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Comparative study of Sb bonding on group-IV semiconductor(001) substrates
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We present the results afb initio pseudopotential density-functional calculations for the geometry and
bonding of the Si(001)/Sb(21) and Ge(001)/Sh(2 1) surfaces. The Sb dimers are found to be symmetric,
with bond lengths of 2.96 and 2.92 A on the Si and Ge substrates, respectively. We thus concur with recent
theoretical work, which concluded that the asymmetric Sb dimer model for the Ge substrate, favored by surface
x-ray-diffraction studies, is incorrect. Furthermore, we calculate that the monolayer-averaged chemisorption
energy of Sb on the Si substrate is 0.48 eV per dimer greater in magnitude than on the Ge substrate, and discuss
the implications for surfactant-mediated growfi80163-182607)06240-1

The realization of epitaxial growth of Ge on Si substratesa layer of Sb and the equivalent of four atomic layers of
and of Si on Ge substrates, is currently a technological issugacuum. The supercell dimensions were consistent with our
of considerable importance. Much recent work has focuseg@alculated Si and Ge bulk lattice constants of 5.42 and 5.53
on the ability of group-V elements, such as As, Sb, and Bi, toh, respectively.
act as surfactants for such growth, changing the growth Electronic wave functions were expanded in terms of a
mode from Volmer-Webe(Si on G or Stranski-Krastanov bPasis set of plane waves, up to a kinetic-energy cutoff of 8

(Ge on Sj islanding to Frank-van der Merw@e., epitaxial Ry, and Brillouin-zone summation was performed using four
growth? specialk points in the irreducible segment of the zone. Ex-

In view of this, there have been a variety of theoreticalPerience with similar systertsshows that these parameters
and experimental studies of Sb adsorbed on th@03) are sufficient to calculate well-converged atomic geometries.
surfacé" and on the G@01) surface’"** While Sb on the After bonding with a group-IV(00)) substrate, each Sb
Si(001) substrate is well understood, the precise geometry odatom has three remaining electrons. In thellgeometry,

Sb adsorbed on the @91 substrate remains a matter for these electrons form a lone pair and a dangling bond on each
debate. adatom. Reconstruction to &2l geometry, by formation of

At monolayer coverage, it is well known that Sb atomsSb dimers, saturates the dangling bonds and allows the lone
adsorbed on group-IV semiconducto0l) substrates dimer- pairs to form fully occupiedr, and 74 orbitals® leading to
ize, in order to saturate one dangling bond per adatom. In th@n overall energy benefit to the system of 0.47 eV per dimer
case of G&O0Y), continuing discussion centers around theon the S(001) substrate and 0.70 eV on the @€1) sub-
question of whether these dimers are symmetric or asymmestrate. Characteristic structural parameters for thel 2re-
ric. Surface x-ray-diffraction'SXD) experiment¥ support ~ constructed geometries are summarized in Fig. 1 and Table I.
an asymmetric dimer model, in sharp contrast to the symmet- We find the Sb dimers to be symmetric on both substrates.
ric Sb dimers formed on the ®01) substrate. Photoemis- Thus we concur with Takeuchihat the SXD observation of
sion studies by Hakanssat al.® however, support a sym- asymmetric Sh dimers on @®1) (Ref. 10 appears to be
metric dimer model, as do recent theoretical results fronincorrect. Our calculated Sb dimer bond lengths of 2.96 A on
Takeuchi’ Si(001) and 2.92 A on G@O01) are in good agreement with

Additionally, a detailed comparison between the bonding
energetics of Sb on the two substrates is currently lackin
from the literature. The aim of the present paper is to clarify 033
the geometry of Sb adsorbed on the(@X) substrate, and to 226
provide a detailed energetic comparison between th
Si(001)/Sb and Gé&01)/Sb systems.

Theoretical optimization of atomic geometry was 123 141
achieved iteratively within a conjugate gradient schéfme, —
with total energies and forces at each iteration provided by AJ¥,  13°
an ab initio pseudopotential local-density-functional theory ™
calculation. The pseudopotentials used for the electron-io — A

1.66

128

3.88 134

interaction were those of Bachelet, Hamann, and 3ehtd

and the Ceperley-Aldét form of correlation was employed

for the electron-electron exchange-correlation potential.
The calculations were performed within a supercell con- Os @ D

sisting of eight atomic layers of either Si or Ge in #{@91)

direction, passivated on one side with hydrogen in a dyhid- FIG. 1. Schematic side views of the Si(001)/Sk(2) and

ride arrangement. On the other side, the slab was capped I632(001)/Sb(X 1) surfaces. All dimensions are in A.
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TABLE I. Structural parameters of the (801/Sh(2x1) and  potential during growth of the first layer, which we shall call

Ge(001)/Sh(2x1) surfaces. the monolayer-averaged chemical potential

Si(001)/Sh(2x1) Sh-Sb(A) Sb-Si(A) = [ Eysi(1) — Ex]/nsd 1), 4

SEXAFS—Ref. 3 2.88 2.63

Theory—Ref. 4 293 261 wherengy1) is the number of Sb atoms per supercell at

Theory—Ref. 5 294 259 1-ML coverage, andty,s(1) andEy are the supercell ener-

Theory—Ref. 6 287 253 gies of theX(001)/SK1 ML) and X(001) systems, respec-

Theory—Ref. 7 2.95 2.62 tively. _

This work 296 256 Taking the energies of the covered surfaces from the
present work, and those of the clear(0Bil) and G&€001)

Ge(001/Sh(2x1) Sb-Sh(A) Sh-Ge(A) surfaces that we have studied previouSlyye calculate

SXD—Ref. 10 2.90 2.47,2.49 _

XSW—Ref. 11 3.06 narsh=—152.17 eV, uSS=-151.93eV, (5

Theory—Ref. 7 2.95 2.62 . .

This work 292 259 both of which are lower than our calculated chemical poten-

tial for bulk Sb[—151.02 eV(Ref. 16], confirming that an
epitaxial monolayer of Sb is energetically preferable to the

previous theoretical results, as are our calculated Sb-Si arfgrmation of three-dimensional Sb_lslands on both substrates.
Sb-Ge backbond lengths of 2.56 and 2.59 A, respectively. Consequently, from Eq3), we find that the monolayer-
Comparison with experimental bond lengths is also favorabl@veraged chemisorption energy of Sb on Si is 0.48 eV per
in the case of the Si substrate. For the Ge substrate, howevé&imer greater in magnitude than on the Ge surface. Since this
there is some disagreement between theory and experimeti, @ binding energy, this means that Sb is more strongly
as we predict a longer Ge-Sb backbond than the 2.47-2.49 found to the Si surface than to the Ge surface. This indicates
found in SXD° but favor the SXD dimer bond length of that the Sb adsorbate stabilizes Si-terminated surfaces to a

2.90 A over the x-ray standing wavSW) figure of 3.06 greater extent than it does Ge-terminated surfaces.

A1 Further experimental work to clarify this point would be  This difference in the monolayer-averaged chemisorption
invaluable. energies is largely attributable to the difference in the ener-

In view of the role of Sb as a surfactant both for Ge 9ies of formation of Sb-Si and Sb-Ge backbonds, since the
growth on Siand for Si growth on Ge, it is important to SP-Sb dimer bond itself is almost identical on the two sub-

compare the energetics of the Sb monolayer on the two difStrateés. Thus we may estimate that each of the four Sb-Si
ferent substrates. A suitable starting point is the chemisorp?@ckbonds on the Si substrate is approximately 0.1 eV stron-
tion energy per dimer, which we shall define as the energ@er than each of the four Sb-Ge backbonds on the Ge sub-
change when two isolated atoms of spediderm a dimer at ~ Strate. _

surfaceX. Since this energy depends on the local environ- " the absence of Sb, the different strengths of the bonds

ment at which chemisorption takes place, it is a function of?®tween group-IV atomeSi-Si strongest, Si-Ge intermedi-
coverage 6. ate, and Ge-Ge weakg¢gneans that Ge termination is fa-

For a system oP primitive surface unit cells with a total vored whenever both species occur near the surface, what-

of N= P4 adsorbate atomé.e., « per cell per monolaygy ~ €Ver the substrate. Thus, Ge adlayers dA@) diffuse only

the chemisorption energy per dimer may be written as ~ mederately into the substrate,while a monolayer of Si
grown on G€001) may diffuse almost entirely into the first
BN+2) subsurface layer, depending upon growth conditfdrs.
AXR2(9)=aP j wXA0)dO— 2EL a1 On the monolayer Si-covered ®©1) substrate, the
o(N) stable Ge-terminated @01)/Si/Ge surface is only 0.38 eV
where uX'A(6) is the chemical potential for speci#son  Per dimer lower in energy than the metastable Si-terminated
surfaceX/A at coverages, and Egolated is the energy of an Ge(QOl)/S| surfacé® (calculated with _s_t0|ch|ometr|cally
isolated atom of specie. equwalent supercellsThus the e>_<tra st_ablllty of 0.48 eV per
In the limit as P tends to infinity, we can consider dimer conferred by Sb on the Si-terminated surface as com-
MX/A(Q) to be constant over the range of integration, anopared to the Ge'-termlnated .s'urface is likely to be s.uff|C|ent.to
. suppress interdiffusion of Si into the substrate. This question
putting « equal to 2 for our X1 geometry, we get will be addressed in some detail in a future publication.
XAy, o o XIA A On the Si substrate, however, the difference between the
Athent 0)=2pn"(0) = 2Eigqiateqt 2 stable Sj001)/Ge and metastable ®01)/Ge/Si surfaces
_ _ ) ~amounts to 0.51 eV per din€r(again calculated with sto-
So thedifferencebetween the Sb chemisorption energiesjchiometrically equivalent supercellsThus the 0.48 eV per
on our two substratgs is simply related to the difference ingimer additional stability contributed by Sb to the Si-
the chemical potentials, terminated surface is insufficient to reverse the natural order-
: , ing.
Ai‘,ﬁiz(0)—AS§Q?(0)=2[M§L’,%(6)—MSS’%)]. ©) In summary, our calculations show the Sb dimers on both
Si(001) and G&001) substrates to be symmetric. Our calcu-
Although we cannot determine the chemical potential at dated geometry for the Si substrate is in close accord with
particular coverage, wean calculate an average chemical previous experimentiland theoretic&r’ work. For the Ge
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substrate, our results are again in accord with previous thesubstrate. It is, however, promising to note that the effect is
oretical work’ but contrast sharply with aspects of SXD not sufficient to reverse the natural ordering of Ge on the
(Ref. 10 and XSW(Ref. 11 studies, suggesting that exist- Si(001) substrate.
ing experimental investigations do not tell the whole story.

The greater binding energy for Sb on the(®il) sub- One of us(S.J.J) is grateful to the EPSRQUK) for fi-
strate, as opposed to the (@81) substrate, suggests that the hancial support. Computational facilities were funded by the
adlayer will suppress interdiffusion of Si into the ®81)  CSI scheme of the EPSRC.
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