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Strong optical anisotropy of the single-domain 532-Au reconstruction on vicinal Si„111…
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~Received 24 March 1997!

Reflectance anisotropy spectroscopy is applied to metal overlayer growth on the silicon~111! surface.
Submonolayer coverages of Au are applied to a stepped Si~111! surface. The evolution of the single-domain
Au-induced 532 superstructure is seen to produce an optical anisotropy of considerable amplitude for satu-
ration coverage. The optical anisotropy in the region of 2.7 eV is unambiguously assigned to the bonding
orientation within the 532 unit cell. @S0163-1829~97!04431-7#
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Gold overlayers on the~111! crystallographic surface o
silicon in the submonolayer coverage regime have been
tensively studied for decades with a variety of surface an
sis techniques~see references in Ref. 1 for a comprehens
list!. Yet despite the considerable body of information ava
able, many questions still remain regarding the geometr
and electronic structure of Au-induced superstructures
Si~111!. In an effort to simplify the problem, the use of vic
nal or stepped Si~111! substrates for Au overlayer growth
rather than singular or flat surfaces, has recently beco
popular1–5 since the presence of atomic steps can allow
control of superstructure growth by favoring nucleati
along the step edges. Thus while the threefold symmetr
singular ~111! surface would normally accommodate thr
equivalent superstructure domains by symmetry, sligh
vicinal surfaces, if properly prepared, can limit the overlay
growth to a single domain only. Cross domain interferenc
thus avoided, considerably simplifying experimental ana
sis. The resulting difference in symmetry of the overlay
with respect to the underlying crystal can also be exploi
experimentally, as we show in this work.

Using this approach to overlayer growth, Au coverages
the order of 0.5 monolayers on vicinal Si~111! cut 4° off the

@111# direction towards@112̄# have been shown by scannin
tunneling microscopy~STM! to cause spectacular large sca
reorganization of the Si~111! surface.1 At saturation cover-
age, approximately 500-Å-wide terraces consisting of lo
chainlike Au-induced structures with a local 532 unit cell
were observed with the chain length running exclusiv
along the@ 1̄10# ~step edge! direction. No evidence of chain
structures in the@01̄1# or @101̄# directions was found, the
symmetrically equivalent directions on a singular Si~111!
surface. The single-domain 532 terraces were seen to b
separated by equally wide faceted regions exhibiting orde
step bunching with a facet normal direction of approximat
@775#, consistent with the offcut angle of the surface. At t
saturation coverage for this structure, the surface orde
extremely long range, with the 532 terraces and intermed
ate faceted regions creating a mesoscopic ‘‘striping’’ effe
with near defect-free chains on the terraces extending
micrometers across the surface~Fig. 7 of Ref. 1!.
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Besides showing an unusual physical structure, the sin
domain 532 surface also has an electronic structure w
unexpected properties. The results of angle-resolved ph
electron spectroscopy show anisotropic electron density
the Fermi level for the system, indicating quasi-on
dimensional metallicity.3 This is the first time, to our knowl-
edge, that this has been seen in such a system. The l
optical technique of spectroscopic ellipsometry~SE! has also
found unusual behavior for the single-domain system, w
an extremely sharp change in the optical response being
corded at 2.7 eV for the saturated 532 surface.5 That work
also showed a clear difference in optical response betw
the three-domain and single-domain systems.

The strong anisotropy of the single-domain system ma
it an ideal candidate for study with the technique of refle
tance anisotropy spectroscopy~RAS!. RAS, a powerful tool
for observing surface-related optical anisotropy, was dev
oped in its present form by Aspnes and Studna.6 The tech-
nique derives its surface sensitivity from measurements
the difference in normal incidence reflectance for light pol
ized along two major orthogonal axes in cubic crystals wh
have isotropic bulk optical properties. Some progress
been made in the theoretical understanding of the origin
the RAS signal,7,8 but it appears that a different calculatio
of the RAS response is required for each surface. Use
RAS has predominantly been confined to~100! or ~110!
crystallographic surfaces which have clear structu
anisotropies — the~111! crystallographic surface has a
tracted little attention since it gives zero RAS by symmet
This present study is, to our knowledge, the first to ap
RAS to metal overlayer growth on a~111! surface. The RAS
signal is nonzero here since the step-induced single-dom
growth creates an overlayer with different symmetry to t
underlying crystal.

The RAS experimental arrangement used in this work
similar to that described by Aspnes and co-workers.9 The
reflectance difference signalDR is normalized to the averag
reflectanceR and is related to the surface and bulk dielect
function components by

DR
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3588 56BRIEF REPORTS
whered is the thickness of the overlayer,l is the wavelength
of the light, ex and ey are the surface dielectric functio
components andeb is the isotropic bulk dielectric function
In the present geometry, thex crystallographic axis is the
surface direction@1̄10# ~parallel to the step edges!, while the
y crystallographic axis is@112̄# ~perpendicular to the ste
edges!. It follows from Eq.~1! that wheneb is predominantly
real, a negative signal indicates preferential absorption in
y direction. Equation~1! is strictly valid only ford!l.

The experiments were performed in an ultrahigh vacu
chamber with a system base pressure of 4310211 mbar. The
vicinal Si~111! substrate wasp type, lightly boron doped
with a resistivity in the range 1210 V cm and was polished
4° off the @111# direction towards@112̄#. Thermal treatment
of the surface to produce a clean regular array of orde
single-height steps followed the procedure detailed
O’Mahony et al.10 with temperatures being monitored b
optical pyrometry. Growth of Au on this clean surface w
achieved using a stabilized Knudsen cell evaporator. De
sition proceeded in steps of 5 min, each step being follow
by sample annealing at 873 K. Upon cooling after each
neal, low energy electron diffraction~LEED! patterns of the
surface were observed and RAS spectra were recorded
direct attempt was made to measure the actual coverag
deposition rate of the Au as the LEED images were suffici
to indicate the changing surface structure.

Figure 1 shows the series of RAS spectra recorded du
the development of the 532 structure on the clean vicina
Si~111! surface. The top RAS spectrum corresponds to
clean vicinal Si~111! surface. A sharp 737 LEED pattern,
with electron energy-dependent spot splitting due to
steps, was observed for this surface. This spectrum is co
tent in amplitude and shape with those published
hydrogen-terminated Si~111! by Yasudaet al.11 at various
vicinalities. The principal spectral features near 3.4 eV a
4.2 eV for the clean surface are bulk related, correspond
to optical transitions across the direct silicon band gap. T
anisotropy of the vicinal surface, due to the presence
steps, allows these bulk features to contribute to the t
RAS signal@see Eq.~1!#.

For an initial deposition of 5 min, estimated to correspo
to less than 0.1 ML of Au, followed by annealing at 873

FIG. 1. RAS spectra at various stages of the growth of Au
the vicinal Si~111! surface from the clean 737 surface up to
completion of the single-domain 532-Au superstructure. Spectr
were taken at intervals corresponding to 5 min of Au deposit
followed by annealing at 873 K. The curves progress downwa
with increasing coverage.
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no noticeable change was observed in the LEED patt
However, a significant change is already apparent in
RAS spectrum at all energies below 4.5 eV. Assigni
changes in the spectra above 3.1 eV to surface optical t
sitions is complicated by the onset of bulk-related featur
but any features present below this onset are unambiguo
surface specific. For such Au coverages under similar gro
conditions, STM images revealed wide-scale reorganiza
of the Si surface, converting the regular array of equa
spaced steps on the clean surface into a series of wide
races consisting of equal areas of the Au-induced 532 struc-
ture and the 737 structure, separated by compact stepped
faceted regions which display more regularity along the s
edges than does the initial clean vicinal surface. The nar
terraces separating the steps within these stepped region
main reconstructed in 737 units, with some local 535 or-
dering at the step edges~see Fig. 2 of Ref. 1!.

After 10 min of Au deposition, a surface feature develo
near 2.7 eV in the RAS spectrum. Beyond this coverage,
LEED pattern begins to show evidence of the formation o
single-domain 532 structure, coexisting with the Si 737
structure. With further deposition of Au, the 2.7 eV pe
dominates the RAS spectra, reaching a maximum amplit
after 35 min of Au deposition. This signal amplitud
4.331023, is quite a significant anisotropy for a submon
layer metal-semiconductor system. At this point, the cor
sponding LEED pattern was fully single-domain 532, with
sharp fifth order spots and streaking in the second order
sitions, consistent with the surface periodicities observed
STM for the saturated surface1 ~see Fig. 2!. Concurrently
with the evolution of the peak at 2.7 eV, a strong featu
develops at 3.8 eV. Further smaller features are seen in
region of 3.3 eV and 4.2 eV. A sharp reduction of signal
observed beyond 4.2 eV, with no further anisotropy abo
4.4 eV. Of note is that the RAS signal iswholly negative
throughout the transition from the 737 to 532 structure.
This indicates that the surface anisotropy responsible in
energy region is entirely in the@112̄# direction, i.e.,perpen-
dicular to the apparent 532 chain length.

Continued deposition of Au on the 532 surface resulted
in the eventual formation of theA33A3 structure after a

n

n
s

FIG. 2. A LEED pattern of the Au-induced single-domain 532
structure on vicinal Si~111! at saturation coverage taken with a
electron beam energy of 73 eV. The streaking in the second o
positions is due to random shifting in the registry of the row stru
ture.
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total of 65 min of deposition. LEED initially showed th
presence of both 532 andA33A3 patterns until, at 65 min
the pattern was fullyA33A3. Figure 3 shows the RAS spec
tra at regular intervals during this transition. Generally,
spectral features which maximized at the completion of
532 structure decay with the gradual formation of t
A33A3 with some interesting variation in the 3.323.4 eV
and 4.2 eV energy regions~see Fig. 3!. When theA33A3
superstructure is complete, the RAS spectrum again
sembles that of the initial clean Si~111! surface, but with a
number of residual anisotropic differences.

Significantly, SE~Ref. 5! has recently demonstrated
similar sharp optical transition for the single-domain 532
structure at 2.7 eV which disappears as theA33A3 structure
is formed. No such transition was evident on the thr
domain surface in that work. Disruption of the Au-induc
chain structure due to cross-domain interference was con
ered the likely reason for the difference. The Au-induc
chains within a threefold symmetrical 532 surface are inac
cessible to RAS for symmetry reasons, but the SE results
the single-domain 532 structure at 2.7 eV are in agreeme
with the current data, though no surface directionality co
be assigned to the optical anisotropy in that work becaus
the limitations of the experimental geometry used. The n
mal incidence work presented here resolves the direction
issues raised in the SE experiment.

Marks and Plass4 have recently proposed a convincin
and relatively simple geometric structure for the sing
domain 532 surface. Using heavy-atom holography to l
cate the Au core positions, their model consists of stagge
double rows of Au atoms extending in the@1̄10# direction
separated by bare silicon regions. The structure is consis
with much of the previously published data on this surfa
and on the three-domain surface and in particular may
plain the high-resolution STM images of O’Mahonyet al.1

The maximum optical anisotropy shown in Fig. 1, at a sa
ration of the 532 structure, is in the@112̄# direction, per-
pendicular to the length of the Au rows. The photoemiss
spectra from this surface3 indicates that initial states ar
available near the Fermi level in the@112̄# direction which
could result in optical transitions of 2.7 eV to empty sta
above the Fermi level. In addition, both the filled and em

FIG. 3. RAS spectra at various stages of the growth of Au
the single-domain 532-Au superstructure up to completion of th
A33A3-Au superstructure. Spectra were taken at intervals co
sponding to 5 min of Au deposition followed by annealing at 8
K. The curves progress upwards with increasing coverage.
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state images obtained by STM for this surface reveal a st
ture predominantly in the direction perpendicular to the a
parent row structures~see Fig. 4 adapted from Ref. 1! con-
sistent with bonding in the@112̄# direction. Hence we
associate the peak at 2.7 eV to preferential absorption a
an Au-induced bonding direction within the 532 unit cell.
This electronic structure information, coupled with the g
ometry of the Marks and Plass model,4 should help finalize
the structure of the 532 system since the optical respon
can be extracted from any detailed electronic structure
culations of the structure.

Apart from the Au-induced chain structures on the bro
532 terraces, the saturated 532 surface is known to contain
three other principal features, namely, regular arrays of s
edges within the@775#-oriented faceted regions, regular a
rays of small terraces between the steps within the face
regions, and random bright ‘‘protrusion’’ features which a
pear on top of the broad terraces of the 532 rows
themselves.1 The possibility of one or all of these feature
contributing totally or in part to the optical anisotropy mu
also be addressed.

The electronic structure of the faceted regions probed
STM ~Refs. 1,2! indicates a density of states near the Fer
level confined principally to the step edges. Seehoferet al.2

are ‘‘tempted’’ to assign these images to dangling bon
Likewise, the bright protrusion features which appear on
of the 532 unit cell and within the facet terraces may be d
to Si adatom dangling bonds, which does seem likely giv
the mass transport of Si on the surface during growth
annealing.1 Dangling bond features are by their nature high
reactive — if they were to contribute to the RAS signal it
almost certain that both the amplitude and shape of the si
would change over time as the bonds become saturated
hydrogen, as shown by Yasudaet al. for dangling bonds on
Si~001!-231.12 In the present work no change was observ
in the RAS spectrum for the saturated 532 system, even
after a period of 72 h in ultrahigh vacuum. This effective

n

e-

FIG. 4. A high-resolution 35 Å340 Å scanning tunneling mi-
croscopy image of the filled states within the chains of the A
induced 532 structure on Si~111!. The brightest features are gen

erally localized in they5@112̄# direction, perpendicular to the
length of the chains~adapted from Ref. 1!.
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3590 56BRIEF REPORTS
rules out the contribution of any Si dangling bonds to t
RAS spectra for the 532 system and by implication rule
out both step edges and protrusions.

Further evidence ruling out the contribution of the sm
terraces and the step edges in the faceted regions comes
the examination of Fig. 5. The RAS signal amplitude
creases linearly in the@112̄# direction with Au deposition
time for all spectral features up to a saturation of the 532
structure. This indicates that any surface process or proce
responsible for the RAS signal, such as the formation of
532 rows or the formation of@775# facets, must scalelin-
early up to this saturation coverage. With reference to
detailed analysis of the STM data by O’Mahonyet al.,1 we
note that for small Au coverages below saturation, all terr
features apart from the 532 structure on the compound te
races, namely, the 737 structure on the other half of th
compound terraces and the 737 and local 535 structure on
the narrow terraces within the stepped regions, are all o
cally isotropic and therefore cannot contribute to the R
signal observed. Although there is increased ordering al
step edges at low Au coverages, the steps on the clean vi
Si~111!-737 surface display no significant anisotropy a
the RAS signal is essentially zero below 3.1 eV. It is the
fore unlikely that this step ordering could be responsible
the substantial initial increase in anisotropy. Hence, this
crease must be related to the formation of the 532 structure

FIG. 5. Evolution of the RAS spectral features with depositi
time. Note that the RA amplitude of the various spectral featu
displays a linear dependence with Au deposition time up to sat
tion of the 532-Au superstructure which is represented by a ve
cal line.
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itself. As the increase in RAS signal observed in this sp
trum displays the same dependence on Au deposition tim
subsequent spectra, up to a saturation of the 532 structure
~see Fig. 5!, it is reasonable to conclude that the 532 unit
must be solely responsible for the observed anisotropy. S
port for this view is provided by the work of Shibataet al.,13

who established that the@775# facets have already forme
after deposition of 0.3 ML of Au, that is, before saturatio
of the 532 structure. Since the RAS signal still increases
a linear fashion with Au deposition time even after the fo
mation of the@775# facets, the formation of the@775# facets
cannot be responsible for the RAS spectral features. O
remaining alternative explanation for the origin of the RA
signal at 2.7 eV, that it arises from alternative structures
the terraces within the faceted regions, requires further c
sideration.

Near saturation coverage of the 532 structure, Au-
induced features are observed on the narrow terraces o
@775# facets which may contribute to the strong anisotro
near 2.7 eV. Interestingly, these terraces are just la
enough to accommodate a 532 unit cell, with the
53direction oriented in the@112̄# direction, indicating a
close relationship between the two features.1,2 Seehofer
et al.2 showed STM images of an Au-induced structu
within the @775# facet terraces which in terms of the fac
periodicity is labeled a 231 structure. This structure bears
striking resemblance to the 532 structure, the main differ-
ence appearing to be that the facet structure contains
‘‘protrusion’’ features than the 532 superstructure. If this
facet Au-induced 231 structure also contributes to the RA
signal near saturation, then the linear dependence we obs
up to saturation of the 532 structure~see Fig. 5! is consis-
tent with the facet terraces containing 532 structure also, in
agreement with the interpretation of Seehoferet al.2

In conclusion, RAS has been applied to metal overla
growth on the Si~111! surface. The structurally anisotropi
single-domain Au-induced Si~111!-532 system shows
strong optical anisotropy in the direction perpendicular to
apparent Au chain length. This optical anisotropy is una
biguously attributed to the effects of transverse bonding
the @112̄# direction within the Au-induced chain structure
on the 532 terraces.
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