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We combine low-energy electron diffraction and reflectance anisotropy spectroscopy~RAS! with ab initio
calculations of the geometry, band structure, and optical anisotropy to investigate the adsorption of Sb on
vicinal Si~001! (132). We focus, in particular, on the controversy concerning the Si~001!-(131)-Sb surface.
On the basis of total-energy and band-structure calculations, we find that the Sb-undimerised model is unstable
and metallic, while experimentally the (131) Sb shows no evidence of a Fermi edge. In contrast, the dimer-
ised (231)-Sb andc(232)-Sb reconstructions are found to be semiconducting with a minimal difference in
total energy. Furthermore, the RAS spectra calculated for both dimerised reconstructions show strong similari-
ties to one another, and agree well with the experimental RAS data for the Sb-induced (131)-Sb surface, with
a dominant feature centered at 3.7 eV. We report that these findings are compatible with the (131)-Sb surface
comprising a mixture of the Sb-dimer-terminated (231)-Sb andc(232)-Sb structures.
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I. INTRODUCTION

The interaction of Sb with Si~001! has been widely stud
ied by various techniques owing to its importance in pas
vating Si surfaces, and especially in behaving as a surfac
for the growth of Ge on Si.1–8,12,13Despite this substantia
interest, there is still considerable disagreement concer
interpretation of the surface structures prepared experim
tally. With the exception of the well-studied (231)-Sb re-
construction, the surface structures induced by Sb adsorp
on Si~001! remain unclear.

In order to clarify this issue, we combine low-energy ele
tron diffraction~LEED! and reflectance anisotropy spectro
copy ~RAS!. While the former characterises surface lon
range order, RAS probes short-range order thus yield
structural information even where the diffraction experime
may indicate no order is present. In this study vicinal Si~001!
samples, cut so as to favor the dominance of the (132)
domain over that of the (231) domain, were used. Suc
samples offer the advantage over flat Si~001! surfaces of re-
moving the ambiguity associated with measured phys
quantities representing the average over two equally po
lated orthogonal (132) and (231) domains. These exper
mental techniques are combined withab initio calculations
of the geometries, of the electronic band structure and of
optical response. We specifically focus on the controve
concerning the structure of the (131)-Sb surface. It has
been suggested from photoemission experiments that
surface is an ordered structure comprising undimerised
atoms residing in bulklike Si lattice sites,9–11 although pre-
vious scanning tunneling microscopy work has reported
this surface is essentially disordered.2 Despite this contro-
versy, which has lasted more than a decade, no clear pic
for the structure of the (131)-Sb surface has emerged.

The existence of the (131)-Sb surface as a distinct pha
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was first reported on the basis of LEED, photoemission,
surface differential reflectivity~SDR! measurements.9,10 The
surface structure was formed by the evaporation of 4 M
~monolayers! of Sb at room temperature followed by annea
ing to 350 °C for 20 min. Particular features in the SD
spectrum and in the photoemission data unique to the
31) structure proved that the surface could not merely
considered disordered, but must be a distinct phase. Fol
ing on this, high-resolution core-level photoemission expe
ments have shown that a very narrow Si 2p bulk component
is observed for the (131)-Sb phase, indicative of an idea
bulk termination.11 Based on these results, it was conclud
that Sb is undimerised and bulk terminates the Si~001! sur-
face in the (131)-Sb phase.

In this work, we show byab-initio calculations that such
a bulk terminated (131)-Sb structure would be thermody
namically unstable and metallic, while experiments do n
show any evidence of metallicity, that is, no Fermi edge w
observed.10 We find that the most stable reconstruction, t
(231) Sb, is actually very near in total energy to ac(2
32)-Sb phase, and that both these surface reconstruc
are semiconducting. Moreover, experimental RAS data
the (131)-Sb surface compare well with the calculated a
isotropic optical response from both these structures. S
these two surface structures are so near in total energy
propose that they are likely to coexist on the surface on a
scale smaller than the coherence length of the LEED exp
ment, thus preventing the appearance of half-order spot
the LEED images.

II. EXPERIMENT

The RAS experimental arrangement used in this work
similar to that described by Aspnes and co-workers.14 For a
review of the RAS technique and its applications to ma
©2003 The American Physical Society15-1
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different semiconductor surfaces, see Refs. 15,16. The R
technique derives its surface sensitivity from measurem
of the anisotropy in normal incidence reflectance for lig
polarized along two major orthogonal axes in cubic crysta
The reflectance difference signalDR is normalized to the
average reflectanceR,

DR

R
5

Ry2Rx

R
. ~1!

In the present geometry, they crystallographic axis is the
surface@ 1̄10# direction @parallel to the silicon dimers of the
Si~001!-(132) clean surface#, while the x crystallographic
axis is @110# ~perpendicular to the silicon dimers!.

It has been shown17 that RAS spectra are already pr
duced with their essential features by a few ordered u
cells. RAS is thus able to indicate a much lower degree
ordering than the LEED diffraction experiment, which i
stead requires, in general, a much larger ordered array of
cells ~one to two orders of magnitude larger than in RAS!.
This property will be exploited in the present study. Me
surement of a Si~001! double-domain reconstructed surfa
is indeed different for these two techniques: with LEED, t
superposition of the diffraction patterns from each doma
differing only by a 90 deg rotation, indicates the possibil
of a higher symmetry while with RAS, the signal of each
the two domains differs in sign, causing signal cancellat
through superposition.

The experiments were performed in ultrahigh vacu
with a base pressure of 8310211 mbar. In vacuum, the vici-
nal Si~001! samples ~cut 4° off @001# towards @110#;
resistivity520 V cm) were degassed for 8 h at 600 °Cusing
direct heating, and subsequently cleaned by flashing
1000 °C for 30 sec, while making sure the chamber press
did not exceed 5310210 mbar. An optical pyrometer and
thermocouple mounted close to the sample holder were u
to measure the temperature. Once it is clean, each sa
revealed a strong single-domain (132) LEED pattern
@Fig.1~a!# with split spots indicative of a clean dimerise
surface with a regular array of double-atomic height steps
RAS spectrum of the clean surface is shown in Fig. 2. I
similar to those previously reported by many authors.18–21

After the RAS measurements on the clean surface, Sb
deposited~from 0.5ML to 6ML! via a tungsten filamen
evaporator onto the clean surface held at a temperatur
150 °C. The pressure during Sb deposition did not exc
131029 mbar. The evaporator flux rate was calibrated us
a quartz crystal oscillator. Following Sb deposition, ea
sample was then annealed to 360 °C for 5 min causing
sorption of all but the last monolayer of Sb.9 After cooling to
room temperature, an Sb-induced (131) LEED pattern was
observed@Fig. 1~b!#. A typical RAS spectrum of such a su
face is also shown in Fig. 2. This spectrum is dominated
a positive going feature centered at 3.7 eV, whose amplit
displays a direct dependence on the starting~before anneal-
ing! coverage of Sb. Some broad structures lower in am
tude are also observed in the 2.0–3.0 eV energy range,
appearance~energetic position, amplitude! depending on the
starting Sb coverage.
11531
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Each sample was then further annealed to 610 °C fo
min and allowed to cool. A double-domain (231) LEED
pattern was observed with faint backgroundc(434) spots
@Fig. 1~c!#. RAS revealed the removal of the 3.7 eV featu
in favor of a small negative going feature at the same ene
along with the disappearance of the structure between 2
3.0 eV. Annealing to 1000 °C for 20 sec resulted in the co
plete desorption of Sb and the reemergence of a clean vic

FIG. 1. LEED patterns of ~a! clean Si~001! (132)
(electron beam energy553.4 eV), ~b! (131) Sb~58.1 eV!, and~c!
(231) Sb surface~58.8 eV! with the presence of somec(434) Sb
5-2
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SB-INDUCED (131) RECONSTRUCTION ON SI~001! PHYSICAL REVIEW B 67, 115315 ~2003!
Si~001! surface as evidenced by both the characteristic s
spot (132) LEED pattern and RAS line shape.

III. CALCULATIONS

In order to explain the experimental data, we investiga
several possible surface geometries using density-functi
theory ~DFT! within the local density approximation
~LDA !.22 The geometries were optimized using a C
Parrinello plane-waves pseudopotential code.23 To simulate
the surface, slabs consisting of 12 silicon layers were u
terminated at the top and bottom with 1 monolayer of Sb
plane-wave energy cutoff of 15 Ryd. and ak-points mesh
equivalent to 32 k points in the (131) Brillouin zone~BZ!
were employed. The outermost four layers were relax
while the inner four layers in the silicon were fixed in the
bulk ideal positions. For silicon, the theoretical lattice co
stant obtained was 5.4 Å, in good agreement with the exp
mental value of 5.43 Å. The most stable geometries foun
our simulations are shown in Fig. 3: they are~b! the (2
31) and ~c! c(232) reconstructions. For the purpose
discussion, the (131) cell is also shown@see~a! in Fig. 3#.
The (231) geometry was found to be most stable, althou
the c(232) was just 0.01 eV per (131) surface cell higher
in energy. Both these reconstructions were found to be se
conducting@Fig. 4~a!, 4~b!#. In contrast, the (131) geom-
etry comprising undimerized Sb was revealed to be 0.21
per (131) surface cell higher in energy than the (231)
@Fig. 5~a!#, and to be metallic@Fig. 5~b!#. The metallic status
of this surface can be understood by the fact that Sb ha
valence electrons: 2 form bonds with Si surface atoms
form a lone pair and one partially occupies a dangling bo
This partially occupied dangling bond gives rise to a partia
occupied band and consequently to a metallic surface. H
ever, no evidence of a Fermi edge was found in photoem
sion experiments for the (131) surface.10 Moreover, it is
clear from Fig. 5a that the (131) geometry is not even a

FIG. 2. Experimental RAS spectra for the Sb covered surfa
corresponding to the LEED patterns shown in Fig. 1. For the
31)-Sb surface, a spectrum obtained upon a starting depositio
6 ML is shown.
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local minimum of the total energy. If the Sb atoms dimeriz
the energy decreases by about 0.4 eV (5230.21 eV) per
dimer, and the surface becomes semiconducting. There
it appears more likely that the Sb-induced (131) surface
comprises Sb dimers rather than isolated Sb atoms. The
dimers found in the calculation of both thec(232) and (2
31) reconstructions are not buckled and their length is
Å, approximately twice the Sb covalent radii. The silico
atoms in the underlying layers are almost at their bulk po
tions due to the long Sb dimer length and longer Si-Sb bo
compared to the clean or As covered Si~001! (231). These
results are in agreement with previous calculations,24–26 and
could explain why a very narrow 2p bulk component was
found in core-level shift experiments.11

RAS data have been calculated within DFT-LDA for th
stable (231) andc(232) structures using ak points mesh
of 64 k points in the irreducible part of the Brillouin zone. I
order to correct the electronic gap underestimation in DFT
GW calculation was performed.27,28 For Sb as well as S
states—quite independent of the nature of the states—

s
1
of

FIG. 3. Structural models of the undimerised (131) Sb~a! and
the dimer terminated reconstructions,~b! the (231) and ~c! c(2
32) reconstructions. Sb atoms are represented by open cir
while the unit cell is indicated by the gray areas.~d! Example for a
surface containing both dimerized reconstructions. This would
sult in the observation of a (131) LEED pattern.

FIG. 4. ~a! DFT-LDA band structure for Si~001!:Sb(231). ~b!
The same as in~a!, but with GW corrections.
5-3
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FIG. 5. ~a! Total energy as a
function of Sb-Sb distance.~b!
DFT-LDA band structure for the
undimerized (131) structure cal-
culated in a (231) supercell.
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opening of the gaps of about 0.6–0.7 eV was found. Th
GW values were consequently used in Figs. 4 and 6.

The calculated RAS spectra are shown in Fig. 6. The
31) andc(232) spectra are quite similar, both showing
dominant peak at approximately 3.9 eV. Through analysis
the calculated data, this peak is found mainly to arise fr
transitions from Sb-Sb dimer states to Sb and Si backb
states. The negative structure near 2 eV is mainly due to
related surface states around theK point.

IV. DISCUSSION

Comparing the experimental data~Fig. 2! with the theo-
retical results~Fig. 6!, the calculated RAS line shapes for th
dimer terminatedc(232)-Sb and (231)-Sb surfaces show
strong similarities with the experimental RAS line shape
a surface which displays a (131) LEED pattern, particularly
in the region of 3.7 eV. Although this result suggests that
(131) surface and the calculated dimer structures are v
similar, the question remains how such a Sb dimerized
face fails to produce any half-order LEED periodicity.
order to answer this question, we note that the energy dif
ence between the (231)-Sb and thec(232)-Sb reconstruc-
tion is found to be very small, thec(232) reconstruction, as
stated above, being just 0.01 eV higher in energy at 0 K
the (231) structure, shown in Fig. 3~b!, all dimers are
equivalent, forming straight dimer chains along@ 1̄10#. We
call these as ‘‘type 1~T1!’’ dimers. In thec(232) structure
shown in Fig. 3~c! each second dimer in the chain is shift
along @110#. We call the shifted dimers as ‘‘type-2~T2!’’
dimers. The almost perfect energetic equivalence of the
structures suggests that any stack ofT1 and T2 dimers is

FIG. 6. Calculated RAS spectra for thec(232)-Sb, (231)-Sb,
and the clean (132)-Si surfaces.
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possible. We can have, for instance,nT1 dimers, followed

~along@ 1̄10#) by mT2 dimers, thenn8T1 dimers andm8T2,
and so on. The (231) structure has alln equal 1, and allm
equal 0. Thec(232) structure has alln and m equal 1. A
possible stack ofT1 andT2 dimers is sketched in Fig. 3~d!.
If the n’s andm’s are large, different (231) domains shifted
along @110# with respect to each other will exist, with size
larger than the coherence length of LEED. In this case e
domain will yield the same (231) LEED pattern. If, instead,
the n’s and m’s are randomly distributed and small, so th
both T1 andT2 dimers are present within the LEED cohe
ence length, it follows29 that the half-order spots will averag
to zero, and that a (131) LEED pattern will result. Hence
we conclude that in the deposition process, both reconst
tions may be created, since the formation of a dimer d
placed by one lattice constant in a neighboring row is p
sible with only a small expense of energy. An example
such surface reconstruction mixing is shown in Fig. 3~d!.
Such mixing effectively removes any observable LEED ha
order periodicity so that only bulk (131) spots remain in
the LEED pattern. Hence, a (131) diffraction pattern is
compatible with the existence of Sb dimers, which are s
gested by the RAS spectra and total-energy calculations.
structure is also compatible with the very narrow Si 2p com-
ponent observed in Ref. 11, since subsurface Si atoms
almost in their ideal positions.

The fact that the (231) Sb is slightly favored in energy
terms over thec(232) Sb explains also why through highe
temperature annealing, the remaining Sb stabilizes in a
31) reconstruction. Similarly, the appearance at higher te
peratures of ac(434), which was described in the exper
ments of Dixon et al.30 with an ‘‘overlayer above row
dimer’’ model ~Fig. 2~a! of Ref. 30! is plausible on the basis
of a dimerized starting surface.

The disappearance of the (131) 3.7 eV structure with
higher-temperature annealing (610 °C) can be explai
upon consideration of the resulting double-doma
(231)-Sb LEED pattern observed after this anneal@see Fig.
1~c!#. The observation of a double-domain LEED pattern
dicates that the domain ratio must have deteriorated con
erably during this anneal. While before Sb deposition, a
32): (231) domain ratio of 3:1 was measured for the cle
Si~001!-(132) surface~estimated from intensity measure
ments of the LEED half-order spot intensities!, the domain
ratio after this high-temperature anneal appears close to
Of course in such a situation, the anisotropic signals n
strongly compensate. As a consequence, comparison with
5-4
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SB-INDUCED (131) RECONSTRUCTION ON SI~001! PHYSICAL REVIEW B 67, 115315 ~2003!
calculated (231)-Sb surface is meaningless, since a perf
one-domain structure is assumed there. The appearanc
thec(434) and moreover, the direct contribution of steps
the RAS signal, especially for energies below 3 eV, have a
to be considered.18 We note that the RAS spectrum shows
evidence of a step contribution below 3 eV suggesting t
Sb could also be decorating the steps. Annealing to 1000
desorbs all remaining Sb thus reestablishing the orig
clean Si~001! domain imbalance as confirmed by measu
ment of an RAS spectrum characteristic of clean Si~001!
(132).

V. CONCLUSION

In conclusion, we have used the complementary inform
tion supplied through experimental LEED and RAS data
gether withab-initio calculations to show that the controve
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