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Effect of hydrogen on the surface-energy anisotropy of diamond and silicon
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We have evaluated the surface free energies of hydrogen-cov&d€d (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 b@@0Cand S{100), nor is the
3X1 phase on (100. [S0163-18208)07208-1

Adsorption of foreign atoms on a surface can significantlyroughnes$:the (111) planar area disappeared as other facets
modify its physical and chemical properties. These adsordeveloped during growth in the presence of a continuous flux
bates usually play an important role in thin-film growth by of atomic hydrogen. In contrast, etching of natural diamond
affecting, for instance, adatom diffusion and nucleationby atomic hydrogen is found to be highly anisotropic with
processe$~ In some cases, the impurities act as a “surfac-(111) facets forming irreversibly on both (€10 and
tant” and greatly improve the morphology of the film. An C(100).°
example is in heteroepitaxial growth of semiconductors Since surfaces of different orientations may adsorb differ-
where the surfactant saturates the dangling bonds and thé#t amounts of hydrogen and several adsorption phases with
lowers the surface free energy, leading to a floating layedifferent coverages may occur on one single surface, we con-
segregated from the incorporated growing spetiesfact,  sider the surface in equilibrium with a hydrogen reservoir
adsorbate-induced changes in surface free energy have gharacterized by a hydrogen chemical potertfiaf Calcula-
interesting effect on surface morphology in general, as distions we performed for hydrogen-coverétD0), (110), and
covered by several recent experimehtsFor instance, the (111) diamond and silicon surfaces obtained the surface free
equilibrium shape of small Ge pseudomorphic islands orenergy as a function of hydrogen chemical potentiall at
Si(100 is found to depend strongly on the $burfactant  =0. The ratio of surface free energies between these three
coverage, and different types of facets form reversibly as théow-index surfaces changed considerably upon hydrogen ad-
coverage is changédlt is also found that the \WL11) sur-  sorption and noticeable differences between C and Si were
face coated with about one monolaybt_) of certain metals found. Using these results, we will discuss the change in the
undergoes extensive restructuring to form microscopic facetequilibrium crystal shape when the surface is covered by
after annealing. hydrogen. We will also explain the development of different

To our knowledge, adsorbate-induced changes in surfagghases on thg100 surface, and discuss their stability
free energy and its anisotropy have not been examined iagainst local facet formation.
detail theoretically. Only one recent study has addressed The calculations were carried out using the pseudopoten-
hydrogen-induced reconstruction and faceting of Altial method within the local-density-functional approxima-
surfaces® On bare semiconductor surfaces, the surface ertion. Plane waves up to an energy of 55 and 10 Ry were
ergy is correlated with the number of dangling bonds on théncluded to expand the wave functions in C and Si calcula-
ideal surface and the extent to which a reconstruction cations, respectively. We generated soft Si and C poteftials
reduce them. The surface-energy anisotropy can be consiffom atomic ground states. The Si potentials have a cutoff
erably changed by the presence of foreign species if thegadii of 1.90 a.u. and thp potential was chosen as the local
form chemical bonds with surface atoms. In turn, the equipotential. These gave a lattice constant of 5.42 A and a bulk
librium shape of crystals covered by adsorbates can be difnodulus of 0.940 Mbar, in agreement with the experimental
ferent from that without adsorbates. In this paper, we invesvalues of 5.43 A and 0.988 Mbar, respectively. Details of the
tigate this effect using first-principles total energy C and H potentials and H(C00 calculations are given
calculations. We examine one of the most studied adsorptioalsewhere? We used slabs of ten atomic layers separated by
systems, namely, hydrogen on diamond and silicon, because vacuum region equal to six atomic layers. Atoms were
of its technological importance. Hydrogen is a common im-fully relaxed with a residual force smaller than 0.01 or 0.005
purity that plays a significant role in semiconductor Ry/a.u. For the Brillouin-zone integration we used & ®
growth>12 3 subject of vast interest. In addition, recent X2 grid in the Monkhorst-Pack scheme for th& 1 surface
experiments find interesting results with unexpected differunit cell. For other periodicities, the number of points was
ences between hydrogen covered silicon and diamond suscaled accordingly.
faces, which have not been understood. Adsorption of H dur- Among low-index diamond and silicon surfaces, the
ing high-temperature §i11) molecular beam homoepitaxy hydrogen-coveredl00) surface exhibits the most interesting
is found to change the growth mode and to cause filmbehavior. Three different phases have been observed on the

0163-1829/98/5(1.1)/62624)/$15.00 57 6262 © 1998 The American Physical Society



57 BRIEF REPORTS 6263

hydrogen-saturated @00 surface depending on experimen- 8.0 ' ;
tal conditionst®~8(1) a 2x1 monohydride phase with hy- :
drogen saturating remaining dangling bonds in the dimer re-
construction, (2) a 3x1 phase consisting of alternating
monohydride and dihydride units with an ideal coverage of
1.33 ML, and(3) a bulklike 1X1 dihydride phase, poorly
ordered. A pronounced H-atom etching was observed in the
1x1 phase, with(111) ledges surrounding the etched
regionst’ As for the G100) surface, a stable21 monohy-
dride phase was found after hydrogen plasma treatment, but
no 3x 1 phase has ever been detectetPKdittel et al*° also
reported that further exposure to atomic hydrogen destroyed
the 2x1 phase and significantly increased the roughness of

)

Surface Energy (J/ m

the surface. “g
We studied all three of the above phases on (@0 =
surface. The monohydride 1):H phase was considered b
on the(111) surface, as suggested by experinférft It was 20
found experimentally that bare(C10) did not reconstruct® L%
Therefore, we assumed that hydrogen simply saturated the o
single dangling bond on the surface at@nvo per unit cel £
to form a monohydride surface on110) and S{110). 2
In order to compare surfaces with different hydrogen cov- |
erages, we consider the formation energy of each surface as -3 A0, 0 0.0 0.3
a function of hydrogen chemical potential,. The forma- oy (eV)

tion energy(} is defined as FIG. 1. Surface free energi€§) in Eq. (1) divided by ared of

the (100, (111), and(110 surfaces for(a) diamond andb) silicon
as a function of hydrogen chemical potenuaﬂ'(E;LH—Mﬂ) atT

where E is the total energy of the surface system at zerozo' The open symbols represent locations of phase changes on

e . each surface;LE| is the hydrogen chemical potential at which the
:ﬁ)rgspe;itggzeg:tge Szl)e;%grc:,:n:heenr?&%ybg:s rglcdéogna\rl]'gﬁ formation energy of Chlor SiH, is zero. See text for details.
atoms, respectively. We todk,=nyeo,*> and estimatee,, _ _
the zero-point energy per H, from the sum of vibrationalSi Surfaces, the calculated ratiog(100)/y(111) and
frequencies of Ciland SiH,. e, was set to 0.293 eVRef. v(110)/y(111) are 1.04 and 1.38, respectively. In a mea-

14) and 0.21 eV(Ref. 13 for H on C and Si, respectively. Surement of the equilibrium shape of small voids in Si these
We used the bulk energy fouc and us. The range of WO ratios were found to be 1.11 and 1¥6Since the unre-

hydrogen chemical potentiak, is not unlimited. For ex- cons_tructed and relz_ix_ed strugture was considered in the cal-
ample, if SiH, and CH, molecules can be formed from a culatlon_ for_ S(110), it is posgble that the calculatgd10)
reservoir of H and bulk Si and C with no cost of energy, EN€ray is higher than what it should be. _
respectively, the surface will be unstable to dissolution. With increasing hydrogen chemical potential, the curves
Therefore iy, must be smaller thap?,, the chemical poten- enter the monohydride phase after a slope Ehange. This hap-
tial which gives zero formation energy for Sjror CH,13  Pens on(100, (111), and (110 surfaces ajuy values of
We calculated the value qff to be —15.49 eV for the ¢~ 170, ~1.43, and—1.50 eV for C, and-1.17, —1.11,
system and-14.48 eV for Si. In all the figures shown be- _ 1.26 eV for Sl,.respectlvelly. The 81(.)0) curve[Flg. 1(.b)]
low, uy, is measured relative tn&- further changes its slope W|th*|ncreast , first going into

The surface energyy associated with the hydrogen- the (3<1):1.33H phase aﬁ‘H*:_O'ZS eV and then the
covered surface is then taken as the formation energy in E¢1>1):2H (canted phase afuf;=—0.04 eV. These phase
(1) divided by the surface area. The results for three lowRoundaries(open circles agree well with the results of
index diamond and silicon surfaces as a functiongjf ~ —0-24 and—0.09 eV in Ref. 13. The Q100 curve[Fig.
(EMH_/-L&)! are shown in Fig. 1. Only the most stable 1(a)] qnly Das a small (X 1):.1.33H region agsomated with
phase at a given chemical potential is plotted for each orien?€9@tives; . The (1x1) region(not shown is further on
tation. Therefore, the curves are piecewise linear; the slop€ right with positivexf; , out of the region of interesf. _
changes(denoted by open symbglsvhen a change in the For completeness, we als_o checked the threﬁ—dangllng—
lowest-energy phase occurs on one surface. If the hydrogePnd(3DB) (111 structures discussed by Keetal,”" who
chemical potential is too low, adsorption is not energeticallySuggested that 3DB (21):2H and 3DB (1< 1):3H phases
favorable and the bare surface has the lowest formation el G111 can be stabilized at high hydrogen chemical po-
ergy. This is represented by the horizontal lines toward théential. The relevant chemical potential is about 2 eV higher
left of the figure, which give the surface energies of barethan s for carbon, therefore out of the region of interest.
surfaces. The calculatefi=0 values for(111), (100, and  For Si111) these phases are also located at posijiye,
(110 surface energies are 4.12, 5.60, and 5.96¢ JonC,  with phase boundaries ai};=0.18 and 0.41 eV, respec-
and 1.45, 1.51, and 1.99 Frfor Si, respectively> For bare tively.

Q=E+Eg—Nzuz—Nppy, (1)
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The main results from Fig. 1 ar@) the (111) surface o~ ’ ]

(bare or covered by hydroggis lowest in energy in most of m’; ~
the chemical potential range of intergstamely, uf<0). =

This is especially significant for C, wherg(111) is much -

lower than the other two curves in Figial For Si, however, EB )
regions exist where other surfaces are close in en¢hipte E (2xD):H

the energy scale change in Fig(bl compared with Fig. 8 ool | (3x1): 1.33H

1(@).] (i) Upon hydrogen adsorption, the ratio £ T Ei:12d:(211}11)

v(100)/y(111) increases witl}, because of a difference in a2 — — - scaled (110)

hydrogen density on these two surfaces. For the monohy- -20_049 Yy Y oS

dride phase, each>1 surface unit cell has one hydrogen
atom. The(100 surface has a larger unit cell area, thus a

smaller density. When the ratig(100)/y(111) reaches/3 g 1
at uf;~—0.55 and—0.10 eV for C and Si, respectively, the =
{100 facet will disappear, according to the Wulff construc- = |
tion. (iii ) In contrast, the ratig/(110)/y(111) decreases with %‘) RS

* . = (2x1):H SN T~
My upon hydrogen adsorption for the same reason. As a (g - (xD): L33H “ne
result, ¥(100) andvy(110) change order at certain points. § 01F | —-— (Ix1):2H "w-.\._;j\ﬁ
According to the Wulff construction, the ba(@10 surface ‘g """"""" scaled (111) \\\\ :
does not appear as a facet on the equilibrium crystal shape @ — - scaled (119) A
because it is an outward cu$pput with hydrogen adsorp- 013 02 o1 00
tion it may become a stable facet for Siafj~—1.12 eV. u*H (eV)
However, this does not happen for C becaygdl1l) re-
mains sufficiently low. FIG. 2. Formation energy per unit area for various phases of

hydrogen-covereé) C(100) and(b) Si(100 surfaces as a function
Based on the above results, we conclude that{fel} i X X
{ of hydrogen chemical potential,. The scaled energies ¢111)

facet dominates on hydrogen-covered C surfaces. This pro-
. . . . and (110 facets are also shown.
vides an explanation, based on energetics, for the formation

of {111} -oriented facets on @10 and G100 in the pres- The possibility of facet formation also affects stability of
ence of atomic hydroge%Previoust this etching anisotropy the (3x1):1.33H phase on @00). As shown in Fig. a),
by atomic hydrogen was attributed to kinetic effet@n the  the dotted line corresponding to the energy of thel) facet
other hand, the{11L facet is much less dominating on intersects with that of the’2 1 monohydride phase at around
hydrogen-covered Si surfaces. The calculation showed thai* = —0.55 eV(arrow). Previously* we found a very small
even the{110 facet can possibly be stabilized upon hydro- region of the 31 phase(about 10% of the stable region of
gen adsorption. It is then not surprising that Hoegeml.  2x 1) to be stable, namely, with a negatiyg; . Now the
observed the disappearance of plafbtl) areas and the 3x1 curve is completely above those of idgatll) and
formation of facets with orientations ranging from 113 to (110) facets. This may eliminate the possibility of having a
779 during Sj111) molecular bean homoepitaxy under con- stable (3<1):1.33H phase and explain why it has never
tinuous H flux® been observed on(@C00). Also, huge morphological change
The fact that the ratio/(100)/y(111) increases witluy,  and surface roughness upon hydrogen exposure observed by
may also affect surface stability of hydrogen-cove(@80  Kiittel et al?° may be explained by théocal) facet forma-
thin films against local facet formation. Since any local facettion.
formation increases the surface area, the energy associatedOn the other hand, the @00 result is quite different. In
with forming hydrogen-covered111) and (110 facets is  Fig. 2(b), the(111) and(110) facet energy lines are close and
taken from the individual surface energy in Fig. 1, multiplied intersect the (X 1) phase region at about0.1 eV (arrow).
by the area enhancing factq!8 and+/2, respectively. They As a result, the stable region of theX3) phase is reduced
correspond to monohydridé11) and(110) facets, and have to —0.25 eV<uj<—0.1 eV, but not eliminated as in the
the same slope as th&00 dihydride phase. Here we have C(100) case. This is consistent with the fact that the B
neglected any edge energy to examine the trend. Plotted iphase can be created under specific experimental
Fig. 2 are the formation energies of various phases on theonditions!®-18
(100 surface, together with the energy of formifigl1) and In conclusion, we have calculated the surface energies of
(110 facets, as a function gk} for (a) C and(b) Si. hydrogen-covered100), (111), and (110 surfaces of dia-
We focus on the region where competition betwéehl)  mond and silicon from first principles as a function of hy-
and(110 facets andh X 1 phases of th€L00) surface occurs. drogen chemical potential a@=0. It is found that hydrogen
In both C and Si, these scaled facet formation energies aradsorption has a significant effect on surface energy anisot-
below the parallel curve for the (41):2H (canted phase. ropy, a delicate balance between different bindings and ad-
Therefore, the (X 1) dihydride phase, if it exists, will be sorbate density. The bare and hydrogen-coverdd € sur-
highly subject to facet formation, leading to a rough surfacefaces distinctly have the lowest surface energy over the
This may be the reason why stable, well-ordered dihydridevhole hydrogen chemical potential range of interest, while
phase has never been observed on eiti@d@ or Si(100). Si(111) can be close in energy to (310 and S{100 in
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some chemical potential range. The raid00)/y(111) in-  reducing its stable region on (&D0), while suppressing it
creases with the hydrogen chemical potential. As a result, theompletely on €100).

{100 facet can disappear at certain values of the hydrogen . .
chemical potential. On the other hand, {140 facet, which We thank Dr. John Northrup for helpful discussions and
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faces, can be stabilized by hydrogen adsorption on Si, bufhiS Work was supported in part by the National Science
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