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Influence of Sn on the optical anisotropy of single-domain Si„001…
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We apply reflectance anisotropy spectroscopy~RAS! and low-energy electron diffraction~LEED! to the
study of Sn deposited on a single-domain vicinal Si~001! sample. Large variations in RAS are recorded when
up to 5 monolayers~ML ! of Sn is deposited on the Si substrate at room temperature. We observe (232) and
(131) LEED patterns for the 0.5-ML and 1.0-ML Sn covered surfaces, respectively. The (131) LEED
pattern exists beyond this coverage and up to 5.0-ML deposition. Even though a (131) LEED pattern is
observed upon deposition of 1.5 ML, surprisingly, a significant optical anisotropy is observed. After annealing
to 570 °C for 2 min, we observe a progression of LEED pattern changes fromc(434)→(632)→c(834)
→(531) with increased Sn coverage up to 1.5 ML. Similar RAS line shapes are obtained for all reconstruc-
tions produced through annealing with the exception of the (531). For the (531) phase, a significant
anisotropy appears in the region of 1.8 eV. Similarities in the RAS line shape for both the (531) phase and
that obtained after deposition of 1.5 ML of Sn at room temperature may indicate a RAS sensitivity to Sn dimer
orientation within the uppermost layer.

DOI: 10.1103/PhysRevB.63.085317 PACS number~s!: 78.40.Fy, 07.78.1s, 73.20.At
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I. INTRODUCTION

The group-IV elements Sn and Pb are examples of no
licide forming elements that display negligible solid solub
ity, resulting in abrupt interfaces when they are deposited
clean Si surfaces. Such systems can be considered repr
tative of unreactive epitaxial interfaces and act as model
tems for Schottky barrier studies.1–3 Sn, in particular, can
also be used as a surfactant for the growth of high-qua
thin Ge layers on Si~001!, making the Sn/Si interface of in
terest from several points of view.4,5

The adsorption of monolayer coverages of Sn has b
widely studied by a variety of surface-science techniqu
Initial studies have shown that upon deposition of up
1.5-monolayers ~ML ! of Sn ~where 1 ML56.7831014

atoms/cm2) followed by annealing to above 500 °C, a wea
of different reconstructions exist, from (231), c(4
34), (632), c(834), to (531) with increased Sn
coverage.1,6,7 Photoemission and inverse-photoemiss
studies have been carried out on each of these recons
tions and surface electronic-structure information has b
obtained.8,9 Scanning tunneling microscopy~STM! has also
been applied to this system, revealing stripelike structu
and trenches for thec(434), (632), and c(834)
reconstructions.10 These reconstructions, which are stabiliz
with increasing Sn coverage, have been interpreted in te
of varying amounts of mixed Sn-Si dimers and Sn-
dimers, the lower coveragec(434) reconstruction possess
ing mostly mixed dimers while the higher coveragec(8
34) phase comprises mainly buckled Sn-Sn dimers.10 A
dimer model involving Sn dimer termination has also be
proposed for the (531) surface. Based on STM data, th
(531) reconstruction can be considered to consist of
0163-1829/2001/63~8!/085317~9!/$15.00 63 0853
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ML of Sn dimers grown on an underlying monolayer of S
dimers.10,11

In this work we use low-energy electron diffractio
~LEED! and reflectance anisotropy spectroscopy~RAS! to
explore these Sn-induced reconstructions. RAS was de
oped in its present form by Aspnes and co-workers12 and has
proven to be a powerful tool for observing surface-rela
optical anisotropy and growth transience under b
ultrahigh-vacuum13–16 ~UHV! and atmospheric pressur
conditions.17,18 The technique derives its surface sensitiv
from measurements of the difference in normal-incidence
flectance for light polarized along two major orthogonal ax
of the surface of cubic crystals that have isotropic bulk o
tical properties. In recent years, significant progress has b
made in the theoretical understanding of the origins of
RAS signal from clean Si surfaces and after adsorption
various elements on Si surfaces.14,16,19

By using vicinal Si~001! samples, an anisotropic surfac
can be produced, which is necessary for applying RAS
this system. On-axis Si~001! comprises equal proportions o
two Si dimer terminated domains, differing only in the or
entation of the Si dimer bonds of the surface reconstruct
which are orthogonal with respect to one another. Althou
in isolation each of these domains is anisotropic, the R
signal, which averages over many domains, is zero beca
the signal from one domain cancels that of the other.
contrast, for vicinal Si~001! cut 4° off the @001# direction
towards@110#, a surface comprising predominantly one d
main separated by double atomic height steps is stabiliz
giving rise to a nonzero RAS signal. Upon deposition of
on this vicinal surface, similar RAS line shapes are obtain
for all reconstructions reported previously, with the exce
tion of the (531) reconstruction, where a large anisotro
in the region of 1.8 eV is observed. We interpret the poss
©2001 The American Physical Society17-1
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A. ASTROPEKAKISet al. PHYSICAL REVIEW B 63 085317
origin of this feature through reference to previous work.8–10

Finally, comparison of RAS data obtained for the (531)
reconstruction with room-temperature RAS data is consis
with similarities in surface local structure on both surface

II. EXPERIMENT

The experiments were carried out in an UHV chamb
with a base pressure of 8310211 mbar. The Si substrate wa
n-type, phosphorus-doped with a resistivity in the region
20 V cm and was polished 4° off the@001# direction towards
@110#. The vicinal Si~001! samples were degassed to 600
overnight before being cleaned by sequential direct hea
to 970 °C while maintaining the pressure below
310210 mbar. Sample temperature was measured eithe
thermocouple or by optical pyrometry. After cleaning, LEE
revealed a split-spot largely single domain (132) pattern
indicative of a dimerized surface with a regular arrangem
of double atomic height steps~or D steps!. A (132):(2
31) domain ratio of 3:1 was estimated from intensity ana
sis measurements of the LEED half-order spot intensitie

Sn was evaporated from a miniature Knudsen cell (K cell!
evaporator, which was calibrated by measuring island th
nesses for thick Sn layers deposited on a Si sample usin
atomic force microscope~AFM!.20 An approximate deposi
tion rate of 1 ML every 60 sec was extracted by this meth
Sn was deposited onto the clean Si~001! samples at room
temperature and the samples were annealed to 570 °C
min. Once both the room temperature and annealed surf
for a particular coverage were investigated with LEED a
RAS, the Sn was desorbed and a different Sn coverage
subsequently deposited. After annealing, the samples w
allowed to cool down to room temperature before data
quisition.

The RAS spectrometer was directed at the sample thro
a strain-free optical viewport. The RAS experimental
rangement used in this work has been descri
elsewhere.12,21 The reflectance difference signalDR is nor-
malized to the average reflectanceR and is related to the
surface and bulk dielectric function components by

DR

R
5

8p

l
ImF ~exx2eyy!d

eb21 G , ~1!

whered is the thickness of the anisotropic surface layer,l is
the wavelength of light,exx andeyy are the surface dielectri
function tensor components, andeb represents the isotropi
bulk dielectric function. In the present geometry, thex crys-
tallographic axis is the surface@ 1̄10# direction ~parallel to
the step edges! while the y crystallographic axis is@110#
~perpendicular to the step edges!. It follows from Eq.~1! that
when eb is predominantly real, a positive signal indicat
preferential absorption in thex direction. Equation~1! is
valid only for d!l. It should be noted that the quantityd
does not simply measure the thickness of the top sur
atomic layer of a clean surface or the thickness of an
sorbed overlayer. For Si~001!, where the bulk optical anisot
ropy is zero,d is the thickness that contributes to the optic
anisotropy, which is not only the topmost surface layers
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also the deeper layers that are also affected by the pres
of the surface or of the Sn overlayer. Asexx andeyy are also
nonzero over this thickness, it becomes clear that RAS d
not merely measure the optical anisotropy of the surface
rather the surface-induced optical anisotropy~SIOA!. The
SIOA is expressed by (exx2eyy)d.

III. RESULTS AND DISCUSSION

A. Room-temperature deposition

Figure 1 shows RAS spectra for increasing amounts of
deposited onto the clean Si~001! substrate at room tempera
ture. The intensity and line shape for the clean vicin
Si(001)-(132) surface is in agreement with previou
work.13,14,22A trough at 3.0 eV exists, which has been show
recently to arise from anisotropy involving rebonding atD
steps of vicinal Si~001! surfaces.22 The slightly shallower
trough at 3.7 eV was assigned to anisotropy involving the
dimer terminated (132) terrace structure.22 Hence, care
must be taken in interpreting features in these RAS data
the changes observed may be either step or terrace rela

From Fig. 1, it is clear that deposition of Sn has a lar
effect on the surface-induced optical anisotropy, which
maximized for a coverage of 1.5 ML. Above and below th
coverage, the amplitude of the RAS signal is significan
smaller. From LEED, the reconstruction changes from
32)→(232)→(131) with increasing Sn coverage up t
5.0 ML, the (232) saturating at 0.5 ML coverage. Initia
deposition of 0.25 ML of Sn causes a significant reduction
RAS amplitude, but the line shape is similar to that of t
clean surface. However, there are two notable exceptio
The trough at 3.0 eV for the clean surface has shifted do
wards in energy to 2.8 eV, while the terrace-related 3.7
peak has become more pronounced~see Fig. 1!. LEED for
this surface reveals a split-spot (132) pattern similar to the
clean surface, although with a higher background indicat
some surface disorder.

Upon adsorption of 0.5 ML of Sn, a further decrease
the RAS intensity occurs and a (232) LEED pattern is ob-

FIG. 1. ~a! RAS spectra obtained by depositing various Sn co
erages between 0.25 ML and 5 ML onto the clean vicinal Si~001!
surface at room temperature.
7-2
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INFLUENCE OF Sn ON THE OPTICAL ANISOTROPY . . . PHYSICAL REVIEW B63 085317
served@see Fig. 2~a!#. When 1 ML of Sn has been deposite
the optical anisotropy above 2.0 eV becomes wholly posit
but rather featureless, while below 2 eV, a small trough
developed~see Fig. 1! and a (131) LEED pattern is ob-
served. However, deposition of 1.5 ML of Sn causes
most dramatic effect on the RAS line shape and intens
Below 2.0 eV, a large negative trough has developed tha
centered at 1.8 eV, while above 2.0 eV, a significant bro
and positive feature centered near 3.0 eV and a smaller
at 4.25 eV can be seen. Subsequent deposition results
overall reduction in the RAS signal, where both the 1.8-
trough and 4.25-eV peak disappear, and the broad 3.0
structure is reduced in amplitude and shifted slightly
higher energy.

In order to interpret these results, we refer to the deta
STM work of Gluecksteinet al., which describes depositio
of monolayer amounts of Sn onto flat Si~001! samples at
room temperature.23 In this work, a (232) phase has also
been observed using LEED but not untilabovea coverage of
0.5 ML. The similarity of this reconstruction to the (232)
reconstruction obtained by deposition of group-III metals
Si~001! has been suggested.24,25 Although a perpendicula
and parallel dimer model have both been proposed for
group-III metal-induced (232) phase, recent work ha
shown that the parallel dimer model may be mo

FIG. 2. ~a! LEED image, taken at 51.7 eV, for the Sn-induc
(232) phase formed at 0.5 ML, and~b! model of the (232)
phase. Shaded area indicates the 232 unit cell.
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appropriate.25 If this model is applicable to Sn, then each S
dimer would bridge two underlying Si dimer rows, so th
the Sn dimerization direction is oriented parallel to t
dimerization direction of the underlying Si dimers@see Fig.
2~b!#. Such a parallel dimer structure would be expected
reduce the effect of strain as the Si dimer and Sn dim
compressive/tensile strains are orthogonal. Recent work
the chemically similar element Pb adsorbed at room te
perature onto Si~001! has reported such a parallel dim
model, with the addition of some Pb dimer buckling.26

At 0.5-ML coverage, Gluecksteinet al. observed signifi-
cant surface disorder by STM and no (232) LEED pattern
could be distinguished. The buildup of strain associated w
the 20% difference in lattice constant betweena-Sn and Si
(6.49 Å as opposed to 5.43 Å) was seen to cause the
dimer chains associated with (232) local order to shift lat-
erally, that is, in a direction perpendicular to the chains, th
destroying any long-range order and ruling out the possi
ity of observing a (232) LEED pattern at 0.5-ML Sn
coverage.23 However, they argue thatabove0.5-ML cover-
age, a weak (232) LEED pattern can be observed that
associated with the nucleation of second-layer Sn dim
From our accurate determination of coverage, we observ
(232) LEED pattern at 0.5-ML coverage that would appe
to be in contrast to the interpretation of Gluecksteinet al.23

In order to explain this, we note that in contrast
Gluecksteinet al., we have used a vicinal rather than a si
gular Si~001! sample.23 Clean vicinal Si~001! samples con-
tain a regular array of steps and terraces. These steps
either of single atomic height~S! or double atomic height~D!
or a mixture of the two step heights, depending on the mis
angle from the~001! plane off towards@110#. Above a criti-
cal offcut angle of 1.3°,S steps become energetically unf
vorable due to repulsion between neighboring steps.28 The
transformation of twoSsteps into oneD step occurs and the
doubling of the step height also forces the terrace to dou
in width, thus reducing the step repulsion and preserving
overall vicinal angle. At miscuts greater than 2°, most of t
steps are thought to have undergone this transformation28

Two types ofD step and two types ofSstep exist depend
ing on the orientation of the Si dimer bond on the upp
terrace of the step edge. For steps with the Si dimer bond
the upper terrace oriented parallel to the step edge, the
script B is used; for Si dimers perpendicular to the step,
subscriptA is used.27 It has been found thatSA , SB , andDB
steps all have similar formation energies, whileDA steps are
energetically less favorable, showing a formation energy t
is approximately three times higher.27 While the orientation
of the Si dimer bond on the upper and lower terraces of
S-type step edge changes, that is, the domain type chan
the orientation of the Si dimer bond~or domain type! across
D-type steps remains the same. Hence, due to observatio
the minor (231) domain on the samples used in this wor
it is clear that this also implies the presence ofS steps. This
seems surprising as Pehlke and Tersoff have outlined tha
such a 4° miscut, noS steps should remain.28 However, if
one simply calculates the terrace width at whichS steps
should become unfavorable, using the angle of 1.3° and
S-step height of 1.36 Å, an approximate value of 60 Å
7-3
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A. ASTROPEKAKISet al. PHYSICAL REVIEW B 63 085317
found, which is not a significantly larger width than the pe
fect 4° offcut Si~001! sample step separation of 39 Å. Co
sidering that the theoretical study of Pehlke and Tersoff
nored the effect of temperature on step formation, it
conceivable that the elevated temperatures used in this w
to clean the sample, along with the fact that the steps are
straight but meander, may allow terraces greater than 60
width to form locally. The presence of such wide areas
cally provides a mechanism through whichS steps, and
hence the minor (231) domain, can be stabilized and e
plains the presence of some of the minor domain eviden
our LEED pattern.

Assuming that the deposited Sn does not affect the
structure in any way, upon formation of the Sn-induced
32) phase, the Sn dimer chain length formed on each of
original (132) terraces can only be approximately four
five Sn dimers in length before a step is reached@see Fig.
2~b!#. From previous work, steps can be considered st
domain boundaries.29 Hence, within such terraces, th
buildup of strain that Gluecksteinet al.23 have reported can
not occur as the Sn chains reach a stress domain boun
~i.e., a step! before the strain associated with the Sn dim
chains becomes critical. In the minor (231) terraces, there
is no impediment to the formation of long Sn-induced
32) chains, and so the strain-induced lateral displacemen
Sn-Sn dimers described by Gluecksteinet al. is expected.
However, as the clean surface is dominated in terrace
(132) type, it is clear that the alleviation of strain within th
Sn-induced (232) phase formed on these terraces due to
presence of steps plays a significant role in allowing obs
vation of the (232) at 0.5-ML coverage.

Upon further deposition of Sn, STM images display
increasingly complex surface structure. By 1.1-ML covera
a second Sn layer is complete.23 A third Sn layer commence
forming at a coverage of 1.5 ML, which is complete by 1
ML, whereafter, the growth of irregular three-dimension
metal islands occurs.23 Referring to Fig. 1, we see that dep
sition of 1.5 ML of Sn produces a large anisotropy signal
weak (131) LEED pattern with a high background is ob
tained indicating no significant long-range ordering. Hen
the RAS signal that we observe must be connected wit
particular local ordering in the surface. We return to a d
cussion of this in Sec. III C. Above 1.5-ML deposition,
reduction in RAS signal amplitude is observed that satura
at 2.0-ML coverage.

B. After annealing to 570 °CÕ2 min

In this section, we discuss the RAS line shapes obtai
when the samples are annealed after room-temperature d
sition of Sn. We separate the discussion into three sub
tions depending on Sn coverage.

1. Coverages below 1 ML of Sn

In Fig. 3~a!, the RAS line shapes for thec(434), (6
32), andc(834) reconstructions, which are stabilized b
tween 0.2–0.35 ML, 0.35–0.5 ML, and 0.5–1.0 ML Sn co
erage, respectively, are displayed.7 LEED images for the
c(434) andc(834) reconstructions are shown in Fig. 4~b!
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and Fig. 4~c!. It is clear from Fig. 3~a! that all line shapes
show a striking similarity. To explain the origin of thes
similarities, we refer to previous work. Baskiet al. have car-
ried out detailed STM measurements of all three surface10

Both thec(434) and (632) phases consist of missing S
dimer trenches and stripelike structures that grow perp
dicular to the Si dimer rows: The higher the Sn coverage,
greater the thickness of the Sn stripes.10 The similarity of
both these reconstructions has also been pointed out thro
the angle-resolved photoemission~ARUPS! and inverse-
photoemission spectroscopy~IPES! work of Pedioet al.8,9

The ARUPS data displayed a distinct nondispersing surf
state, at 0.8 eV below the Fermi level on both surfaces. D
to the lack of structural models available for these rec
structions, however, the origin of this state was not d

FIG. 3. RAS spectra obtained after annealing the as-depos
Sn surfaces to 570 °C for 2 min. The samples were allowed to c
down to room temperature before data acquisition.~a! Shows the
RAS spectra for thec(434), (632), andc(834) reconstruction,
together with the room-temperature (232) reconstruction for com-
parison.~b! Shows the RAS spectra corresponding to the 1.5 M
(531) and higher coverage~2.0 ML! ‘‘streaky’’ (531) LEED
pattern. Also shown in~b! is the c(834) phase for comparison
with the RA amplitudes shown in~a!.
7-4
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INFLUENCE OF Sn ON THE OPTICAL ANISOTROPY . . . PHYSICAL REVIEW B63 085317
cussed. In the IPES work of Pedioet al.,8 the c(434) re-
construction was not observed. However, for the (632)
reconstruction, an empty surface state was found at 1.8
above the Fermi level. Assuming the symmetry of these s
face states is such as to allow an optical transition, then s

FIG. 4. LEED patterns for~a! clean Si(001)-(132) ~56.3 eV!,
and ~b! c(434) ~61.8 eV!, ~c! c(834) ~56.7 eV!, and ~d! (5
31) ~55 eV! reconstructions obtained by depositing 0.25 ML,
ML, and 1.5 ML of Sn, respectively, at room temperature follow
by annealing to 570 °C for 2 min.
08531
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a transition would occur at approximately 2.6 eV. From t
RAS data for the (632) reconstruction, a feature centere
near 2.7 eV is observed, which is consistent with these p
toemission data@see Fig. 3~a!#.

With increasing Sn coverage up to 1 ML, it is likely tha
the shift in energy position of the RAS feature in the 2.5
3.0-eV region is related to the gradual change of mixed Sn
dimers @which saturate upon completion of the (632) re-
construction# to Sn-Sn dimers, which is complete when th
c(834) phase is formed at 1-ML coverage.10 A gradual in-
crease in RAS intensity is also observed up to 1-ML cov
age, which is probably due to increased ordering of Sn on
surface. It should be noted that in this coverage regime
replacement mechanism rather than the formation of a
adlayer is likely, as up to 1-ML coverage, the LEE
43, 63, and 83 periodicities are all along the@110# direc-
tion. This indicates that the Sn dimers should be orien
parallel to the underlying Si dimers.10 However, above 0.5
ML coverage, adlayer dimers would be expected to be
ented in the perpendicular direction. We propose that in
0.5-ML coverage regime, one Si atom of each Si dimer m
be replaced by one Sn atom, and thereafter the secon
atom is replaced. Such a replacement mechanism from
to high coverage is also consistent with an increase in
plitude as the Sn coverage increases. Once replacement
place, the question arises as to what happens to the Si a
that have been replaced. We return to a discussion of
point in the next section.

Comparing the RAS line shapes for these low Sn cov
ages with the (232) phase formed with 0.5 ML of Sn is
deposited at room temperature@see Fig. 3~a!#, it can be seen
that the overall line shape is similar to those obtained for
c(434) and (632) phases, with two small differences:~i! a
deeper trough exists at 3.7 eV relative to the overall l
shape than in the other surfaces and~ii ! the energy of the
low-energy trough is near 2.8 eV, which is 0.2 eV high
than that obtained for the annealed phases. A deeper tro
at 3.7 eV is expected because the (232) phase comprises n
unbroken terrace Si dimers, and so such feature, which
previously been related to structure on the dimerized cl
Si~001! surface, should still exist.22 The trough is smaller
after annealing as Si dimer bonds are broken in favor
mixed Sn-Si dimer formation, and also trenches a
formed.10 To date, no ARUPS or IPES experimental da
nor any calculated data, exist for the (232) phase, making
further interpretation of the origin of the 2.8-eV feature im
possible.

2. 1-ML coverage: The c(8Ã4) phase

When 1 ML of Sn is deposited on our single-doma
Si~001! sample and the sample is then annealed, ac(834)
LEED pattern as shown in Fig. 4~c! is observed. This agree
with the results of several authors, where flat Si~001!
samples were used.1,6–10 However, assuming no reorganiza
tion of the clean Si step structure upon Sn deposition,
reconstruction may not have been expected on our vic
sample. As we have already outlined, the 4° offcut vicin
Si~001! sample used in this work is dominated by terrac
that are 39 Å in width separated byD steps. A small number
of larger terraces of the minority domain are also prese
7-5
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A. ASTROPEKAKISet al. PHYSICAL REVIEW B 63 085317
which we ignore for the moment. For the formation of t
c(834) on the majority domain, the 83 periodicity, which
is observed along the@110# direction @see Fig. 4~b!#, must
comfortably fit within this 39Å-wide terrace in order to b
able to form. This 83 periodicity or 8a, wherea5a0 /A2
53.84 Å is the unit cell width, is 30.72 Å. On first glanc
therefore, thec(834) phase should easily be accommoda
within these 39 Å-wide terraces. Upon observation of F
5~a!, which is the generally accepted model of thec(834)
phase, it is evident that three complete chainlike structu
must fit onto one terrace in order for thec(834) phase to
exist. Therefore, the terrace width needs to be an extraa
wider, setting the overall terrace width required at 38.4
Although this value is just less than the 39 Å width of t
4° offcut clean vicinal Si~001! sample, accommodation o
the c(834) may still not have been expected as this 39
terrace width ignores the fact that the steps on the vic
sample also contribute to the surface area. The double he
steps that dominate the step structure of such a 4° of
Si~001! sample are known to be rebonded, making the s
contribution to the surface area for such samples in the
gion of 20% @see Fig. 5~a!#. Hence observation of thec(8

FIG. 5. Models for~a! the c(834) reconstruction~after Baski
et al., Ref. 9! and~b! the (432) reconstruction, which may coexis
on narrower terraced regions of our stepped surface. In~a!, the
shaded area represents the area of a rebondedDB step edge, while
the dotted line represents the position of the nextDB step. The
shaded atoms correspond to asymmetric Sn dimers, where
‘‘up’’ atom is represented by a larger circle with darker shading
08531
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34) phase on these terraces of our 4° offcut Si~001! samples
may not have been expected. We point out that no s
restrictions to the formation of thec(834) are expected on
the terraces of the minor domain as the orthogonal orie
tion of this domain ensures that thec(834) can form, un-
hindered by the presence of steps.

In the preceding section, we outlined that the reconstr
tions formed through annealing submonolayer coverage
Sn result in Si dimer atoms being replaced with Sn. W
propose that the Si that has been removed is accommod
at theD steps of the vicinal sample, extending some terrac
so that thec(834) phase can be accommodated. The leng
ening of some terraces will inevitably lead to the shorten
of other terraces. On shorter terrace widths, it is presum
that thec(834) phase will not form. However, if the dime
buckling within the middle chain of thec(834) structure is
simply phase-shifted so that all chains are in phase, the
smaller (432) structure can be formed@see Fig. 5~b!#. It
should be noted that in the experiments, LEED did not
clusively yield ac(834) pattern. Occasionally, a (432)
structure was observed. This indicates that although
phase shift required to produce the (432) may increase the
surface energy, some compensation effects are provide
the presence of steps, making this reconstruction energ
cally favorable.

Next, we compare the RAS line shapes for thec(834)
phase with the electronic bandstructure measurements o
dio et al.8,9 @see Fig. 3~a!#. From the figure, it can be see
that the dominant feature in the RAS response is the br
trough centered at 2.5 eV. For thec(834) phase, three sur
face states have been observed:S1, a Sn dangling-bond de
rived state;S2, Sn-Si backbond associated; andS3, which is
related to the bond between two ‘‘up’’ Sn atoms of adjace
dimers parallel to the chain length.9 S1 andS2 appear at 1.0
eV and approximately 1.5 eV below the Fermi level, resp
tively, while S3 shows broad dispersion between 1.5 eV a
3 eV. The IPES data for thec(834) phase display only one
pronounced empty state at 1.1 eV, which is associated w
Sn-Sn empty and interacting dangling bonds, while anot
broad state exists near 2.5 eV above the Fermi level.8 As-
suming again that transitions can exist between these st
three possible optical transitions exist, one at 2.1 eV, on
2.6 eV, and a broad structure that may be expected from
eV to 4.1 eV. From our RAS spectra, we see some struc
at 2.5 eV while nothing is observed at 2.1 eV, suggest
that either the symmetry of the states involved is wrong,
that the transition itself shows no directionality and hence
inaccessible to RAS, which relies on anisotropies in the s
face electronic structure. We associate the trough in the R
spectrum at 2.5 eV with the 2.6-eV optical transition, whi
is derived from a filled Sn-Si backbond state and an em
Sn-Sn dangling-bond state. The broad negative structure
served from 2.6 to 4.0 eV may indicate a contribution fro
the S3 filled state to the empty Sn-Sn dangling-bond state

3. 1.5 ML coverages and above: The (5Ã1) phase

From Fig. 3~b!, it can be seen that a significant increase
optical anisotropy is observed after deposition of 1.5 ML
Sn followed by annealing. LEED shows a predominan

ch
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single-domain (531) phase for this RAS line shape, ind
cating that the single-domain nature of the clean surfac
preserved through Sn deposition@see Fig. 4~d!#. The RAS
line shape is considerably different from the lower-covera
Sn-induced phases, being dominated by a large and pos
anisotropy feature centered at 1.8 eV. However, above
energy, similarities to the lower-coverage phases are evid
with a broad trough now shifted up in energy with respec
the c(834) phase and peaking at 2.9 eV.

In order to shed light on the origin of these peaks,
again refer to the electronic properties for this surface
outlined by Pedioet al.8,9 From the ARUPS data, only on
filled state near 1.4 eV with a dispersion of approximat
60.4 eV and one empty state at 2.5 eV are observed. W
IPES, some intensity at the Fermi level is observed, whic
indicative of metallicity. Assuming the correct symmetry
these states, a RAS feature may be expected in the 2.0
eV region, which could explain the observation of a trough
2.8 eV. A transition from the filled state to the metallic sta
near the Fermi level may also explain the presence of
large 1.8 eV peak.

As the structure shows evidence for metallicity and a
contains apparent chains, we compare this RAS line sh
with the line shapes of other such systems grown on Si
faces. It has been shown that the (532)-Au and (431)-In
structures formed on a single-domain Si~111! surface
through deposition of 0.220.5 ML of Au and 0.75
21.0 ML of In, respectively, display a strong optical aniso
ropy, the RAS signal being larger for light polarized perpe
dicular to the apparent chain lengths.30,31 Evidence of one-
dimensional metallicity was shown on both surfaces throu
angle-resolved photoemission measurements. Accurate s
tural models for these reconstructions have still not b
fully developed and so the origin of the optical anisotro
has not been associated specifically with any surface ato
features. However, for the (531)-Sn surface, we find tha
the larger reflectivity for light polarized perpendicular to t
apparent chains is dependent on the formation of seco
layer Sn-Sn dimers, which must also be responsible for m
ing the (531)-Sn surface metallic. Therefore, as a gene
comment, it seems that any apparent chainlike structu
with a metallic character produce a large RAS intensityper-
pendicular to the apparent chains, which is independent
the species used. Electronic confinement perpendicular to
apparent chain length, giving rise to discrete and hig
populated surface states in this direction, may explain
experimental observation.31

Upon deposition of more than 1.5 ML of Sn followed b
annealing, the anisotropy in the region of the 1.8-eV pe
decreases@see Fig. 3~b!#. This is consistent with the 1.8-eV
peak being related specifically to the (531) reconstruction
and not to the formation of directionala-Sn islands, which
are known to start forming above 1.5-ML coverage.32 Fur-
ther evidence for this argument comes from annealing of
(531) phase to higher temperatures, in order to promote
desorption of Sn. After annealing, the lower Sn covera
inducedc(834) phase is observed using LEED. This is a
companied by loss of the 1.8-eV feature. Further deposi
and annealing reestablishes the (531) LEED pattern and the
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RAS peak at 1.8 eV. Hence, the 1.8-eV peak is a clear
gerprint of the (531) phase.

C. The „5Ã1… phase: Room temperature
versus annealed structure

Figure 6 shows the RAS spectra when 1.5 ML of Sn
deposited onto the clean vicinal Si~001! sample, along with
the spectrum for the (531) phase obtained after annealin
Both spectra represent the largest RAS signals obtained
the room-temperature deposited and annealed surface
spectively. As the (531) reconstruction obtained after an
nealing is known to saturate in the region of 1.5-ML S
coverage,10 it is clear that upon annealing the as-deposi
sample to 570 °C/2 min does not induce any Sn desorpt
Supporting evidence comes through monitoring the deso
tion of Sn from the (531) reconstruction using RAS set t
an energy of 1.8 eV. Here, the amplitude of the anisotro
undergoes a sharp change once the sample is annealed
740 °C ~see Fig. 7!. Once the sample had cooled after th
anneal, the characteristic line shape of a clean step
Si~001! surface is regained, indicating that the sharp cha
in anisotropy is caused by the desorption of Sn. Hence,
desorption occurs at 740 °C, which is significantly high
than the annealing temperature used.

Ignoring the trough in the region of 2.8 eV obtained f
the (531) structure, it can be seen from Fig. 6 that bo
spectra bear a striking similarity to one another, the o
differences being a difference in sign and amplitude. T
seems surprising as, for room-temperature growth and a
saturation of the (232) phase at 0.5 ML~see Sec. III A!,
additional Sn is reported to commence formation of a sec
layer, while at a coverage of 1.5 ML, it appeared proba
that some third-layer Sn also existed.23 After deposition of
1.5 ML, we observe a diffuse (131) LEED pattern. For the
annealed case, a second Sn layer does not start forming
the c(834) structure is saturated at near 1-ML coverag
Additional Sn commences formation of a second layer a
when an extra 0.5-ML of Sn has been deposited, a sh

FIG. 6. RAS spectra of clean Si(001)-(132), the (131) sur-
face formed after deposition of 1.5 ML of Sn at room temperatu
and the (531) phase formed after annealing.
7-7
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(531) LEED pattern is observed. Hence, considering
differences in preparation, it may appear that the simila
of both RAS traces is merely coincidental.

In the detailed STM paper of Gluecksteinet al.23 for
room-temperature growth of Sn on Si~001!, a striped phase
with local (235) ordering is described for Sn coverage
the region of 1 ML.23 Surprisingly, this (235) ordering was
found to have the same periodicity, number of maxima, a
bias dependence as the STM data of Baskiet al. for the (5
31) phase.10 Furthermore, the registration of the Sn maxim
for the second layer, which starts to form near 1 ML for t
annealed surface and near 0.5 ML for the room-tempera
deposited sample, with respect to the underlying Si surfa
was found to be the same.

Our RAS data support this similarity in local ordering
both cases. In order to interpret these data in the contex
the findings of Gluecksteinet al.,23 we note first of all that
RAS is well known to be sensitive to the orientation of su
face features, changing sign depending on the orientatio
a particular feature.16 Hence, the change in sign that is o
served in this work may be related to orientation differen
within the adsorbed Sn layer. From the discussion of
(531) phase in the preceding section, we pointed out t
the particular stability of this phase was likely to be relat
to the formation of second-layer Sn dimers between unb
ken Sn dimers of the first-layerc(834) structure, which at a
second-layer coverage of 0.5 ML would have the effect
reducing the number of dangling bonds in the system by h

FIG. 7. RAS dynamic scan taken at 1.8 eV during annealing
the (531) reconstruction to induce Sn desorption.
i
.
,
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thus reducing the surface energy. The orientation of seco
layer Sn dimers is unclear, but the Sn dimers of the und
lying Sn layer are known to be oriented in the@ 1̄10# direc-
tion @see Fig. 5~b! for a model of thec(834) structure#. For
Sn deposition without annealing, as outlined above, the s
ond Sn layer starts forming above saturation of the (232)
phase at 0.5-ML coverage. Assuming the parallel Sn dim
model for the (232) structure@see Fig. 2~b!#, the Sn dimers
are also oriented in the@ 1̄10# direction. Therefore, as we
detect a different RAS sign for the (531) surface and its
room-temperature counterpart, second-layer Sn dimers m
be responsible as the first-layer Sn dimers are oriented in
same direction. Hence, the second-layer Sn dimers mus
oriented in orthogonal directions on both surfaces des
their similar appearance on the STM images. If this interp
tation of the RAS spectra in Fig. 6 is correct, then the pr
ence of steps plays a minor role in the overall anisotro
observed for these structures.

IV. CONCLUSIONS

In this work, we have applied RAS and LEED to th
Sn/Si~001! system. We have shown that after room
temperature deposition, considerable changes occur in
RAS signal. A (232) LEED pattern is observed for a S
coverage of 0.5 ML, its presence stabilized by the narr
terraces of the vicinal sample used. Once annealed, thec(4
34), (632), c(834), and (531) reconstructions are ob
served with increasing Sn coverage using LEED. The R
line shapes for the former three reconstructions are sim
but show subtle differences in the 2–3-eV energy ran
which is related to a gradual change of Sn-Si into Sn-
dimers on the surface with increasing coverage up to 1 M
The RAS line shape for the (531) reconstruction formed a
1.5-ML coverage displays a significant anisotropy near
eV. The similarity between this and the line shape for
room-temperature Sn-induced structure points to a Sn
dimer origin for both line shapes. Higher Sn coverages le
to island formation, reducing the intensity of the RAS sign
and ruling out the formation of orienteda-Sn islands or face-
ting as the origin of the 1.8-eV peak.
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