
PHYSICAL REVIEW B 15 MARCH 1998-IVOLUME 57, NUMBER 11
Au/H:Si „111…-„131… interface versus Au/Si„111…-„737…

C. Grupp and A. Taleb-Ibrahimi
L.U.R.E. Centre Universitaire de Paris-Sud, 91405 Orsay, France

~Received 7 August 1997!

The room-temperature growth of gold on Si~111! surfaces has been directly compared for nonreconstructed
hydrogen-terminated surfaces and the bare 737-reconstructed surface by means of high-resolution core-level
and valence-band photoelectron spectroscopy and Auger spectroscopy. The growth modes show strong differ-
ences with gold island formation on the passivated H:Si(111)-(131) surface. Silicon segregated on top of the
deposited gold film is seen for both interfaces. The Schottky barrier is only weakly affected by the hydrogen
termination.@S0163-1829~98!01508-2#
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I. INTRODUCTION

Hydrogenation of silicon surfaces byex situwet chemical
processing yielding high-quality nonreconstructed surfa
has led to numerous studies of this model surface.
simple structure of this surface allows comparisons to ca
lations for nonreconstructed surfaces.1 The high degree of
order and passivation makes it an ideal starting point for
analysis of model interface formation. Surface passivatio
known to influence the growth mode of adsorbates and
lead to modified interface structures. Whether macrosco
electronic properties~e.g., Schottky barrier height! are gov-
erned by the bulk properties of substrate and adsorbat
entirely determined by the interface structure has been a
troversial issue ever since interfaces are studied. Much o
controversy arised from different preparation methods yie
ing different interface quality. By now surface science tec
niques give better control of sample preparation. Modifi
tion of the interface structure by an intercalated passiva
layer in combination with comparative studies should sh
new light on the subject. Interfaces formed with silver,2–4

aluminium,5,6 cobalt,7 nickel,8 copper,9 and lead10 have been
studied as well as the influence of hydrogen termination
the growth of metal phtalocyanides,11 indium phosphite,12

and silicon13 on silicon surfaces. In many cases the hydrog
termination induces island growth5,7,8,3 or promotes the
growth of epitaxial films2,13,4,12compared to the bare silico
surface. The intercalated hydrogen layer is partially remo
by the growth.2,7,3,8 The aim of this letter is to present th
influence of hydrogen passivation on the properties of a
active interface like Au/Si~111!. In order to improve the re-
liability of the different techniques used for sample prepa
tion and spectroscopy, a direct comparative study of bare
hydrogen-terminated surfaces is chosen. This approac
necessary if the differences between the studied system
small and possibly related to the preparation~e.g., different
adsorbate coverages!.

II. EXPERIMENT

The experiments were carried out at the SuperA
~LURE! 800 MeV synchrotron on high-resolution beamlin
SU3 equipped with a PGM-monochromator upgraded
spherical mirror optics. Overall energy resolution is bet
570163-1829/98/57~11!/6258~4!/$15.00
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than 40 meV over the whole energy range. The angular
ceptance of the analyzer is less than 2°. Samples are cle
by chemical growth of a thin oxyde film14 which is desorbed
in situ at 850 °C yielding a sharp 737 reconstruction as
checked by low-energy electron diffraction~LEED!. This
low-temperature preparation results in contamination-f
well-ordered surfaces and avoids dopant surface segrega
Hydrogenation of the samples is done by exposure to ato
hydrogen. The 737-reconstructed surfaces are held at a te
perature of approximatively 400 °C and exposed to 10 00
hydrogen15,16 facing a tungsten filament heated to 1800 °
Since the H:Si(111)-(131) surface is practically inert it is
possible to process two samples on the same sample h
and then desorb hydrogen from one of the samples to res
a perfect 737 reconstruction without affecting the pass
vated surface. Deposition of gold on both 131 and
737-reconstructed surfaces at the same time leads to i
tical coverages. Simultaneous processing and analyzin
the two systems under the same conditions allows a t
comparative study.

III. RESULTS AND DISCUSSION

A. Surface quality

The hydrogenation restores the 131 symmetry of the
bulk and should destroy the Fermi-level pinning of t
737 reconstruction. This has been confirmed for chemica
processed samples.10 From LEED, valence-band and core
level spectra an excellent 131 termination is found for
samples exposed to atomic hydrogen even at room temp
ture. Processing ofp- and n-type samples under the sam
conditions shows that Fermi-level depinning is only achiev
for hydrogenation at temperatures around 400 °C, where
process of stacking fault removal is not kinetically limited15

The surface quality is illustrated by Si2p core-level spectra
measured on both surfaces atT;30 K in order to reduce
thermal broadening~Fig. 1!. On the 737-reconstructed sur
face the large number of inequivalent chemical environme
makes the interpretation of the spectra difficult17 and broad-
ens the identified contributions. The metallicity of this sem
conductor surface seen in the valence-band spectra~Fig. 3!
leads to a background of scattered electrons fitted by an
tegral in Fig. 1. This scattering adds an asymmetric broad
6258 © 1998 The American Physical Society
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57 6259BRIEF REPORTS
ing to the spectral components. For the hydrogenated sur
the high symmetry of the 131 bulk termination gives rise to
two narrow Si2p doublets identified as a bulk and a surfa
contribution.1 This surface is semiconducting as the u
pinned surface Fermi-level coincides with the bulk Ferm
level position fixed by the doping. There is no scatter
background and the linewidth of the spectral component
remarkably small@130 meV and 190 meV full width at half
maximum~FWHM! for the bulk and the surface componen#.
Introducing a Lorentzian lifetime broadeningGL;40 meV
and the Gaussian widthGR;40 meV of the resolution yields
a phonon broadening ofGPhonon;100 meV at this tempera
ture.

B. Auger and valence-band photoemission

The growth mode of gold on H:Si(111)-(131) and
Si(111)-(737) is studied by Auger spectroscopy. Bo
samples are studied at the same time. The layer-by-la
growth mode for the Au/Si~111! interface is used as a refe
ence to compare relative intensities and coverage. For
Au/H:Si(111)-(131) interface the Si~LVV! and Au~NVV!
Auger peak intensities show strong differences~Fig. 2!. The
linear increase and decrease of the Au~NVV! and Si~LVV!
peak intensities, respectively, point to island growth for g
coverages beyondQ;0.5 ML. The Si~LVV! splitting for
higher gold coverages18 related to silicon in gold environ
ment is seen for both interfaces. This will be discussed in
following paragraphs. The valence-band spectra of the
drogenated surfaces~Fig. 3! show the characteristic peaksa

FIG. 1. Si2p core-level spectra of Si(111)-(737) and
H:Si(111)-(131) recorded athn5130 eV andT;30 K with nor-
mal photon beam incidence andQe545° emission angle. The bulk
and surface contributions are labeledB andS, respectively.
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FIG. 2. Auger signal of silicon and gold for different gold cov
erages on Si(111)-(737) and H:Si(111)-(131). Above Q;0.5
ML the growth mode on the hydrogenated surface is island t
while gold grows in layer-by-layer mode on Si(111)-(737).

FIG. 3. H:Si(111)-(131) and Si(111)-(737) valence band at
hn517.5 eV in K point for different gold coverages. The pea
labeleda attributed to the Si-H bond remains for coverages beyo
2 ML.
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anda8(;300 meV FWHM) attributed to the Si-H bond an
to the Si-Si backbond, respectivly.1 On the Si(111)-(737)
surface the local electronic properties reflected by
valence-band spectra are immediately affected when go
deposited. For Au/H:Si(111)-(131) it is a mere superposi
tion of the valence-band spectra of H:Si(111)-(131) and
gold. The peak labeleda is still visible for coverages beyon
Q52 ML. This is explained by island growth mode i
agreement with the Auger study.

C. Core-level spectroscopy

High-resolution photoelectron spectroscopy of the Sip
and Au4f core levels gives information about the chemic
environments of silicon and gold. The Si2p core-level spec-
tra recorded athn5130 eV with a probing depth ofl
;5Å ~Fig. 4! were all taken at the same time as the valen
band spectra~Fig. 3!. Deposition of gold shifts the Si2p core
levels to lower binding energies for both interfaces as
Schottky barrier is formed. An additional Si2p doublet
shifted to higher binding energies appears. It is attributed
silicon segregated on top of the deposited gold film.19 The
position and intensity of this component stabilizes forQ
<2 ML coverage on Si~111! and Q;4 ML coverage on
H:Si(111)-(131) indicating that the segregated silicon sk
is completed. It remains stable for higher gold coverag
The Au4f core levels have been studied at the same ti
The splitting of the Au4f core levels for high gold coverage
associated with the delayed onset of a Au4f signal from bulk
gold below the segregated silicon skin19–21 has been con-
firmed for both interfaces. The splitting is already seen
low gold coverages on the hydrogen-terminated surface. T
is explained by a larger bulk gold contribution from island
The growth mode as read from Auger and photoemiss

FIG. 4. H:Si(111)-(131) and Si(111)-(737) Si2p core levels
recorded in surface-sensitive mode (hn5130 eV! for different gold
coverages. The appearence of a Si2p doublet shifted to higher bind
ing energy is related to silicon segregated on top of the depos
gold film.
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yield shows that island coalescence is reached forQ;4 ML
in agreement with the coverage found for the completion
the segregated silicon skin.

D. Schottky barrier

Schottky barrier formation is monitored by the moveme
of the Si2p core levels after gold deposition. From the ins
in Fig. 5 it is seen that the Si2p core-level position has to be
related to the valence-band maximum. Since both the hyd
genated and the bare 737-reconstructed surface are studi
at the same time the relative comparision of the Schot
barrier heights is very accurate. Five hydrogenated sam
(p and n type, different doping levels! have been studied
The measuredp- and n-type Schottky barriers follow the
relation EG5FSchottky(n)1FSchottky(p) . The averaged
Schottky barrier height is found to beFSchottky(n)50.75
60.04 eV, which is very close toFSchottky(n)50.81 eV for
Au/Si(111)-(737). The evolution of the Schottky barrie
with coverage ~Fig. 5! shows differences between th
hydrogen-passivated and the bare interface for coverageQ
;122 ML.

The Si(111)-(737) and the H:Si(111)-(131) surface
are basically different. While the 737-reconstruced surfac
is highly reactive and very complex the 131-terminated sur-
face passivated with hydrogen is a nonreactive model
face. As one might expect the deposition of gold on tho
surfaces yields different growth modes. On t
737-reconstructed surface the reconstruction is immedia
affected and surface states disappear. On the nonre
structed surface passivated with hydrogen the growth m
is clearly three dimensional even if the nucleation proces
surface defects for low coverages is not easy to interp
Surface states related to the 131 termination remain visible

ed

FIG. 5. Position of the Fermi level relative to the valence-ba
maximum as a function of the coverage. The inset illustrates
relation between the Si2p core-level position and the Schottky ba
rier formation. For the clean surfaces the unpinned Fermi-level
sition of the H:Si(111)-(131) surface~light n doping! coincides
with the pinning of the 737 reconstruction.
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57 6261BRIEF REPORTS
for coverages beyond two monolayers. The formation o
segregated silicon skin on top of the deposited gold film
seen for both interfaces. For the bare Au/Si~111! interface
this silicon skin is found to stabilize forQ;2 ML gold
coverage, which is less than half the stabilization cover
found in earlier studies.19 This confirms that there is pract
cally no intermixing of gold and silicon, neither at the inte
face nor at the top of the deposited gold. On the hydrog
terminated surface the film stabilizes atQ;4 ML after gold
island coalescence. The Schottky barrier height for high g
coverages is very similar for the Au/H:Si(111)-(131) and
the Au/Si~111! interface. Significant differences are only o
served during island growthQ;0.524 ML. Since there is a
strong silicon segregation the hydrogen termination is c
tainly affected at the island nucleation sites. Assuming
hemispherical island shape the coalescence coverageQ;4
ML leads to a mean distanced;30 Å between the nucleatio
sites. Even though some hydrogen remains at
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interface2,7,3,8the Schottky barrier height can be the same
the bare and the hydrogen-modified interface. This has b
found for interfaces formed with silver.3,22

IV. CONCLUSION

In conclusion we find from the comparative study
Au/H:Si(111)-(131) and Au/Si(111)-(737) that hydrogen
termination of Si~111! enhances the surface diffusion leng
and thereby modifies the growth mode of Au/Si~111! from
two dimensional to three dimensional. During island grow
the electronic properties of the clean and the modified in
face differ slightly. Segregation of silicon indicates that t
hydrogen passivation is partially destroyed. Island coa
cence for higher coverages leads to identical Schottky ba
heights for both interfaces. The estimated density of nuc
ation sites, which are supposed to supply the segregated
con, is high enough to force the macroscopic electronic pr
erties to be those of Au/Si~111!.
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