boundary conditions, because the c
straint on the geometrical optimization in the finite clus
23531
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unavoidably increases the energy for transition to a differ
geometry.

We describe the dimer-opening state in step~a! in greater
detail. The second hydrogen atom was assumed to hit
dihydride carbon atom in step~b! to evaluate the reaction
potentials leading to CH4 desorption. The second hydroge
atom, however, does not always hit the same carbon at
Rather, it may adsorb to the neighboring monohydride c
bon atom, resulting in two dihydride carbon atoms adjac
to each other. It is found in our previous study22 that the
dihydride phase, which is less stable than the monohyd
phase, becomes even more unstable by the attack of at
hydrogen and goes back to the monohydride 231 phase
eventually. That is, the dimer-opening configuration in F
3~a! is possibly transformed to the 231:H dimer under irra-
diation of atomic hydrogen unless the trihydride carbon
generated by the following atomic hydrogen, as investiga
in the present work. In any case, the dimer-opening stat
not stable, which is consistent with the experimental obs
vation by scanning tunneling microscopy~STM!.4

We have also performed the calculation of thermal d
sorption of CH3 from the surface after step~b! without the
attack of atomic hydrogen. The activation energy for C3
desorption is found to be 1.34 eV, which is slightly high
than the value of 1.23 eV for CH4 desorption in step~c! in
Fig. 3. It should be noted that the present calculation
been performed with two idealizations. One is that the s
tem is at zero temperature and the other is neglect of
H-flux effect. Therefore, CH4 is considered to be an etc
product only at a low temperature, which is consistent w
experiment.37 Of course, the primary etch product ma
change to CH3, depending on the experimental condition
i.e., the substrate temperature and H-flux intensity, beca
the two values of the activation energy are very close to e
other.

Second, the hydrogen etching process of graphene is
sidered in Fig. 4. Hydrogen etching of a carbon atom
graphene is composed of four steps~a!, ~b!, ~c!, and ~d!,
leading to methane desorption and carbon vacancy for
tion. In step ~a!, atomic hydrogen adsorption to graphe
1-3
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FIG. 4. Energy diagram for hydrogen etchin
of graphene. Open and closed circles denote c
bon and hydrogen atoms, respectively. The nu
ber is the energy change in each process. Hyd
gen adsorption proceeds in sequence throu
processes~a! to ~d! with an activation barrier,
leading to methane desorption. Further, metha
desorbs after a sequence of hydrogen adsorp
through cascade reactions~e! to ~h! with no acti-
vation barriers.
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leads to monohydride formation without breaking any C
bonds. The hydrogen-bonded carbon atom sticks out f
the graphene plane, so that its electronic structure cha
from sp2 to sp3-like orbitals. In this process, there is n
AEB and the energy gain of hydrogenation is 3.64 eV. Up
further hydrogenation in step~b!, a C-C back bond of the
monohydride is broken to produce a dihydride species.
the C-C bond breaking, the AEB reaches 1.17 eV. In the c
of the diamond surface, there is no AEB to change the mo
hydride into the dihydride, as shown in step~a! of Fig. 3.
This is because the C-C dimer bond opening on the C~100!
surface can occur more easily than C-C back bond break
In fact, when the C-C back bond is broken on the C~100!
surface, AEB’s of 2.37 eV and 1.23 eV appear in steps~b!
and ~c! of Fig. 3 for the trihydride and the CH4 desorption
precursor, respectively. In contrast with hydrogenation of
C~100! surface to produce a trihydride, the dihydride
graphene can be hydrogenated to a trihydride with no A
while a C-C back bond is broken. Furthermore, in step~d! of
Fig. 4, for CH4 desorption precursor formation with C-
back bond breaking, the trihydride can be also hydrogena
with no AEB. Thus, the AEB in the hydrogen etching
graphene exists only in the process of dihydride formation
is noted that the AEB of 1.17 eV for graphene is about o
23531
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half of that of 2.37 eV for diamond.
The reason for the difference in the AEB between d

mond and graphene comes from the bonding nature of
hydrogenated carbon atom (CH) and another carbon atom o
the surface (CS). For diamond, both CH and CS in steps~a!
and~b! of Fig. 3 have thesp3 orbital, so that they are stabl
bound to each other. On the other hand, CH and CS havesp3

andsp2 orbitals, respectively, for graphene in steps~a!, ~b!,
and~c! in Fig. 4. Namely, the results of dihydride and trihy
dride formation in Figs. 3 and 4 mean that the C-C ba
bond with the nature of thesp2 orbital for graphene is more
easily broken by atomic hydrogen adsorption than that w
the nature ofsp3 orbital for diamond. Then, CH3 is rather
loosely bound to graphene, because it is already known
bonding of a CH3 (sp3) to a benzene ring (sp2) is weaker
than that to another CH3 (sp3).38 Therefore, a CH atom is
more easily extracted from graphene with no AEB, as sho
in step~d! of Fig. 4, than from the diamond surface with a
AEB of 1.23 eV, as shown in step~c! of Fig. 3.

More importantly, further etching processes for graphe
have no AEB’s in steps~e!, ~f!, ~g!, and~h! of Fig. 4. In both
steps~e! and ~f! for monohydride and dihydride formation
respectively, there are no AEB’s, while dihydride formatio
1-4
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in step~b! has an AEB of 1.17 eV. The difference is ascrib
to the C-C back bond breaking. In step~f!, an impinging
hydrogen atom can produce a dihydride with no C-C ba
bond breaking because the monohydride produced in ste~e!
has a dangling bond due to CH4 desorption in step~d!. The
C-C back bond breaking occurs in steps~g! and ~h! in a
manner similar to steps~c! and ~d!. Therefore, we conclude
that carbon atoms near vacancies of graphene are e
etched without any activation energies. Once a vacanc
graphene is generated, many carbon atoms around tha
cancy would be evaporated by hydrogen atoms in seque
as clearly seen in steps~e! to ~h!. Therefore, carbon atoms a
the edge of holes generated by CH4 desorption would be
easily etched without any activation energies, resulting i
large hole after sequential etching. This result also indica
that the edge plane of graphite is more readily etched t
the basal plane, supporting the experimental observation
Balooch and Olander.13 In contrast, sequential carbon d
sorption hardly occurs around the vacancy on the diam
surface, because breaking a C-C back bond with the na
of ansp3 orbital requires finite activation energies to extra
a carbon atom.

Lastly, we describe how sensitively the electronic sta
of graphene are influenced by atomic hydrogen adsorpt
For the calculation of hydrogen adsorption on graphe
electronic level densities corresponding to the Fermi le
are shown in Fig. 5~b! @same as step~a! in Fig. 4# compared
with that for the hydrogen-free surface in Fig. 5~a!. The con-
tours in Figs. 5~a! and 5~b! are drawn under the same cond
tions. Closed and open circles represent carbon atoms a
hydrogen atom, respectively. In Fig. 5~b!, the p electron
density around the adsorbed hydrogen disappears
changes intos (sp3) bonding with a low energy. As men
tioned above, CH with thesp3 orbital is loosely bound to CS
with the sp2 orbital. Thus, the considerable change in t
electronic states of the hydrogen-adsorbed carbon is the m
reason why graphene is more easily etched by a hydro
atom than diamond. Therefore, the present results enab
to conclude that irradiation of atomic hydrogen etches gra
ite selectively at much higher rates than the diamo
surface,11 in agreement with the experiments showing th
the concurrent growth of amorphous carbon and graphite
be suppressed under hydrogen beam irradiation while the
of diamond is appreciably increased.8

IV. CONCLUSION

The energetics of the possible hydrogen etching react
occurring on hydrogenated diamond and graphite surfa
were investigated usingab initio calculations in order to elu
cidate the essential processes of hydrogen etching. In
etching of the hydrogenated diamond surface, breakin
C-C back bond is accompanied with an activation ene
barrier, the values of which are 2.37 eV and 1.23 eV in
steps for the formation of the trihydride and the CH4 desorp-
tion precursor, respectively. In the etching of graphite, th
is an activation energy barrier of 1.17 eV only in the stage
dihydride formation. We found that hydrogen adsorpti
markedly modifies the local electronic states of graph
23531
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from sp2 to sp3 bonding, making it easy to break a C-
bond in the graphene sheet. Furthermore, it is clarified
carbon atoms are extracted one after another by irradia
hydrogen with no activation energy from graphene, beca
carbon atoms around the vacancy have dangling bonds
are loosely bonded to other carbon atoms due to the cha
in the electronic states.

FIG. 5. p orbital densities of graphene~a! without and~b! with
a hydrogen atom. Closed circles and an open circle refer to ca
atoms and a hydrogenated carbon atom, respectively. The con
spacing is 0.02aB

23 , whereaB is the Bohr radius.
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From these results, we conclude that atomic hydro
etches graphite selectively at much higher rates than the
mond surface. Thus, ourab initio study provides theoretica
interpretations to the experimental observation that irrad
tion of atomic hydrogen promotes epitaxial diamond grow
without concurrent growth of graphite and amorphous c
bon. Finally, it is noted that surface migration,39 which has
not been taken into account in the present study, poss
affects the etching reaction. This will be considered in futu
studies.
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