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Abstract 

The initial stages of interface formation between In, Sb, Sn, and Ag 
adsorbates and the Si(100)-(2 x 1) surface have been examined with high 
resolution core-level photoemission spectroscopy. In each case, the Si 2p 
surface-shifted core-level component is seen to be converted into a com- 
ponent which is indistinguishable from the bulk component through adsorp- 
tion. The average number of Si surface dimer atoms modified in the presence 
of an adatom, which is referred to as the adsorbate-to-Si bonding coordi- 
nation number (BCN), is obtained for various coverages. The relative homo- 
geneity of the adsorbate site bonding is evaluated by examining the line 
shapes of the adsorbate core-level spectra. The In-to-Si BCN is 3 for very low 
coverages and decreases to 2 for 1/2-monolayer coverage. The results are 
consistent with an In/%( 100)-(2 x 2) structural model which involves sp2 
hybrid bonding of In dimers. The Sn 4d core levels reveal the existence of two 
different Sn bonding sites which form sp’ and s2p2 hybrid bonding configur- 
ations; a structural model for the Sn/Si(IOO)-c(4 x 4) is presented. The 
Ag-to-Si BCN measurement indicates that adsorbed Ag forms linear sp 
hybrid bonds between two neighboring Si dimers along the direction of 
dimerization at low coverages. Sb chemisorption is found to yield a BCN 
behavior similar to that of In. 

1. Introduction 

In order to fully assess the potentiality for attaining and 
optimizing the epitaxial growth of high-quality thin films on 
clean semiconductor substrates, it is essential that the basic 
electronic, chemical, and structural properties during the 
initial stages of interface formation be well established. Despite 
the significant volume of experimental and theoretical 
research performed to ascertain the structural configurations 
of clean and adsorbate-covered surfaces, definitive atomic 
geometries are known confidently for only a handful of 
systems. The dimer nature of the Si(100)-(2 x 1) surface has 
been confirmed through scanning tunneling microscopy 
(STM) [I], and this rudimentary structure, possessing one 
dangling bond per surface atom, provides a convenient gauge 
for examining basic adsorption processes occurring at the 
atomic level. In this report, we examine the adsorption of In 
[2], Sb [3], Sn [4], and Ag [5], on the Si(100) surface using 
high-resolution core-level spectroscopy and high-energy elec- 
tron diffraction (HEED). Surface atoms existing in inequi- 
valent sites due to reconstruction and chemisorption often 
exhibit binding energy shifts which are measurable with 
photoemission. The average number of Si surface dimer 
atoms which are modified in the presence of an adsorbate 
atom, which we term the adsorbate-to-substrate bonding 
coordination number (BCN), is obtained by analyzing the Si 
2p core-level line shape for various submonolayer adsorbate 
coverages. An examination of the adsorbate core levels is 

used to evaluate the variability in the adsorbate-site bonding. 
From the photoemission and HEED results, the number of 
possible atomic structures for the adsorbates are reduced and 
models are presented. Because of space limitations, some 
details are referred to previous reports [2-51. 

2. Experiment 

The photoemission experiments were carried out using syn- 
chrotron radiation from the University-of-Illinois beam line 
on the 1 GeV storage ring at the Synchrotron Radiation 
Center of the University of Wisconsin-Madison at Stoughton, 
Wisconsin. Light from the ring was dispersed by an extended- 
range grating monochromator [6]. An angle-integrating 
hemispherical analyzer was used for collecting and analyzing 
the photoelectrons. The bulk- and surface-sensitive Si 2p 
core-level spectra were taken with photon energies of 108 eV 
and 140-1 50 eV, respectively. The overall instrumental 
resolution was - 0.2 eV. The photoemission chamber also 
had the capabilities of HEED, Auger spectroscopy, and 
molecular beam epitaxy (MBE). 

All samples used in this study were n-type Si( loo), having 
a resistivity of - 100-cm. The samples were cleaned by 
Ohmic heating to about 1100°C for 10s; this produced a 
sharp (2 x 1) 2-domain HEED pattern. The In, Sb, Sn, and 
Ag overlayers were prepared by evaporation from electron- 
beam heated crucibles with a typical rate of 1 monolayer 
(ML) per minute. In this paper, 1 ML of the adsorbate is 
defined as 6.8 x atom/cm2, which is the site density for 
an unreconstructed Si( 100) surface. Owing to the dependence 
of the various adsorbate-induced reconstructions on the sub- 
strate temperature, different sample-preparation tempera- 
tures were used for the various adsorbates. The In and Ag 
were deposited at approximately room temperature. For Sb 
the substrate temperature was maintained at N 350°C; at this 
temperature, the Sb coverage saturates at about 1 ML [3]. 
The room temperature as-deposited Sn surfaces were 
annealed at 550°C for 2 min; the annealing does not cause any 
loss due to evaporation or bulk incorporation. All samples 
were allowed to cool to near room temperature before the 
photoemission experiments. 

3. Results and Discussion 
3.1. Si core-level spectra 
A few typical surface-sensitive Si 2p core-level spectra (dots) 
are shown in Fig. 1 for the clean and Sb-covered Si(100) 
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Fig. 1. Si 2p core-level spectra (dots) taken with a photon energy of l5OeV 
for the clean Si(100)-(2 x 1) and Sb-covered Si(100) surfaces. The Sb 
coverages are indicated. The solid curves are the result of the fit to the data. 
The decomposition of the spectra into the bulk (B) and surface (S) contri- 
butions are shown by the dashed and dashed-dotted curves, respectively. 
The relative binding energy scale is referred to the Si 2p,/, core-level com- 
ponent of the bulk contribution. 

surfaces. The spectrum of the clean surface at the bottom of 
Fig. 1 shows a distinct hump on the lower binding energy side 
of the main spin-orbit split peaks, which is indicative of a 
distant surface core-level shift [2-5, 71. The decomposition of 
the spectrum into bulk (B) and surface (S) contributions are 
shown and the nonlinear least-squares fitting procedure has 
been discussed previously [2-5, 81. The solid curve running 
through the data points is the overall fit. 

The Si 2p core-level spectra for the adsorbate-covered 
surfaces were analyzed in the same fashion as for the clean 
case; some of the spectra are shown in Fig. 1. The intensity 
of the surface component is seen to decrease with increasing 
Sb coverages, and its positions remains fixed relative to the 
bulk component. The behavior of the Si 2p spectra for In, Sn 
and Ag deposited on Si(100) is very similar, and for each 
system the highest coverage which shows a barely detectable 
S component emission is - 0.5 ML [2-51. The suppression of 
the Si surface core-level shift with adsorbate coverage is due 
to the direct bonding between the adsorbate and the surface 
Si atoms, which saturates the Si surface dangling bonds and 
causes the Si surface atoms to become four-fold coordinated 
as in the bulk [2-51. Since the binding energy of the reacted 
Si dimer atoms shifts toward a position which is indistin- 
guishable from the bulk emission, the bonding is essentially 
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Fig. 2. Adsorbate-to-Si( 100) bonding coordination numbers (BCN) as a 
function of adsorbate coverage. The different symbols correspond to dif- 
ferent adsorbates as indicated. For some coverages, more than one data 
point is shown, corresponding to independent measurements. The data 
scattering for each adsorbate is due to the limited experimental precision. 

covalent in nature. The binding-energy shift caused by 
adsorption is intimately related to the electronegativity differ- 
ence between the adsorbate and the substrate [9, IO]. The 
electrostatic potential at the core is sensitive to the redistribu- 
tion of valence charge resulting from chemical bonding [9]. 
Since the electronegativities of In, Sb, Ag, Sn and Si are all 
similar [I  13, it is expected that the reacted Si surface atoms 
should possess a binding energy similar to the bulk value. 

By performing an in situ comparison of Si(100)-(2 x 1) 
with Si(] 11)-(7 x 7), the number of dimer atoms on Si(100)- 
(2 x 1) which contribute to the S component has previously 
been measured to be 0.92 k 0.07 ML [12]. From the intensity 
reduction of the S component, the average number of Si 
surface atoms which are modified in the presence of an adsor- 
bate atom, which is the BCN, has been calculated [2-51. The 
results are shown in Fig. 2 for the In, Sb, Sn, and Ag covered 
surfaces as a function of the adsorbate coverages. The uncer- 
tainty in the dimer-atom population of the clean surface leads 
to a systematic error of about 8% in the data; random 
fluctuations are due to the limited experimental precision. 
The BCN data in Fig. 2 show basic trends among the various 
adsorbates. For each adsorbate it is apparent that the BCN 
gradually decreases as the coverage approaches 0.5 ML. 
Since - 0.5 ML is the highest coverage which shows a barely 
detectable S component, the BCN is rigorously defined only 
up to this point. The In and Sb adsorbates show a similarity 
in the BCN behavior; the BCN is seen to be about 3 for 
coverages less than - 0.1 ML and gradually decreases to 2 for 
coverages approaching 0.5ML. Likewise, Sn and Ag show 
similar behaviors, with the BCN remaining close to 2 for 
lower coverages while exhibiting a slight decrease for higher 
coverages. 
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Fig. 3. The Sn 4d core-level spectra (circles) taken with a photon energy of 
80 eV for various Sn coverages on Si( 100). The solid curves are the result of 
a fit to the data. The decomposition into the SI and S2 contributions are 
shown by the dashed and dotted curves, respectively. The binding-energy 
scale is referred to the Fermi level. 

3.2. Adsorbate core-level spectra 
Information assessing the adsorbate-site bonding can also be 
acquired from the adsorbate core-level line shapes. Figure 3 
shows the Sn 4d core-level spectra for various coverages, 
taken with hv = 80eV. The binding energy scale is referred 
to the Fermi level. The spectra show an additional hump 
which grows on the higher binding energy side of the main 
spin-orbit split peak for increasing coverages less than 
0.68 ML. For coverages greater than 0.68 ML, this additional 
hump diminishes in intensity relative to the main peaks. 
Thus, by this simple visual inspection, it is apparent that there 
are two distinct components. The least-squares fitting 
procedure for the Sn 4d core-levels is imilar to that described 
for the Si 2p core-level analysis. The lower- and higher-binding 
energy components are labeled S1 and S2, respectively, in 
Fig. 3. The S1 binding energy is found to closely parallel the 
Fermi-level position (as seen in Fig. 3) while the S2 binding 
energy is approximately a constant relative to the valence- 
band maximum (VBM) [4]. From the relative intensities of 
the S1 and S2 components it is possible to determine the 
population of each Sn-adsorbed site associated with the com- 
ponents for various Sn coverages. The Sn site populations are 
an important quantity, which, when used with the BCN 
measurements, will further constrain the number of possible 
structures. 

The In 4dcore-level spectra are shown in Fig. 4. Unlike the 
Sn 4d core levels, the In 4d spectra show no distinct shifts due 
to the presence of inequivalent sites. The only noticeable 
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Fig. 4.  The In 4d core-level spectra (dots) taken with a photon energy of 
80eV for various In coverages on Si(100). The solid curves are the result of 
a fit to the data. The binding-energy scale is referred to the In 4 4 ,  core level 
component. 

change in the line shape for increasing coverages is the 
increase in the Gaussian width of the peaks. The spectra were 
fitted by assuming the presence of just one component with 
variable Gaussian width. The Gaussian width is seen to be 
approximately constant for coverages less than - 0.5 ML, 
and rapidly increases to a saturation value at 1 .O M L  which 
is about 50% greater than the width measured for the lowest 
coverages. The absolute energy position of the In 4d peaks 
shifts towards lower binding energies (relative to the Fermi 
level) for increasing coverages, approximately following the 
band bending deduced from the Si bulk core and valence 
levels. The existence of only one In 4d component and its 
relative constancy in width for coverages less than - 0.5 ML 
suggest that essentially all In adatoms occupy chemically 
equivalent sites (i.e., having similar bonding configurations). 

The line shapes of the Sb 4d core levels (not shown here) 
show just one component with a constant width for coverages 
up to the saturation limit of - 1 ML, implying that all Sb 
adatoms occupy chemically equivalent sites. Ag does not 
have any intense shallow core level that can be conveniently 
studied with our instruments; thus, we have no data for 
Ag/Si( 100). 

3.3 Structural model development 

Based on the photoemission and HEED results, the number 
of allowed structural models for the adsorbate-induced 
reconstructions becomes considerably reduced and models 
which correlate well with the data have been proposed. For 
Sn/Si( loo), the BCN is seen to be - 2 for low coverages where 
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Fig. 5. A picture of structural models for various adsorbate-induced recon- 
structions on Si(100). This top view of the surface shows the first subsurface 
Si atomic layer (small dots), Si dimer-atoms (large dots), and the adsorbates 
(open circles). For Sn adsorbed on Si(lOO), the portions (a), (d), and (c) are 
used to illustrate the SI site, S2 site, and c(4 x 4) reconstruction, respect- 
ively. For In adsorbed on Si(lOO), the portions (d) and (e) are used to 
illustrate the fully developed In (2 x 2) dimer structure and a lone In- 
adsorbed site, respectively. Portion (a) is also used to indicate a lone Ag site 
position for Ag/Si(lOO). 

the Sn 4d spectra of Fig. 3 show a predominance of S1 sites. 
Figure 5(a) shows the adsorption position for an S1 site 
which is located in a bridge site midway between two dimers. 
Such two-fold bonding corresponds to a bicovalent s2p2 elec- 
tronic configuration, with an unshared s-electron pair and 
two p-bonding orbitals. In Fig. 5(b) a Sn replacement site 
describing the S2 sites is shown for which a Sn adatom 
replaces the tetrahedral configuration of a Si dimer atom. 
This replacement site should sense the full band bending of 
the Si host lattice, and indeed, the S2 site binding energies are 
found to correlate with the VBM position [4]. This is further 
supported by the BCN measurements which show that the 
Sn-to-Si BCN decreases below 2 for higher coverages which 
have a relatively greater S2 population. A Sn-induced c 
(4 x 4)  reconstruction is observed at 3/8-ML coverage from 
HEED [4, 131, and a structural model which illustrates this is 
shown in Fig. 5(c). A 4 4  x 4 )  unit cell is outlined by the 
dashed lines. The model exhibits a basis of three Sn adatoms, 
with two S1-type atoms and one S2-type atom. The ratio of 
sites S2 and S1 is 1 : 2 ,  consistent with the results of Fig. 3. 
The predicted BCN for this structure is 5/3, and agrees with 
the BCN results of Fig. 2 .  This structure, however, is not 
unique since by changing the S2-atom locations within the 
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unit cell, one can generate equally consistent structural 
models. 

For In/Si(100), HEED measurements show a (2 x 2) 
pattern which appears at low coverages and is fully developed 
at -0.5ML, followed by another In-introduced ( 2  x 1) 
pattern after 0.5ML [l, 141. The results shown in Fig. 2 
indicate that the BCN is 3 for low coverages and gradually 
approaches - 2 for coverages approaching 0.5 ML. A simple 
structure at 1/2-ML coverage is illustrated in Fig. 5(d). The 
In adatoms form dimers with the dimer bond rotated 90" with 
respect to the Si dimer bond and this results in a ( 2  x 2) 
periodicity for a coverage of 1/2 ML. The valency of In would 
indicate an approximate sp2 trigonal bonding configuration 
as shown. An isolated In adsorption position is shown in 
Fig. 5(e); In-dimerization is expected to be reduced at 
extremely low coverages where the In is mainly dispersed over 
the surface in the form of a 2-D gas [ 1,4]. The predicted BCN 
is 3, in agreememt with experiment. For coverages greater 
than OSML, the In is expected to fill in the saturated In 
(2 x 2 )  structure resulting in new bonding configurations; 
the rapid increase of the Gaussian width of the In 4d core 
level spectra of Fig. 4 for coverages in excess of 0.5ML 
confirms this. 

For Ag/Si( 100) the results of Fig. 2 indicate that the BCN 
is -2  for low coverages. Therefore, we propose the model 
shown in Fig. 5(a) for this system. Ag molecules are com- 
monly found to exist in bicovalent and linear bonding geom- 
etries (e.g., such as the covalent Ag[NH,]: and Ag[CN]; 
molecules), and the site in Fig. 5(a) is characterized by this 
kind of bonding. The Ag growth on Si(100) is known to 
involve the formation of Ag( 1 1 1) metallic islands [ 15, 161, and 
from the Ag 4d valence-band line shapes, it has been found 
that a significant Ag aggregation occurs for coverages less 
than 1 ML. Thus, the decrease in the BCN below the initial 
value of 2 for low coverage is consistent with the formation 
of Ag islands, leading to an increased Ag-Ag and a reduced 
Ag-Si interaction. 

The BCN results for Sb are similar to those for In. Since 
both Sb and In are primarily valence-3 materials, the bonding 
is expected to be similar. Our recent STM results indicate 
clearly the bonding of Sb to the Si dangling bonds; the Si 
dimer structure remains intact under an Sb adlayer which 
shows considerable disorder [3]. The disorder is likely due in 
part to the large size match between Sb and Si. 
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