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Ab initio calculations on etching of graphite and diamond surfaces by atomic hydrogen

C. Kanai! K. Watanabé;? and Y. Takakuwa®
IDepartment of Physics, Science University of Tokyo, 1-3 Kagurazaka, Shinjuku-ku, Tokyo 162-8601, Japan
°Frontier Research Center for Computational Sciences, Science University of Tokyo, 1-3 Kagurazaka, Shinjuku-ku,
Tokyo 162-8601, Japan
SResearch Institute for Scientific Measurements, Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai 980-8577, Japan
“Precursory Research for Embryonic Science and Technology (PRESTO), Japan Science and Technology Corporation, 4-1-8 Honmachi,
Kawaguchi, Saitama 332-0012, Japan
(Received 30 June 2000; published 21 May 2001

Etching of graphite and hydrogenated diamond@@) 2 X 1 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.
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I. INTRODUCTION diamond growth is predominantly governed by surface reac-
tions such as methane adsorption and hydrogen desorption.
Recently, the behavior of hydrogen atoms and molecule3he experimental results of GSMBE prove that GR enhance-
at semiconductor surfaces has attracted the attention of sakent of diamond and suppression of growth of nondiamond
entists as an important subject in gas-phase semiconductopmponents are due to the surface reactions of atomic hydro-
processes. The role of hydrogen in diamond growth bygen. Thus, in the growth of high-quality diamond, atomic
chemical vapor depositiofCVD) with hydrocarbon gases hydrogen is known to fulfill important roles including the
such as methane is especially important, because not only tis¢abilization of the diamond surface, the production of vacant
growth rate but also the crystallographic quality of grownsurface sites, and the preferential etching of graphité
layers is significantly influenced by the surface reaction ofduring the codeposition of graphite and diamond surfaces.
hydrogent™° For example, to get a diamond layer without Although Battaile et al’® have performed the detailed
graphite and amorphous carbon, it is well known that thecalculations of various chemical reactions involving hydro-
hydrocarbon gas should be greatly diluted by hydrogen dowigarbon complexes and of the surface-orientation-dependent
to a few volume percent and that atomic hydrogen as well astching effect on CVD growth, and some theoretical studies
hydrocarbon radicals are produced by a hot tungsten filamentith empirical calculations have been reportédtab initio
or a microwave and effectively transferred to the diamond-calculations, in particular, focusing on the atomic processes
growing surfacé:® This means that the atomic hydrogen in- of hydrogenated diamond surfaces are very rare compared
teracting with the surface during diamond growth is impor-with those of hydrogenated silicon surfacég?
tant. Therefore, the interaction of atomic hydrogen with the In our previous studie¥-??we have calculated the poten-
diamond surface is experimentally investigated by variousial energy curves and the reaction pathways for the
methods of surface analysé spite of progress in rates of Langmuir-Hinshelwood(LH) desorption of hydrogen mol-
film productiort®® and discoveries of new methods of dia- ecules and for the Eley-Ride#R) extraction of a hydrogen
mond growth’® very little is currently understood at the atom by irradiating atomic hydrogen from hydrogenated dia-
atomic level about the chemical processes responsible fanond G100 surfacegsmonohydride and dihydride surfages
diamond growth. by the ab initio pseudopotential method. In the LH desorp-
In the experiment of gas-source molecular beam epitaxyion of hydrogen molecules from(€C00 surfaces, we found
(GSMBE) with pure methane, Nishimoretal! demon- that the activation energy of 1.45 eV from a dihydride sur-
strated that the epitaxial diamond growth is rate limited byface is less than that of 4.94 eV from a monohydride surface.
hydrogen desorption; hydrogen atoms on diamond surfaceBhis allows us to conclude that the dihydridé1G0) surface
prevent methane from being adsorbed onto the surface. Fuis less stable than the monohydride surface and that hydro-
thermore, they have shown that irradiating the diamond surgen desorption occurs mostly from the dihydride sites as
face with an atomic hydrogen beam during GSMBE withdefects on the monohydride surface. On the other hand, in
pure methane enhanced the growth &@&) by about five- the ER extraction of a hydrogen atom from the dihydride
fold without the concurrent growth of amorphous carBén.  C(100) surface, a hydrogen atom is extracted with zero acti-
the GSMBE method, since the gas pressure is of the order afation energy to form a hydrogen molecule with an irradiat-
10°%-10"“ Torr, the gas-phase reaction is negligible anding atomic hydrogen. This indicates that the dihydride phase,
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which is less stable than the monohydride phase, tends tie
become even more unstable and may disappear under atom
hydrogen beam irradiation. It was also found that a hydrogen
atom on the monohydride surface can be extracted with ar® <7
activation energy of 0.20 eV with the aid of irradiating hy-
drogen, having a kinetic energy of 0.22 eV. Comparing the
low activation energy0.20 e\j for the ER extraction with
that(4.94 e\) for the LH desorption of a hydrogen molecule
from the monohydride surface, we demonstrated that H beaneg
irradiation promotes hydrogen removal from the diamond £
surface, leading to GR enhancement in diamond epitaxy.
These numerical results are in good agreement with the ex- FG. 1. Top view of the monohydride (@00 2x1 surface.
perimental observations by GSMBE. In the GSMBE experi-open and closed circles denote carbon and hydrogen atoms, respec-
ment with atomic hydrogehjt was conjectured that irradi- tively. The region surrounded by a solid line is a unit cell used in
ating hydrogen atoms eliminates nondiamond phases such &g present calculations. The unit cell contains six atomic layers
graphite generated on the diamond surface, resulting in th&ith 4x2 atoms per layer.
improvement of the crystallographic quality of grown layers.
Hydrogen etching of the diamond surface itself is also pracwere fixed at their bulk positions. In the present calculation,
tically important from the viewpoint of surface processes tographite was replaced by a graphene sheet in a unit cell for
get a smooth diamond surface on an atomic stéle. simplicity. This replacement was not expected to qualita-
The objectives of this study are to reveal the etching prodively influence the etching mechanism. The graphene in the
cesses by atomic hydrogen on graphite and diamond sutmit cell contained 24 carbon atoms, as shown in Fig. 2. All
faces, and to provide a theoretical interpretation for the dif-of the atoms contained in the unit cell were relaxed in this
ference in the degree of etching between graphite anwork. The atomic distances on the monohydrid&@@) sur-
diamond surfaces. In this paper, we presamtinitio calcu- face obtained in this study differed by less than 1% from
lations of the atomic processes for etching of both graphitéhose reported by a previous elaborate work with the Vienna
and diamond surfaces by atomic hydrogen, which are thab initio simulation packagéVASP).3233
essential surface reactions of atomic hydrogen in diamond In this paper, we present the energy diagrams for the re-
growth by CVD. This paper is organized as follows. In Sec.action processes of hydrogen etching of graphite and dia-
I, the computational method to determine atomic and elecmond surfaces. For the most probable etching process of
tronic structures including the transition states for the etchingraphite and diamond, we assumed that a hydrogen atom
processes is briefly described. In Sec. lll, we present thadsorbs to a carbon atom on the diamond surface or
results and discussion on the hydrogen etching processes graphene and the C-C back bond of the surface carbon atom
graphite and diamond (€00 surfaces. A summary is given is broken, leading to methane evaporation after four hydro-
in Sec. IV. gen atoms adsorb to the same carbon atom. We employed a
hybrid of two algorithms to efficiently determine the transi-

Il. METHOD AND MODEL

Our calculations were performed using tld initio
molecular dynamics meth&twithin the framework of the
density functional theoryDFT).?>%® The generalized gradi-
ent approximationGGA) by Perdewet al?’ was used for
the exchange-correlation potential. In our calculations,
total energies and atomic forces were determined self-
consistently by employing the preconditioned conjugate
gradient metho® and the efficient density mixing scherfte.
We employed the norm-conserving pseudopotentials whict
were formulated by Troullier and Martiffsand KobayasHt
and expanded the electronic wave functions in plane wave{ )
up to a kinetic energy of 36 Ry. We chose tkgoints for
the system of the diamond surface and  goint for the
system of graphite in each Brillouin zone. In our calculations ()
of the diamond surface, the substrate was modeled by a re
peated slab for diamond(@00), which had six atomic layers
with 4X 2 atoms per layefsee Fig. 1 and was separated by
a vacuum region equivalent to 12 atomic layers. The dan-
gling bonds on the bottom surface of the slab were saturated FIG. 2. Top view of graphene. Open circles denotes carbon
with hydrogen atoms. Atoms on the top four layers of theatoms. The region surrounded by a solid line is an unit cell used in
slab were relaxed, and those in the remaining two layershe present calculations.
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FIG. 3. Energy diagram for hy-
drogen etching of monohydride
diamond surface. Open and closed
circles denote carbon and hydro-
gen atoms, respectively. Hydrogen
adsorption proceeds in sequence
through processe&) to (c) with
two activation barriers, leading to
methane desorption. The number
is the energy change in each pro-
cess.

tion states of C-C bond breaking at the surfaces: First, thenavoidably increases the energy for transition to a different
steepest descent patt8DP) algorithn?* is used to roughly geometry.

search the saddle point of potential energy surfaces in the We describe the dimer-opening state in st@pin greater
atomic configuration space. Second, the force-invergidh  detail. The second hydrogen atom was assumed to hit the
techniqué5 is used to determine the exact saddle point condihydride carbon atom in stefb) to evaluate the reaction
figura_ltion from the initial conditions obtained with the SDP potentials leading to CHdesorption. The second hydrogen
algorithm. atom, however, does not always hit the same carbon atom.
Rather, it may adsorb to the neighboring monohydride car-
bon atom, resulting in two dihydride carbon atoms adjacent
to each other. It is found in our previous sté@iyhat the

The energy diagrams calculated for hydrogen etching offihydride phase, which is less stable than the monohydride
diamond and graphene are given in Figs. 3 and 4, respe@hase, becomes even more unstable by the attack of atomic
tively. The energy change in each process is given in thes@ydrogen and goes back to the monohydride 12 phase
diagrams. First, we discuss the hydrogen etching process @ventually. That is, the dimer-opening configuration in Fig.
the diamond surface using three sté@s (b) and(c) in Fig.  3(a) is possibly transformed to theX21:H dimer under irra-

3. A hydrogen atom is supplied externally to the same carbodiation of atomic hydrogen unless the trihydride carbon is
atom on the surface in each step. In stap atomic hydro- generated by the following atomic hydrogen, as investigated
gen adsorption leads to the formation of the dihydride strucin the present work. In any case, the dimer-opening state is
ture after the carbon dimer opening with an energy barrier ofiot stable, which is consistent with the experimental obser-
0.55 eV. In stepb), the dihydride changes into a trihydride vation by scanning tunneling microscop§TM).*

by adsorption of another hydrogen atom with breaking of a We have also performed the calculation of thermal de-
C-C back bond of the dihydride. In this process, there is arsorption of CH from the surface after steft) without the
activation energy barrie(AEB) of 2.37 eV. In step(c), a  attack of atomic hydrogen. The activation energy for;CH
C-C back bond of the trihydride is broken by atomic hydro-desorption is found to be 1.34 eV, which is slightly higher
gen adsorption, leading to GHlesorption precursor forma- than the value of 1.23 eV for CHdesorption in stefc) in

tion. This process has an AEB of 1.23 eV. Therefore, therig. 3. It should be noted that the present calculation has
etching of a carbon atom on the diamond surface is combeen performed with two idealizations. One is that the sys-
pleted as methane evaporation only if energies sufficient forem is at zero temperature and the other is neglect of the
overcoming the two AEB’s are supplied. H-flux effect. Therefore, Ckis considered to be an etch

Thomaset al® have already done similar calculations on product only at a low temperature, which is consistent with
a finite cluster of GgH,q by a semiempiricalmodified ne-  experiment’ Of course, the primary etch product may
glect of differential overlap(MNDO)] method. They re- change to CH, depending on the experimental conditions,
ported AEB'’s of 2.1 eV for breaking of the dimer bond andi.e., the substrate temperature and H-flux intensity, because
3.3 eV for breaking the back bond. Their values are comithe two values of the activation energy are very close to each
pared with our values of 0.55 eV in sté@ and 2.37 eV in  other.
step(b), respectively. It is physically reasonable that AEB’s  Second, the hydrogen etching process of graphene is con-
obtained from the the semiempirical cluster calculations aresidered in Fig. 4. Hydrogen etching of a carbon atom of
generally larger than those obtained by first-principles calcugraphene is composed of four ste@s, (b), (c), and (d),
lations under periodic boundary conditions, because the codeading to methane desorption and carbon vacancy forma-
straint on the geometrical optimization in the finite clustertion. In step(a), atomic hydrogen adsorption to graphene

Ill. RESULTS AND DISCUSSION
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FIG. 4. Energy diagram for hydrogen etching
of graphene. Open and closed circles denote car-
bon and hydrogen atoms, respectively. The num-
ber is the energy change in each process. Hydro-
gen adsorption proceeds in sequence through
processeqa) to (d) with an activation barrier,
leading to methane desorption. Further, methane
desorbs after a sequence of hydrogen adsorption
through cascade reactiof® to (h) with no acti-
vation barriers.

leads to monohydride formation without breaking any C-Chalf of that of 2.37 eV for diamond.

bonds. The hydrogen-bonded carbon atom sticks out from The reason for the difference in the AEB between dia-
the graphene plane, so that its electronic structure changesond and graphene comes from the bonding nature of the
from sp” to sp>-like orbitals. In this process, there is no hydrogenated carbon atom gCand another carbon atom on
AEB and the energy gain of hydrogenation is 3.64 eV. Uponthe surface (). For diamond, both Gand G in steps(a)
further hydrogenation in stefh), a C-C back bond of the and (b) of Fig. 3 have thesp? orbital, so that they are stably
monohydride is broken to produce a dihydride species. FOpoynd to each other. On the other hand,add G havesp?

the C—C. bond breaking, the AE_B reaches 1.17 eV. In the Cas&ndspz orbitals, respectively, for graphene in steps (b),

of the diamond surface, there is no AEB to change the monoénd(c) in Fig. 4. Namely, the results of dihydride and trihy-

hydride into the dihydride, as shown in sté® of Fig. 3. dri PR —
S : : ride formation in Figs. 3 and 4 mean that the C-C back
This is because the C-C dimer bond opening on tE0Q 4 ih the nature of thep? orbital for graphene is more

surface can occur more easily than C-C back bond breaking._ . : . .
In fact, when the C-C back bond is broken on thel@) %asny broken by atomic hydrogen adsorption than that with

3 . . .
surface, AEB's of 2.37 eV and 1.23 eV appear in stéps the nature ofsp® orbital for diamond. .Then, CHlis rather
and (c) of Fig. 3 for the trihydride and the GHdesorption loosely bound to graphene, because it is already known that

precursor, respectively. In contrast with hydrogenation of thdonding of a CH (sp’) to agb%r;zene rings(p?) is weaker
C(100 surface to produce a trihydride, the dihydride in than that to another CH(sp?).™ Therefore, a ¢ atom is
graphene can be hydrogenated to a trihydride with no AEBNore easily extracted from graphene with no AEB, as shown
while a C-C back bond is broken. Furthermore, in g@pof in step(d) of Fig. 4, than from the diamond surface with an
Fig. 4, for CH, desorption precursor formation with C-C AEB of 1.23 eV, as shown in stefo) of Fig. 3.

back bond breaking, the trihydride can be also hydrogenated More importantly, further etching processes for graphene
with no AEB. Thus, the AEB in the hydrogen etching of have no AEB’s in step&), (f), (g), and(h) of Fig. 4. In both
graphene exists only in the process of dihydride formation. Isteps(e) and (f) for monohydride and dihydride formation,
is noted that the AEB of 1.17 eV for graphene is about onefespectively, there are no AEB’s, while dihydride formation
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in step(b) has an AEB of 1.17 eV. The difference is ascribed
to the C-C back bond breaking. In stéf), an impinging
hydrogen atom can produce a dihydride with no C-C back
bond breaking because the monohydride produced in(step
has a dangling bond due to GHesorption in stefgd). The

C-C back bond breaking occurs in stefigg and (h) in a
manner similar to step&) and(d). Therefore, we conclude
that carbon atoms near vacancies of graphene are easily
etched without any activation energies. Once a vacancy in
graphene is generated, many carbon atoms around that va-
cancy would be evaporated by hydrogen atoms in sequence,
as clearly seen in stege) to (h). Therefore, carbon atoms at
the edge of holes generated by L£Hesorption would be
easily etched without any activation energies, resulting in a
large hole after sequential etching. This result also indicates
that the edge plane of graphite is more readily etched than
the basal plane, supporting the experimental observation by
Balooch and Olandé? In contrast, sequential carbon de-
sorption hardly occurs around the vacancy on the diamond
surface, because breaking a C-C back bond with the nature
of ansp® orbital requires finite activation energies to extract
a carbon atom.

Lastly, we describe how sensitively the electronic states
of graphene are influenced by atomic hydrogen adsorption.
For the calculation of hydrogen adsorption on graphene,
electronic level densities corresponding to the Fermi level
are shown in Fig. &) [same as stef®) in Fig. 4] compared
with that for the hydrogen-free surface in Figab The con-
tours in Figs. Ba) and 3b) are drawn under the same condi-
tions. Closed and open circles represent carbon atoms and a
hydrogen atom, respectively. In Fig(), the = electron
density around the adsorbed hydrogen disappears and
changes intar (sp®) bonding with a low energy. As men-
tioned above, G with the sp® orbital is loosely bound to €
with the sp? orbital. Thus, the considerable change in the
electronic states of the hydrogen-adsorbed carbon is the main
reason why graphene is more easily etched by a hydrogen
atom than diamond. Therefore, the present results enable us
to conclude that irradiation of atomic hydrogen etches graph-
ite selectively at much higher rates than the diamond
surface'! in agreement with the experiments showing that
the concurrent growth of amorphous carbon and graphite can
be suppressed under hydrogen beam irradiation while the GR
of diamond is appreciably increasgd.

(b)

IV. CONCLUSION

The energetics of the possible hydrogen etching reactions FIG. 5. 7 orbital densities of grapher(e) without and(b) with
occurring on hydrogenated diamond and graphite surface® hydrogen atom. Closed circles and an open C|rqle refer to carbon
were investigated usingb initio calculations in order to elu- atoms and a hydrogenated carbon atom, respectively. The contour
cidate the essential processes of hydrogen etching. In tH@acing is 0.085~, whereag is the Bohr radius.
etching of the hydrogenated diamond surface, breaking a
C-C back bond is accompanied with an activation energyrom sp? to sp®> bonding, making it easy to break a C-C
barrier, the values of which are 2.37 eV and 1.23 eV in thebond in the graphene sheet. Furthermore, it is clarified that
steps for the formation of the trihydride and the {Ciiesorp-  carbon atoms are extracted one after another by irradiating
tion precursor, respectively. In the etching of graphite, therdiydrogen with no activation energy from graphene, because
is an activation energy barrier of 1.17 eV only in the stage ofcarbon atoms around the vacancy have dangling bonds and
dihydride formation. We found that hydrogen adsorptionare loosely bonded to other carbon atoms due to the change
markedly modifies the local electronic states of graphendn the electronic states.
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