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Effect of hydrogen on the surface-energy anisotropy of diamond and silicon

Suklyun Hong* and M. Y. Chou†

School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332-0430
~Received 29 October 1997!

We have evaluated the surface free energies of hydrogen-covered~100!, ~111!, and ~110! surfaces of
diamond and silicon as a function of the hydrogen chemical potential using first-principles methods. The
change in surface-energy anisotropy and equilibrium crystal shape due to hydrogen adsorption is examined.
The three low-index facets are affected differently by the presence of hydrogen and unexpected differences are
found between diamond and silicon. Taking into account possible formation of local facets on the hydrogen-
covered~100! surfaces, we find that the dihydride phase is not stable on both C~100! and Si~100!, nor is the
331 phase on C~100!. @S0163-1829~98!07208-7#
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Adsorption of foreign atoms on a surface can significan
modify its physical and chemical properties. These ads
bates usually play an important role in thin-film growth b
affecting, for instance, adatom diffusion and nucleat
processes.1–4 In some cases, the impurities act as a ‘‘surfa
tant’’ and greatly improve the morphology of the film. A
example is in heteroepitaxial growth of semiconduct
where the surfactant saturates the dangling bonds and
lowers the surface free energy, leading to a floating la
segregated from the incorporated growing species.5 In fact,
adsorbate-induced changes in surface free energy hav
interesting effect on surface morphology in general, as
covered by several recent experiments.6–9 For instance, the
equilibrium shape of small Ge pseudomorphic islands
Si~100! is found to depend strongly on the Sb~surfactant!
coverage, and different types of facets form reversibly as
coverage is changed.6 It is also found that the W~111! sur-
face coated with about one monolayer~ML ! of certain metals
undergoes extensive restructuring to form microscopic fa
after annealing.7

To our knowledge, adsorbate-induced changes in sur
free energy and its anisotropy have not been examine
detail theoretically. Only one recent study has addres
hydrogen-induced reconstruction and faceting of
surfaces.10 On bare semiconductor surfaces, the surface
ergy is correlated with the number of dangling bonds on
ideal surface and the extent to which a reconstruction
reduce them. The surface-energy anisotropy can be con
erably changed by the presence of foreign species if t
form chemical bonds with surface atoms. In turn, the eq
librium shape of crystals covered by adsorbates can be
ferent from that without adsorbates. In this paper, we inv
tigate this effect using first-principles total energ
calculations. We examine one of the most studied adsorp
systems, namely, hydrogen on diamond and silicon, beca
of its technological importance. Hydrogen is a common i
purity that plays a significant role in semiconduct
growth,3,11,12 a subject of vast interest. In addition, rece
experiments find interesting results with unexpected diff
ences between hydrogen covered silicon and diamond
faces, which have not been understood. Adsorption of H d
ing high-temperature Si~111! molecular beam homoepitax
is found to change the growth mode and to cause fi
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y
r-

n
-

s
us
r

an
s-

n

e

ts

ce
in
d

l
n-
e
n
id-
y

i-
if-
-

n
se
-

t
-
r-

r-

roughness:8 the ~111! planar area disappeared as other fac
developed during growth in the presence of a continuous
of atomic hydrogen. In contrast, etching of natural diamo
by atomic hydrogen is found to be highly anisotropic wi
~111! facets forming irreversibly on both C~110! and
C~100!.9

Since surfaces of different orientations may adsorb diff
ent amounts of hydrogen and several adsorption phases
different coverages may occur on one single surface, we c
sider the surface in equilibrium with a hydrogen reserv
characterized by a hydrogen chemical potential.13,14Calcula-
tions we performed for hydrogen-covered~100!, ~110!, and
~111! diamond and silicon surfaces obtained the surface
energy as a function of hydrogen chemical potential aT
50. The ratio of surface free energies between these th
low-index surfaces changed considerably upon hydrogen
sorption and noticeable differences between C and Si w
found. Using these results, we will discuss the change in
equilibrium crystal shape when the surface is covered
hydrogen. We will also explain the development of differe
phases on the~100! surface, and discuss their stabilit
against local facet formation.

The calculations were carried out using the pseudopo
tial method within the local-density-functional approxim
tion. Plane waves up to an energy of 55 and 10 Ry w
included to expand the wave functions in C and Si calcu
tions, respectively. We generated soft Si and C potentia15

from atomic ground states. The Si potentials have a cu
radii of 1.90 a.u. and thep potential was chosen as the loc
potential. These gave a lattice constant of 5.42 Å and a b
modulus of 0.940 Mbar, in agreement with the experimen
values of 5.43 Å and 0.988 Mbar, respectively. Details of
C and H potentials and H/C~100! calculations are given
elsewhere.14 We used slabs of ten atomic layers separated
a vacuum region equal to six atomic layers. Atoms we
fully relaxed with a residual force smaller than 0.01 or 0.0
Ry/a.u. For the Brillouin-zone integration we used a 636
32 grid in the Monkhorst-Pack scheme for the 131 surface
unit cell. For other periodicities, the number of points w
scaled accordingly.

Among low-index diamond and silicon surfaces, t
hydrogen-covered~100! surface exhibits the most interestin
behavior. Three different phases have been observed on
6262 © 1998 The American Physical Society
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57 6263BRIEF REPORTS
hydrogen-saturated Si~100! surface depending on experime
tal conditions:16–18 ~1! a 231 monohydride phase with hy
drogen saturating remaining dangling bonds in the dimer
construction, ~2! a 331 phase consisting of alternatin
monohydride and dihydride units with an ideal coverage
1.33 ML, and~3! a bulklike 131 dihydride phase, poorly
ordered. A pronounced H-atom etching was observed in
131 phase, with ~111! ledges surrounding the etche
regions.17 As for the C~100! surface, a stable 231 monohy-
dride phase was found after hydrogen plasma treatment
no 331 phase has ever been detected.19,20Küttel et al.20 also
reported that further exposure to atomic hydrogen destro
the 231 phase and significantly increased the roughnes
the surface.

We studied all three of the above phases on the~100!
surface. The monohydride (131):H phase was considere
on the~111! surface, as suggested by experiment.21,22 It was
found experimentally that bare C~110! did not reconstruct.23

Therefore, we assumed that hydrogen simply saturated
single dangling bond on the surface atom~two per unit cell!
to form a monohydride surface on C~110! and Si~110!.

In order to compare surfaces with different hydrogen c
erages, we consider the formation energy of each surfac
a function of hydrogen chemical potentialmH . The forma-
tion energyV is defined as13

V5E1E02nZmZ2nHmH , ~1!

where E is the total energy of the surface system at z
temperature,E0 the zero-point energy of hydrogen vibra
tions, andnZ ~Z5C, Si! andnH the numbers of C, Si, and H
atoms, respectively. We tookE05nHe0,13 and estimatede0,
the zero-point energy per H, from the sum of vibration
frequencies of CH4 and SiH4. e0 was set to 0.293 eV~Ref.
14! and 0.21 eV~Ref. 13! for H on C and Si, respectively
We used the bulk energy formC and mSi . The range of
hydrogen chemical potentialmH is not unlimited. For ex-
ample, if SiH4 and CH4 molecules can be formed from
reservoir of H and bulk Si and C with no cost of energ
respectively, the surface will be unstable to dissoluti
Therefore,mH must be smaller thanmH

0 , the chemical poten-
tial which gives zero formation energy for SiH4 or CH4.13

We calculated the value ofmH
0 to be 215.49 eV for the C

system and214.48 eV for Si. In all the figures shown be
low, mH is measured relative tomH

0 .
The surface energyg associated with the hydrogen

covered surface is then taken as the formation energy in
~1! divided by the surface area. The results for three lo
index diamond and silicon surfaces as a function ofmH*
([mH2mH

0), are shown in Fig. 1. Only the most stab
phase at a given chemical potential is plotted for each or
tation. Therefore, the curves are piecewise linear; the s
changes~denoted by open symbols! when a change in the
lowest-energy phase occurs on one surface. If the hydro
chemical potential is too low, adsorption is not energetica
favorable and the bare surface has the lowest formation
ergy. This is represented by the horizontal lines toward
left of the figure, which give the surface energies of ba
surfaces. The calculatedT50 values for~111!, ~100!, and
~110! surface energies are 4.12, 5.60, and 5.96 J/m2 for C,
and 1.45, 1.51, and 1.99 J/m2 for Si, respectively.25 For bare
-
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Si surfaces, the calculated ratiosg(100)/g(111) and
g(110)/g(111) are 1.04 and 1.38, respectively. In a me
surement of the equilibrium shape of small voids in Si the
two ratios were found to be 1.11 and 1.16.26 Since the unre-
constructed and relaxed structure was considered in the
culation for Si~110!, it is possible that the calculated~110!
energy is higher than what it should be.

With increasing hydrogen chemical potential, the curv
enter the monohydride phase after a slope change. This
pens on~100!, ~111!, and ~110! surfaces atmH* values of
21.70, 21.43, and21.50 eV for C, and21.17, 21.11,
21.26 eV for Si, respectively. The Si~100! curve@Fig. 1~b!#
further changes its slope with increasingmH* , first going into
the (331):1.33H phase atmH* 520.25 eV and then the
(131):2H ~canted! phase atmH* 520.04 eV. These phas
boundaries~open circles! agree well with the results o
20.24 and20.09 eV in Ref. 13. The C~100! curve @Fig.
1~a!# only has a small (331):1.33H region associated wit
negativemH* . The (131) region ~not shown! is further on
the right with positivemH* , out of the region of interest.14

For completeness, we also checked the three-dangl
bond~3DB! ~111! structures discussed by Kernet al.,24 who
suggested that 3DB (231):2H and 3DB (131):3H phases
on C~111! can be stabilized at high hydrogen chemical p
tential. The relevant chemical potential is about 2 eV high
than mH

0 for carbon, therefore out of the region of intere
For Si~111! these phases are also located at positivemH* ,
with phase boundaries atmH* 50.18 and 0.41 eV, respec
tively.

FIG. 1. Surface free energies@V in Eq. ~1! divided by area#, of
the ~100!, ~111!, and~110! surfaces for~a! diamond and~b! silicon
as a function of hydrogen chemical potentialmH* ([mH2mH

0) at T
50. The open symbols represent locations of phase change
each surface.mH

0 is the hydrogen chemical potential at which th
formation energy of CH4 or SiH4 is zero. See text for details.
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The main results from Fig. 1 are~i! the ~111! surface
~bare or covered by hydrogen! is lowest in energy in most o
the chemical potential range of interest~namely, mH* ,0).
This is especially significant for C, whereg(111) is much
lower than the other two curves in Fig. 1~a!. For Si, however,
regions exist where other surfaces are close in energy.@Note
the energy scale change in Fig. 1~b! compared with Fig.
1~a!.# ~ii ! Upon hydrogen adsorption, the rat
g(100)/g(111) increases withmH* because of a difference i
hydrogen density on these two surfaces. For the mono
dride phase, each 131 surface unit cell has one hydroge
atom. The~100! surface has a larger unit cell area, thus
smaller density. When the ratiog(100)/g(111) reachesA3
at mH* '20.55 and20.10 eV for C and Si, respectively, th
$100% facet will disappear, according to the Wulff constru
tion. ~iii ! In contrast, the ratiog(110)/g(111) decreases with
mH* upon hydrogen adsorption for the same reason. A
result, g(100) andg(110) change order at certain point
According to the Wulff construction, the bare~110! surface
does not appear as a facet on the equilibrium crystal sh
because it is an outward cusp,26 but with hydrogen adsorp
tion it may become a stable facet for Si atmH* '21.12 eV.
However, this does not happen for C becauseg(111) re-
mains sufficiently low.

Based on the above results, we conclude that the$111%
facet dominates on hydrogen-covered C surfaces. This
vides an explanation, based on energetics, for the forma
of $111%-oriented facets on C~110! and C~100! in the pres-
ence of atomic hydrogen.9 Previously this etching anisotrop
by atomic hydrogen was attributed to kinetic effects.9 On the
other hand, the$111% facet is much less dominating o
hydrogen-covered Si surfaces. The calculation showed
even the$110% facet can possibly be stabilized upon hydr
gen adsorption. It is then not surprising that Hoegenet al.
observed the disappearance of planar~111! areas and the
formation of facets with orientations ranging from 113
779 during Si~111! molecular bean homoepitaxy under co
tinuous H flux.8

The fact that the ratiog(100)/g(111) increases withmH
may also affect surface stability of hydrogen-covered~100!
thin films against local facet formation. Since any local fa
formation increases the surface area, the energy assoc
with forming hydrogen-covered~111! and ~110! facets is
taken from the individual surface energy in Fig. 1, multipli
by the area enhancing factorA3 andA2, respectively. They
correspond to monohydride~111! and~110! facets, and have
the same slope as the~100! dihydride phase. Here we hav
neglected any edge energy to examine the trend. Plotte
Fig. 2 are the formation energies of various phases on
~100! surface, together with the energy of forming~111! and
~110! facets, as a function ofmH* for ~a! C and~b! Si.

We focus on the region where competition between~111!
and~110! facets andn31 phases of the~100! surface occurs.
In both C and Si, these scaled facet formation energies
below the parallel curve for the (131):2H ~canted! phase.
Therefore, the (131) dihydride phase, if it exists, will be
highly subject to facet formation, leading to a rough surfa
This may be the reason why stable, well-ordered dihydr
phase has never been observed on either C~100! or Si~100!.
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The possibility of facet formation also affects stability
the (331):1.33H phase on C~100!. As shown in Fig. 2~a!,
the dotted line corresponding to the energy of the~111! facet
intersects with that of the 231 monohydride phase at aroun
mH* 520.55 eV~arrow!. Previously14 we found a very small
region of the 331 phase~about 10% of the stable region o
231) to be stable, namely, with a negativemH* . Now the
331 curve is completely above those of ideal~111! and
~110! facets. This may eliminate the possibility of having
stable (331):1.33H phase and explain why it has nev
been observed on C~100!. Also, huge morphological chang
and surface roughness upon hydrogen exposure observe
Küttel et al.20 may be explained by the~local! facet forma-
tion.

On the other hand, the Si~100! result is quite different. In
Fig. 2~b!, the~111! and~110! facet energy lines are close an
intersect the (331) phase region at about20.1 eV ~arrow!.
As a result, the stable region of the (331) phase is reduced
to 20.25 eV,mH* ,20.1 eV, but not eliminated as in th
C~100! case. This is consistent with the fact that the 331
phase can be created under specific experime
conditions.16–18

In conclusion, we have calculated the surface energie
hydrogen-covered~100!, ~111!, and ~110! surfaces of dia-
mond and silicon from first principles as a function of h
drogen chemical potential atT50. It is found that hydrogen
adsorption has a significant effect on surface energy ani
ropy, a delicate balance between different bindings and
sorbate density. The bare and hydrogen-covered C~111! sur-
faces distinctly have the lowest surface energy over
whole hydrogen chemical potential range of interest, wh
Si~111! can be close in energy to Si~110! and Si~100! in

FIG. 2. Formation energy per unit area for various phases
hydrogen-covered~a! C~100! and~b! Si~100! surfaces as a function
of hydrogen chemical potentialmH* . The scaled energies of~111!
and ~110! facets are also shown.



g

s

y

nd
t.
ce
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some chemical potential range. The ratiog(100)/g(111) in-
creases with the hydrogen chemical potential. As a result,
$100% facet can disappear at certain values of the hydro
chemical potential. On the other hand, the$110% facet, which
does not appear in the equilibrium crystal shape of bare
faces, can be stabilized by hydrogen adsorption on Si,
not on C. The possibility of forming local$111% facets on the
hydrogen-covered~100! surface considerably affects stabilit
of various ordered phases, causing the 131 dihydride phase
to be highly unstable. It also affects the (331):1.33H phase,
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reducing its stable region on Si~100!, while suppressing it
completely on C~100!.
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20O. M. Küttel et al., Surf. Sci.337, L812 ~1995!.
21R. P. Chinet al., Phys. Rev. B45, 1522~1992!.
22G. S. Higashiet al., Appl. Phys. Lett.56, 656 ~1990!; P. Dumas,

Y. J. Chabal, and G. S. Higashi, Phys. Rev. Lett.65, 1124
~1990!.

23P. G. Lurie and J. M. Wilson, Surf. Sci.65, 453 ~1977!.
24G. Kern, J. Hafner, and G. Kresse, Surf. Sci.366, 445 ~1996!;

366, 464 ~1996!.
25The surface energies of bare C~111! and Si~111! were calculated

for the 231 p-bonded chain structure. A correction of 60 meV
per 131 cell was then included for Si~111! to account for the
energy difference between the 231 and 737 structures@K. D.
Brommer et al., Phys. Rev. Lett.68, 1355 ~1992!#. The 231
symmetric dimer structure was considered for C~100! and the
c(432) structure for Si~100!, respectively. The unreconstructed
and relaxed structures were considered for both C~110! and
Si~110!.

26D. J. Eagleshamet al., Phys. Rev. Lett.70, 1643~1993!.


