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Structural evolution of the Si(113) surface: Ab initio and tight-binding molecular
dynamics calculations
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The structural evolution of the i13) surface is investigated kgb initio calculations and by tight-binding
molecular dynamics calculations using the environment-dependent tight-binding Si potential. In this study, it is
found that 3x 2 and 3x 1 phases have interstitial structures and the transition fra/ 8 3X 1 phase results
from the increasing of interstitial atoms. The existence of the interstitial structures is proved by the analysis of
scanning tunneling microsco@$TM) images and the calculation of surface core level shifts using final state
pseudopotential theory. The study of adsorption energy clarified that the phase transition from2he 3
X1 interstitial surface plays an important role in the behavior of {th&3} facet in the selective epitaxial
growth of S{001). It is also found that the domain boundary observed frequently in the filled state STM images
of Si(113) is formed by the local &1 interstitial structure on the>82 interstitial surface.
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Si surfaces have been intensively studied for decadesnitial stage. However, those could not provide a detailed
While Si(001) and S{111) surfaces have clearly revealed understanding of the process, because the surface structure of
their fundamental structures by experiments and theoreticdhe {113} facet was assumed to be the successive bunching
calculations, the $113 surface has given rise to a lot of of Db rebonded stepéSDS, as shown in Fig. (). More-
debate because of its fundamental structifeRecently, a over, the energetics for adatoms and addimers on the SDS
detailed understanding for the atomic structure of th@1g  surface was not sufficiently described. o
surface has become more important because of its potential I this Brief Report, we present a detailed description of
application to the Ge nanowftend its existence in the se- the structure and evolution process of theL$8) surface and
lective epitaxial growth(SEG of Si(001).° Many studies suggt_a_st an answer to the Iong-stand_lng questl_on of the phase
have shown that the @il3 surface at room temperature transmon_ on the $113 surface. In §h|s calculatpn, we per-
reconstructs to a 82 phase using low-energy electron dif- form ab initio tOI"’.‘I energy galculaﬂons anq a t|ght—b|nd|n_g
fraction (LEED) and scanning tunneling microscof§TM) molecular dynamics simulation. In calculating the adsorption
measurements.° The 3x 2 surface is observed to transform
easily to a 31 surface at about 600 °€2 The phase tran-  z33
sition has created a lot of interest, since it resembles the
transition fromc(4X2) or p(2X2) to 2X1 phase in the
Si(001) structure. Ranke suggested a dimer model for the 3
X 1 phase of the $113 surface! On the basis of the dimer
model, the oppositely puckeré¢®P) model[see Fig. 1a)] of
the 3X 2 phase was suggested to explain that the phase trar
sition is similar to that induced by the dimer buckling on the
Si(001) surface®> The OP model was supported by some
experiment$:X® On the theoretical side, Dabrowskt al?
proposed the X 2 interstitial structurg¢see Fig. 1b)] for the 332
3X 2 phase using aab initio method and they also showed
the similarity between their theoretical STM images and ex-
periment. However, the real structure of th& B phase was
not clearly addressed in their literature.

On the other hand, th€l13 facet has been frequently
observed during homoepitaxial and heteroepitaxial growth
on Si001).1*12 Especially, in the initial stage of SEG of
Si(001), it is found that, once th¢113} facet is formed, the
epitaxial layer scarcely grows in tfi&13] direction, as com- FIG. 1. Top views of several optimized structures afl$8). (a)
pared to the growth of théd01) surface in[001] direction,  op surface(b) 3x2 interstitial surface(c) SDS surface(d) 3

until tlf;elill?} facet is expanded and changed into {1}  x1 interstitial surface. The size of cells i@ with the exception
facet->"" Theoretical calculations have tried to explain theof 4x 2 for the SDS surface. Large circles indicate topmost atoms.

formation process of th¢113 facet''® Those energetics Squares by solid lines correspond to cells in Fig. 3. Note numbers
gave a clue for the formation of tHe.13} facet in the very  on some atoms to realize differences among surface structures.
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energy, because a comprehensive search for adsorbates on
. . . £ 04}

various surfaces of 8il3 and S{00]) is very expensive g A
using ab initio methods, we have employed tight-binding = (ddimery 009 = 3 interstitial
molecular dynamics calculations and selected plausible can- 00 =i 007 —EEO_ 3 inersial
didates for study by more accurasd initio calculations. ]

. i . . . $ 04F 0.46 (adatom) oP
Tight-binding calculations are performed using the recently o 46—

. . . M . (=}

developed environment-dependent Si tight-binding model. 5 o8l (addimer)
The model is very accurate and describes the surface prop- g -086 ————— SDS
erty as well as the bulk and electronic properties of Si. It has < 4o

also been successfully applied to describe the Si cluster, the S(001) surface  Si(113) surface

Si(002) and S{111) surface, and Si diffusiol/Ab initio total

energy calculations are carried out in the local density ap- FIG. 2. Relative values of the lowest adsorption energy for ad-
proximation with the Ceperley-AIdéBr form of the  sorbates on various @il3 surfaces to that on the ®01) c(4
exchangge—correlation energy parametrized by Perdew and2) surface. Parentheses indicate the type of the adsorbate.
Zunger®® The surface unit cell size for @i13) is 3x 2 with

the exception of &2 for the SDS surfac8 and for the wheren is the number of adatom& (Si atom in vacuum)
Si(001) c(4Xx2) surface it is 4 4. A unit cell contains a s the total energy of a Si atom in vacuum, and
vacuum region of 12 A and a slab of 9 double layers forg, (Si(001 or 113) and E,,(adatoms- Si(001 or 113) are
Si(113 or 12 layers for 3001). Adsorbates are placed on the total energies of 801) or each Si113) surface and the
both sides of the slab to maintain inversion symmetry. Periagsorbate system, respectively. Figure 2 shows the lowest
odic boundary conditions are applied to the directions paralaysorption energies for each system relative to that for ad-
lel to the surface. Fivé points for S{113) and twok points sorbates on the @01 c(4x 2) surface. It is interesting to

for Si(001) are selected avoiding thE point in the two- . : :
dimen(sio]r;)al irreducible BriIIouingzone pThe basis set con-no'[e that the adsorptl_on energy of an adator_n IS quite Jow on
tains plane waves up to an energy cutoff of 10 Ry. Structurawtg n? flf?r:fi?e' Ilr(]a;h;sngﬁftelﬂ’hig :goaéoq,!sdgm:gte?agsfirby
relaxations are performed until the force on each atom is les3 . 9. X PUSNES 9

than 0.02 eV/A. ally during the relaxation resulting in a structural deforma-

First, we calculate the surface energies for various strucion- In fact, it leads the surface structure to the 3 inter-
tures using theab initio method. It is found that the Op Stiial without any energy barrier as shown in Fig. 3. As a
structure is lower in the surface energy than Rankel3 result of the relaxation, atoms 2, 3, 4, 5, and the adatom
structure by 0.7 meV/A which is very similar to the result
(0.8 mev/X) in a previous calculatioh.The change from side view  top view side view  top view
the OP to the ¥ 2 interstitial structure by the insertion of an
interstitial Si atom{atom “1” in Fig. 1(b)] induces a surface
energy decrease of 3.9 meVWAThe 3x 1 interstitial struc-
ture [see Fig. 1d)] is higher in the surface energy than the
3X 2 interstitial structure by 1.6 meVAA While Dabrowski
et al? reported that the surface energy of the B interstitial
structure is the same as that of the Ranke’s13structure,
the present calculation reveals that the B interstitial struc-
ture is lower in the surface energy than Ranke’s 13 struc-
ture by 3.0 meV/&.?! The SDS surface is much higher
(15.0 meV/R) in the surface energy than the<® intersti-
tial structure. From these results, it appears that the SDS
surface is relatively unstable, and even if it is formed, it can
easily change into a structure of lower surface energy. Thus,
from the point of view of the surface energy, th& 3 inter-
stitial structure is preferred in the (313 surface. Then, we
guestion the real structure of the<a phase observed in the
experiment. We consider that it is thex3 interstitial struc-
ture since it is very close to thexX32 interstitial in the struc-
ture and the surface energy. We will come back to this point
later.

We investigate the stability of adatoms on various struc-
tures by calculating adsorption energies. The adsorption en-
ergy per Si adatom is defined as FIG. 3. Sequential configuration change and total energy varia-

_ . tion by the structural relaxation of an adatom on the OP surface.
Eai=[E(adatoms- Si(001 or 113) Black and shaded circles denote adatoms and surface atoms pushed

Energy(eV)

0 O
0 50 100 150
Geometry

—NE;(Si atom in vacuum by adatoms, respectively. Numbers on some atoms match the num-
bers in Figs. 1a), 1(b). Letters in the energy curve correspond to
—E(Si(001 or 113)]/n, configurations.
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FIG. 4. Theoretical filled state STM imagés) 3X 2 interstitial
structure withVg=—2 eV and(b) 3X1 interstitial structure with
Vs=—1 eV. Dashed squares indicatex2 cells corresponding to
Figs. 1b) and 1d).

transform to a surface pentamer in the final geometry. The
structural transformation induced by an adatom strongly sup-
port the fact that the OP surface is unstable. One may expect
that an adatom nearby atom 8 in th& 3 interstitial struc-
ture [see Fig. 1b)] also leads to &1 interstitial structure
without energy barrier. However, the reason why there is a
small energy barrief0.04 e\ is quite interesting. While
there is enough space for atom 1 to be pushed down by an
adatom in the structural change from the OP to the23
interstitial structure, it is not the case in the structural change FIG. 5. STM image of a $113 surface including a domain
from the 3X 2 interstitial to the 31 interstitial because of boundary(a) and the suggested surface struct(e Black circles
the compactness of thex® interstitial structure. in (b) indicate surface dimers and adatoms. White circlegbin
It is noted in Fig. 2 that the SDS surface gives a very lowindicate surface pentamers. White-dashed circle@ircorrespond
adsorption energy for an addimer. The adsorption energy it black-dashed circles ifb).
much lower than that of adsorbates on th€081) surface,
which means the adsorbates are strongly adsorbed and pilésk the existence of the 81 interstitial structure, even
on the SDS surface. Hirayamet al® suggested that the though its real structure was not recognized, is found in the
{113 facet forms an SDS structure during the SEG ofSTM images in the literatur@Our theoretical STM image of
Si(001), and Oshiyam? tried to explain it byab initio cal-  the 3x 1 interstitial structuréFig. 4(b)] reproduces plausibly
culation. The{113 facet of SDS structure might be formed the experimental STM image showing<3 periodicity at
in the very initial stage of the SEG. However, at long rangeabout 700 °C Theoretical STM images for other surface
order, the SDS structure could be changed since the adsagtructures are not observed in experiments. From the analysis
bates have a tendency to stay on the surface of SDS structusg the STM images shown in Fig. 4, the surface pentamers
rather than on the §01) surface due to the difference of [in Figs. 1b) and Xd)] are concealed in the filled state STM
adsorption energies. This might be the reason why the Zmages of 3X2 and 3x 1 interstitial structure, whereas the
X 1 long range order with the SDS structliie not observe  dimer atoms[atoms 11 and 12 in Fig. ()] and adatoms
in experiment. [atoms 6 and 7 in Figs.(th) and 1d)] are expressed as bright
We suggest that the >81 interstitial structure plays an spots. This analysis leads to an understanding of the surface
important role in the behavior of tHd13 facet in the SEG. domain boundary found frequently on the(1i3 surface,
The growth rate of th¢113 facet is much lower than that of which has been a long-standing isStfeThe filled state im-
the S{001) surface'® which indicates that most Si adsorbates age in Fig. %a) is reconstructed on the basis of Figs. 4 and 5
on the{113 facet do not contribute to the growth of the in Ref. 7, and it shows the domain boundary dividing the
{113 facet, but flow into the $001) surface. In order to surface into two areas of thex® phase. On the basis of the
satisfy such a growth condition, the adsorption energy opresent analysis of the STM images of th€1$8) surface,
adsorbates on thfl13} facet should be higher than that on its real structure is visualized as in Fig(bh Since dark
the S{001) surface. Figure 2 shows that thex3 interstitial  images indicated by white-dashed circles in Fi¢p) ®rigi-
structure is the unique structure of tfiel3 facet satisfying nate from the surface pentamers, it is concluded that the
the growth condition. Hence, theX3l interstitial is consid- reality of the domain boundary is the locak3 interstitial
ered to be the structure of the phase at the temperature rang&ucture. The domain boundary is considered to be evidence
(600-700 °C) of SEG. of the phase transition from thex® to the 3x 1 interstitial
Theoretical calculations are used to explain the STMstructure.
images?® We calculate filled state STM images of various  Another evidence for the existence of the interstitial struc-
Si(113) surfaces to compare with experiments. In this calcutures is obtained from surfacep2core level spectra of
lation, it is found that the theoretical STM image of the 3 Si(113). Surface D core level spectra were presented by
X 2 interstitial structurdFig. 4@)] is in excellent agreement Hwanget al.* In their experiment, the core level spectra were
with experiment. This is also very similar with the theoret- considered to be originated from the OP surface. We calcu-
ical STM image of Dabrowsket al? Experimental evidence late the surface R core level spectra using final state
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pseudopotential theatyand the results show that the lowest OP surface can be easily changed by an adatom to the 3
surface core level shift in the OP structure-.230 eV, X2 interstitial surface without any energy barrier. The exis-
which is at variance with the lowest core level specd&  tence of interstitial structures is supported by the analysis of
(—0.501 eV) obtained by Hwanet al. The present calcula- STM images and the calculation of surface core level shifts
tion reveals that the lowest core level shifts in the 3and  using final state pseudopotential theory. The calculation of
the 3X1 interstitial structures are—0.609 eV and the adsorption energies clarified that the phase transition
—0.579 eV, respectively, which are similar 8, and they from the 32 to the 3x 1 interstitial structure plays an im-
originate from interstitial atoms. The highest core level specportant role in the behavior of tHe 13, facet in the SEG of
tra S1 reported by Hwangt al* are found to originate from  Si(002). It appears that the domain boundary observed fre-
atom 6 and 7 in Fig. 1. Therefore, the core level speSBa quently in the filled state STM images is formed by the local
is an important evidence supporting the existence of intersti3 x 1 interstitial structures on the>32 interstitial surface.
tial structures. Details on adsorption energies, the structures
of adsorbate systems, and surface core level shifts will be
published elsewherg. We would like to thank Dr. S. K. Pabi and Dr. C. Z. Wang
In summary, we studied the structural evolution afi$8)  for helpful discussions. This work was supported by the
by ab initio calculations and by tight-binding molecular dy- BK21 Program through the Ministry of Education, Korea.
namics calculations. In our calculation, the OP and SDS surThis work was also supported by the KIS{Horea Institute
faces are likely to be unstable from the point of view of theof Science and Technology Informatjomnder “the 4th Stra-
surface energy and the adsorption energy. It is found that thiegic Supercomputing Applications Support Program”.
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