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Sharp high-resolution Si 2p core level on the Sb-terminated Sil11) surface:
Evidence for charge transfer
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An Sb/S{111)v3 X v3 surface has been studied by high-resolution core-level spectroscopy. All the compo-
nents of the Si P core level related to the clean surface have disappeared, and one strong Sbh-induced
component could be identified at a binding energy.13 eV with respect to the bulk peak. Such a component
is mainly due to charge transfer between Si atoms at the top layer and Sb trimers. Two more small components
are observed: one at0.29 eV, due to Sh atoms residing at a different position, and orédt4 eV, due to
local disorder. On the Sig2core level taken in bulk sensitive mode, we found a very narrow bulk component
with a total full width at half maximum of 140 meV &t=100 K.

[. INTRODUCTION into components that are representative of the surface and the
bulk. By taking into account the Lorentzian broadening re-
The interaction of antimony with Si surfaces is of greatlated to the core-hole lifetime and the Gaussian broadening
interest, since Sb is an important dopant material used in Shtroduced by the experimental resolution, it is possible to
molecular beam epitaxy and is used as a surfactant for Ge/8ktract the phonon and inhomogeneity broadening for the
heterostructurek? Core-level spectroscopy was extensively surface and bulk components.
used to study Sb-terminated (800),>* Si(111),>° and In this paper we report on a high-resolution core-level
Si(110 (Ref. 7) surfaces with some controversial results duespectroscopy study of the Sh{811)v3 Xv3 surface at 100
to the limited energy resolution. In the case of StS0) K, utilizing a total-energy resolution better than 70 meV.
(Ref. 4 and Sb/Si110 (Ref. 7) surfaces, the improved en- Under these conditions, we could easily identify a surface-
ergy resolution of the third-generation synchrotron radiationinduced componentdue to Sb atoms adsorbed in a trimer
facilities has shown the presence of a strong interfacial comeonfiguration, shifted by +0.13 eV (i.e., towards higher
ponent(S) shifted 0.2 and 0.24 eV, respectively, on the highbinding energy with respect to the bulk gné& small com-
binding-energy side with respect to the bulk peak. Such gonent is present on the high kinetic energy side-8t14
shift has been explained as mainly due to charge transfeV, resembling th€ component observed on the SKASIO)
caused by the electronegativity difference between Sb and %ind Sh/SHL.10) surface$:’ Another small contribution$')
atoms?’ In both surfaces, a small compone() was is present at-0.29 eV and is due to Sb atoms residing at a
present on the high kinetic-energy side and suggested to lbifferent position. On the Si R core level taken in bulk
due to surface defecfs. The 1 ML Sb-terminated §i11) sensitive mode al=100K, we found a very narrow bulk
surface exhibits a/3xv3 reconstructioh composed of Sb  component with a total full width at half maximu(@WHM)
trimers regularly residing above the top layer of silicon at-of 140 meV, which is indicative of an ideal bulk termination.
oms onT4 sites’*! Some minor contributions are observed
as Sb trimers residing orH3 sites or as different
reconstructions! Suchv3xv3 reconstruction is still contro- Il EXPERIMENT
versial, since in one core-level study no surface components The measurements were performed on the high-energy
were observed in the Sif2core leveP Another group, by resolution VUV beam lin¥ at Elettra in Trieste, Italy, which
making similarities with some other surfaces, has shown, iprovides high photon flux in the range 20—900 eV. For all
the fit procedure of the Sif2 spectrum, the presence of an measurements a hemispherical analyzer with an angular
interfacial component shifted0.2 eV on the high-binding- resolution of=1° was used; the axis of the analyzer was at
energy side with respect to the bulk p&ak. 45° from the sample normal. A total-energy resolution better
Core-level photoemission is also a sensitive probe fothan 70 meV has been derived from the Fermi level of a gold
studying the effects of the different coordination at the sur<foil mounted on the sample holder. The sample temperature
face: in fact, each core-level spectrum can be deconvolvedias measured with a Chromel-Alumel thermocouple in close
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FIG. 1. A set of Si 2 core-level spectra acquired from the integrated background has been subtracted.

Sh/S{111)v3 Xv3 surface obtained with a resolution &f70 meV

for various photon energie@s indicates trons with higher kinetic energy are on the tail of the second-

ary ones, and an integrated or a linear background needs to
contact with the sample holder. Before insertion into thebe subtracted; no differences in peak positions are observed
vacuum chamber, the silicon sampke doped, 32 cm), was in our fits within the experimental uncertainty. The theoreti-
degreased and etched according to the Shiraki procédiurecal line shape of each component is a Voigt function, that is
In ultrahigh vacuum it was thoroughly outgassed at 500 °Ca convolution of a Lorentzian that represents the natural line
and then annealed at 950 °C for 10 min. Sb was evaporateshape and a Gaussian that represents broadening contribu-
from a thoroughly outgassed Knudsen cell at a rate of 0.5ions, both instrumentallimited experimental resolution
ML/min, as monitored with a quartz microbalance. 1 ML of from the monochromator and analyza@nd material related
Sh is defined as the site density for the unreconstructed sufphonon excitation and surface inhomogeneities giving rise
face, which is 7.8% 10**atoms/cr. The pressure during Sb to structures with slightly different binding energietn all
deposition and sample heating did not exceed 1.@he Si 2o spectra the splitting between the two spin-orbit
X 10" °Torr. Core-level spectra for the Sh(S11)v3xv3 components is fixed at 0.6 eV; the origin of energies is taken
surface were recorded from a surface obtained by evaporaés the Si 5/, peak of the bulk component B, and increasing
ing 2 ML of Sb onto a clean X 7 surface(prepared accord- binding energies are counted positive. Which Lorentzian
ing to the procedure described abpteld at about 600 °C, a should be used to fit the Sip2core level? Results from
temperature at which only 1 ML of Sb sticks to the surface.gas-phase Si [2 core-level spectroscopy of SiHgive a

Core-level spectra were recorded at several photon enetorentzian width of 45 meV* while a value of 35 meV was
gies between 107 and 165 eV that result in kinetic energiessed in the study of the chemically prepare I.:H
between 3 and 61 eV, respectively, for the Bidlectrons. A surface'® Silicon surfaces, cledh'’ and after Sb
kinetic energy around 30 eV corresponds to a minimum esabsorptiorf:”1” could be fitted with either 20 or 80 meV. We
cape depth of about 5 A, thus maximizing the surface layehave, however, used a Lorentzian width of18meV, be-
contribution to the Si P emission. In the case of electrons cause it is the expected theoretical vafuand it gave a
with a kinetic energy of 3 eV the escape depth is markedlybetter fit for the most bulk-sensitive spectra. However, the
larger and we consider the 107 eV spectrum to be represespectra in this study can be fitted with a different Lorentzian
tative of the bulk. width without altering any conclusion in this pagér.

In the analysis, the experimentally obtained spectrum is All fitting parameters have been held constant for all
normally decomposed into ori¢he bulk line plus eventu- spectra. With the above described procedure and values it
ally several other componentsew components in addition was possible to achieve high-quality fits of all spectra with a
to the bulk ong which may represent different contributions variation of the surface core-level shifts within5 meV.
from atoms with different binding energies in the surface
region. The experimentgl spectrum lies on a back_ground of Il EXPERIMENTAL RESULTS AND DISCUSSION
secondary electrons: this background must be adjusted dur-
ing the fitting procedure. In general, low-energy electrons Figure 1 shows a set of high-resolution $ 2ore-level
(few eV) are around the maximum of the secondary ones, sepectra taken at normal emission with various photon ener-
that a polynomial background needs to be subtracted; elegjies, corresponding to different surface sensitivities, from a
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FIG. 3. Bulk-sensitive Si @ core-level spectrum from the FIG. 4. A typical photoemission spectrum of the St dore

Sb/S(111)v3Xv3 surface taken at normal emission wihv |evel. In the fit a spin-orbit splitting of 1240 meV has been used,
=107 eV. The different contributions introduced in the fit are dis- gnd 3 linear background has been subtracted.

cussed in the text. All components refer to the bulk 82, and a

polynomial background has been subtracted. fitted with two components, Sband Sh. The Gaussian

width is 0.3 eV, while the Lorentzian width is 0.18 eV for

Sb/S{111)v3Xv3 reconstruction. The spectra taken with the both components. The 0.84 branching ratio is in good agree-
lowest photon energies have a dominant bulk contributionment with a previous result from Luét al?° that found such
while the surface contribution becomes, obviously, more im-a value in the case of an Sbh(811) surface, for an electron
portant by increasing the photon energy, broadening the Siinetic energy around 100 eV. These fitting parameters are
2p core-level spectra. the same as in the case of the S $0)2 X 3 surface, where

Figure 2 shows the measured spectrum for aa single doublet is needed to fit the St dore level. In the
Sh/S{111)v3xv3 surface together with Sif2 components case of Sh/$111)v3 xXv3, a second small component ($b
produced by the fitting procedure fom=139eV and 70° is needed in order to obtain the best quality of the fit, and we
emission angle. In this case the surface sensitivity is furthetake the two resulting doublets to accurately represent the Sh
increased due to the reduction in escape depth following théd core-level line shape. This result is indicative of Sb atoms
increased electron emission angle. The black dots are thes adsorbed, mainly, in a single bonding configuration with
measured data while the bulR) and surface contributiof§, ~ the formation of trimerS=*! The second component indi-
S’, andC), both offset in the vertical direction for clarity, are cates the presence of another absorption site, so that some Sbh
the result of the deconvolution. The solid line running atoms are residing at a different positith.
through the data points is the overall fit, and an integrated Figure 5 shows the fraction of total intensity for the de-
background has been subtracted. The presence of one stroogmposed components of the S 2ore level obtained from
surface componerif) around+0.13 eV and two other small

component$S’ andC) around+0.29 and—0.14 eV, respec- 70
tively, is evident from the fitting procedure. The sm&ll Bo SbISI(111V3 X3
andC components are needed to obtain decompositions into 07 Si2p
four components with the same energy shifts and widths for g =
all spectra. % %7

Figure 3 shows a core-level spectrum acquired from a % 0 o g ©° g o B
Sb/S{111)v3 Xv3 surface at normal emission for 107 eV i o o % o o
photon energy together with its fitted components: due to the s o o
chosen photon energy, the spectrum has a dominant bulk % s o
contribution(B) over the three small Sh-induced components 5 24
(S ', andC). The spectrum of Fig. 3 closely resembles in g
shape the Si @ of an ideally H-terminated $i11)-H(1 10 g ® ¥ woug X
x 1) surface® in this context we support the view of an g.X
ideal bulk position for the Si atoms after Sb passivation. 0 T . . . . T

100 110 120 130 140 150 160 170

However, the measured width of the Voigt function, 140
PHOTON ENERGY (eV)

meV against 160 meV, is narrower in the case of a

Sh/Si111)v3 X3 surface; such value is the narrowest ever FIG. 5. Fraction of total intensity for the decomposed compo-

found experimentally for Si g core level. nents obtained from fits of the Sh($11)v3xv3 surface recorded
The Sb 4 core level(Fig. 4), taken at normal emission, is at normal emission.
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the fits of the Sh/$111)v3xv3 spectra recorded at normal atoms; in fact, the largest shif0.24 e\) is observed for the
emission with different photon energies. It clearly shows thaSb/S{1102Xx 3 (Ref. 7) surface where Sb is adsorbed as a
the surface componer® has maximum weight around 140 single adatom,; in the case of a SK1%I02x 1 (Ref. 4) sur-

eV, as expected, while the bulk component reaches its miniface, Sb forms symmetric dimers at the surface with a shift
mum. TheS’ andC components have a very small intensity of 0.21 eV, while in the case of a Sb{$11)v3 X v3 surface

in all the spectra and show a slight increase in intensity whetve have the formation of trimers with a resulting shift for the
the photon energy is changed to get higher surface sensitivd component of 0.13 eV. These differences could claim the
ity. The C component is observed also on the SH8)2  interplay of final states screening effects and charge transfer
x 1 (Ref. 4 and Sb/Si1102x 3 (Ref. 7) surfaces at similar  With the possibility of additional bond rotation and distortion
binding energy; this, together with the fact that the comprescontributions to the core-level shifts, which are generally dif-
sive strain induced by the mismatch in lattice size betweeiferent for different crystallographic orientations. In this re-
Sb and Si should cause numerous vacancy and antiphasgect,ab initio density-functional theory calculations of the
defects in the Sb overlayer, suggests that it might be due taurface core-level shifts;?* taking into account final state
defects at the Sb-Si interfade'! The S’ component was not  €ffects, are needed to associate the observed position of the
observed on the other Sb-induced surfaces, as well as tf& 2p component with charge transfer or with building
second Sb component (§tobserved in the Sbhdispectrum;  blocks of the different surface reconstruction.

the fact thatS' is positioned at an energy that is very close to
that of the S component on the Sb/@i102x 3 surface,

opens the possibility of its being related to single adatoms We have performed high-resolution core-level spectros-

sat?ratm? thfre(: Stfr'] atoms, as 'St the <I:as_e for the S.ul%' copy of an Sh/S111)v3Xv3 surface. The sharp spectra re-
surtace. In fact, the scanning tunneél microscope | €S yealed one strong Sb-induced component at approximately

show the presence of some minor trimer structures with a 413 eV with respect to the bulk one. Due to the strong

bonding distance. betwgen St.) atoms larger than the majorit¥imilarity with core-level results of Sb/&i102x3 and
of Sb trimers. This configuration is very close to single ada'Sb/S(loo)Zx 1 surfaces, such components are ascribed to

:ﬁgtsr"n%z:no:‘ht?\gasserfgfcg 'SsdgOt)af;j%suggcaetb-lr:nhslsar:??rmserbe mainly due to contributions from charge transfer between
u : v y : i and Sb atoms adsorbed in a trimer configuration. Two

plus a small part is covered with the same reconstruction b ore small components are observed: one-8129, due to

with single Sb adatoms and a small percentage of singlgb atoms residing at a different position, and one-at14,

trimer vacancies. due to local disorder. A very narrow bulk component with a

The abserved sh!fted componeftan be due to charge total (FWHM) of 140 meV atT=100K has been observed
transfer between silicon atoms at the topmost layer and th8n the Si  core level taken in bulk-sensitive mode

adsorbed Sb atoms with the silicon ones remaining positively
charged, and/or to a local rearrangement of the topmost sili-
con atoms following Sb adsorption. Even though electro-
negativity arguments are a very crude approximation in the We are grateful to Mario Capozi for expert help. We
interpretation of such a chemical shift, we would like to dis-would also like to thank the entire staff of Elettra for their
cuss the core-level results by comparing our data with preessential help. Work supported by the Italian National Re-
vious core-level studies of Sbi(3iL02x3 (Ref. 7 and search Counci{CNR), by the Ecole Polytechnique Beale
Sbh/S{1002x 1 (Ref. 4 surfaces. The shifts for these three de Lausanne, and by the Fonds National Suisse de la Recher-
surfaces(0.13, 0.24, and 0.21 eV, respectivelgre very che Scientifique. Elettra is a national facility open to inter-
similar, suggesting the dominant role of charge transfer. Th@ational users and supported by the Sincrotrone Trieste
small difference between the shift of tBeomponents might SCpA, by the CNR, by the INFM, and by the European
be related to the the different geometry of the adsorbed SEommunity.

IV. CONCLUSIONS
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