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Electronic and atomic structure of thin CoSiz films on Si(111)and Si(1QQ)
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The electronic and atomic structure of very thin epitaxial cobalt silicide films was studied to provide
insight into the initial stages of interface formation. Thin CoSi2 films (3—30 A) on Si(111) and Si(100)
were studied experimentally using angle-resolved photoemission spectroscopy, low-energy electron
diffraction (LEED), and Auger electron spectroscopy, and computationally using the pseudofunction
method of Kasowski for determining the electronic band structure. The experimental and computation-
al results support the models of Hellman and Tung for Co-rich and Si-rich CoSi&(111) surfaces. The
surface-state dispersion that we measure for the Co-rich variant agrees with the behavior that we calcu-
late for the Hellman-Tung model. For the Si-rich variant, the essentially bulklike bonding environment

of the outermost Co atoms in the Hellman-Tung model agrees with the photoemission results. Prelimi-

nary results for thin films of CoSi& on Si(100) grown by a template technique show clearly a strong
dependence of film quality on the annealing temperature and initial Co thickness. A model for surface
structure is suggested that accounts for LEED and photoemission results.

I. INTRODUCTION

The closely related crystal structures and very small
lattice mismatch between Si and CoSi2 makes Si-CoSi2 in-
terfaces important both for their technological possibili-
ties' and for the study of metal-semiconductor interfaces
that are structurally nearly ideal. It has long been known
that, under UHV conditions, CoSi2 can be grown on
Si(111) surfaces to form nearly perfect uniform epitaxial
thin films. ' High-quality epitaxy of CoSi2 on Si(100) is a
more recent development. The electronic and atomic
structure of the surfaces of CoSi2 films on Si is important
for technological applications of these films because the
surface structures impose significant constraints on the
growth of thicker films. Furthermore, an understanding
of the bonding trends at these surfaces may facilitate
better film growth through temperature and deposition
control and controlled introduction of impurities to
determine surface structure.

Considerable effort has gone into understanding the
bulk, interface, and surface properties of CoSiz on Si(111).
The electronic structure of bulk CoSi2 has been studied
with band-structure calculations, ' which are largely in
agreement with de Haas —van Alphen measurements on
bulk samples. Valence-band photoemission experiments
on epitaxial films " are substantially in agreement with
computed band structure, although photoemission
features associated with less-strongly-hybridized Co(3d)
states have energy somewhat closer to the Fermi level EF
than calculated energies for the corresponding one-
electron levels. This discrepancy has been attributed to
the inadequacy of using one-electron energy levels for
describing photoemission from localized orbitals. The
dominant features in the density of states are a peak due
to nonbonding Co(3d) states at about —2.0 eV (relative

to E~) and a peak due to bonding Co(3d)-Si(3p) hybrids
at about —4.0 eV.

It has been found that different preparations of epitaxi-
al CoSiz(111) films yield different surface structures with
distinctive low-energy electron diffraction (LEED) and
photoemission behavior. " For films prepared by deposi-
tion of Co followed by annealing, a low-temperature
(420'C) anneal produces a cobalt-rich "CoSiz-Co" sur-
face, and annealing above 550'C yields the silicon-rich
"CoSi2-Si" surface. Hellman and Tung' found that
CoSi2-Co could be transformed to CoSi2-Si by the deposi-
tion of two monolayers (ML's) of Si, and the CoSi2-Co
surface could be recovered by depositing 1 ML of Co on
CoSi2-Si and annealing. The two surfaces have different
photoemission behavior, and in particular the CoSi2-Co
surface has two surface states, one dispersive and one
nondispersive, that are not found on CoSi2-Si. " To ac-
count for this difference Pirri et al. suggested that
CoSi2-Co and CoSi2-Si are bulklike CoSi2 structures trun-
cated just above and just below a plane of Co atoms, as
shown in Figs. 1(a) and 1(b). On the other hand, the
models shown in Figs. 1(c) and 1(d), which contain one
more monolayer of Si than those of Figs. 1(a) and 1(b),
seem to agree better with measured Auger peak ratios, '

LEED I-V measurements, ' medium-energy ion scatter-
ing, ' and Auger electron diffraction in CoSi2 clusters
grown with relatively low Co coverage. ' Core-level pho-
toemission studies' have presented two different inter-
pretations but are both qualitatively consistent with the
model of Figs. 1(c) and 1(d). The question, then, is
whether the observed valence-band photoemission re-
sults, particularly the surface states, are consistent with
the models of Figs. 1(c) and 1(d), in which the outermost
Co atoms are in a nearly bulklike environment with
bonds to seven Si neighbors.
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(aj CoSi2(111) supported by several other studies. For

CoSi2(100)/Si(100) the uncertainties in sample prepara-
tion make interpretation somewhat more problematic.
The photoemission results are sensitive to details of an-
nealing temperature and initial Co coverage. A model is
proposed that helps to explain the LEED and photoemis-
sion results. Comparison with calculations shows further
that the effects of finite film thickness may also be impor-
tant to understanding the spectra.

II. EXPERIMENTAL PROCEDURES

FIG. 1. Models for CoSi2(111) surfaces. Perspective view
looks roughly along the [110]direction. (a) CoSi, (111)-Comod-
el of Pirri et al. (Ref. 11). (b) CoSi2(111)-Si model of Pirri et al.
(c) CoSi2(111)-Co model of Hellman and Tung (Ref. 12). (d)
CoSi2(111)-Si model of Hellman and Tung.

While epitaxial Si(111)/CoSi~(111) interfaces of high
quality are relatively easy to produce, conduction
through an ideal (111)interface is expected to be poor be-
cause there are no electronic states in CoSi2 matching en-

ergy and parallel momentum with states near the Si
conduction-band minimum. ' Si(100)/CoSi2(100) inter-
faces, on the other hand, are expected to have these
matching states, so there is great interest in achieving
and understanding high-quality epitaxy with this orienta-
tion. Epitaxial growth of CoSi2 on Si(100) has only re-
cently been reported. Depositing a thick Co layer ()200
A) and annealing it, which on Si(111) can produce high-
quality epitaxy, on Si(100) yields a CoSiz layer with grains
of many orientations. A template growth method, how-
ever, allows CoSi2 to grow epitaxially on Si(100) with two
dominant orientations: CoSi&(100) and CoSiz(110). '
This technique is to deposit 2 A of Co at room tempera-
ture and to anneal the sample at 450'C. The proportion
of (100) and (110) grains is very sensitive to the topogra-
phy of the substrate. Other recipes involving Si deposi-
tion can produce films of predominantly one orientation.
Once a template layer is established, thicker CoSi2 films

grown by depositing Co and Si in the atom ratio
[Co]:[Si]= 1:2 followed by annealing tend to follow the
crystal orientations established in the template, As on
Si(111),CoSi2 films on the Si(100) can have cobalt-rich or
silicon-rich surfaces, with clearly different LEED pat-
terns. Samples with different fractions of (100) and (110)
grains, resulting from different preparations conditions,
do not exhibit markedly different LEED patterns.

We have studied the formation and surface structures
of thin CoSiz layers on Si(111)and Si(100) by performing
angle-resolved ultraviolet photoemission spectroscopy
(ARUPS) experiments. The experimental results are ana-
lyzed by comparison with ab initio calculations of elec-
tronic band structure for proposed atomic configurations.
This close coupling of experiment with calculations pro-
vided a powerful approach to understanding surface
atomic and electronic structure. By this means the pho-
toemission behavior confirmed the structural model for

The experiments were performed on the U4A beam
line of the National Synchroton Light Source at
Brookhaven National Laboratory. Samples were
prepared in a preparation chamber with base pressure
2 X 10 ' Torr and transferred in vacuum to an analysis
chamber for photoemission studies. Silicon samples were
cleaned with cycles of neon-ion bombardment (ion energy
1 keV) and heating to 800'C —900'C by electron bom-
bardment. The sample temperature was measured using
an infrared pyrometer. Auger spectroscopy (single-pass
cylindrical mirror analyzer; E „;= 3 keV, V,d

=2 V )

was used to verify cleanliness, with peak-to-peak ratios
I(C xIL}/I(SiL&v) of at most 0.01 and typically 0 002.
and 1(O xLL)/(SiI vv) (0.0003. The LEED patterns of
the Si(111)and Si(100) substrates were (7X7) and (2X1)
patterns, respectively, characteristic of clean, well-
ordered Si surfaces.

Cobalt layers of thickness 0.1 —10 A were deposited at
approximately 0.5 A/min by sublimation from a Co tar-
get attached to a tungsten plate and heated by electron
bombardment to 1240'C, monitored with a W/(W-Re)
thermocouple on the front Co surface. The sublimator
was contained in a collimating LX2 cryoshroud equipped
with a shutter. Immediately after typical depositions last-
ing approximately 5 min, the chamber pressure was mea-
sured at (3—5) X 10 ' Torr. The deposition rate was es-
timated with a quartz crystal thickness monitor and cali-
brated afterward using relative Auger peak heights and
ex situ Rutherford backscattering (RBS) measurements.
RBS and Auger results confirmed that this deposition
procedure produced cobalt coverages reproducible to
10%. The system was also equipped for deposition of sil-
icon by evaporation from a tantalum crucible, heated by
electron bombardment. The pressure rise during Si eva-
poration was typically & 1 X 10 ' Torr. This allowed
conversion between Co- and Si-rich variants of CoSiz sur-
faces by titration with Co or Si, so that their electronic
differences could be probed. Although Si-rich surfaces
can be produced by using a higher annealing tempera-
ture, " the high temperature can also cause morphologi-
cal changes that could affect photoemission results so Si
deposition is superior. The Si-deposition rate was cali-
brated using the transition from CoSiz(111)-Co to
CoSi2(ill)-Si, as observed with LEED. This involved
significant uncertainty. Most samples were annealed
after Co deposition; temperatures below 600'C (the lower
limit of pyrometer accuracy} were estimated by measur-
ing temperature as a function of heater power and extra-
polating toward lower temperatures. This extrapolation
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adds about +20'C to the uncertainty in temperature
measurement.

The rotatable hemispherical analyzer was typically
operated to give an overall energy resolution of hE ~0. 1

eV full width at half maximum (FWHM} and an angle
resolution of 50=1' FWHM. It was observed that the
instrumental response function of the analyzer did not
have a typical Gaussian shape, but had a less sharp drop-
off. This has the effect that the Fermi-edge cutoff is
broader than the FWHM suggests. The energy resolu-
tion of photons from the toroidal grating monochromator
was generally Ahv~0. 05-eV FWHM for ARUPS spec-
tra.

III. ELECTRONIC AND ATOMIC STRUCTURE
OF CoSi2/Si(111}

A. Photoemission experiments

CoSi2 film samples of comparable thickness were
prepared with different free surfaces, namely CoSi2-Co
and CoSiz-Si. The more Si-rich samples were grown by

0 ~
0

depositing 2-A Co followed by approximately 5-A Si on a
Si(111) substrate at room temperature and annealing to
450'C. A more cobalt-rich sample was prepared by de-
positing another 1-ML Co on a Si-rich sample and an-
nealing again at 450'C. The cobalt-rich or silicon-rich
character of these films was determined by comparing
Auger peak ratios and the energy dependence of the
(1X1) LEED patterns with the results of Hellman and
Tung. ' The results indicate that the Co-rich sample is
predominantly CoSi2-Co, while the Si-rich sample is ap-
proximately half CoSi2-Si and half CoSi2-Co.

The Si-rich and Co-rich samples have quite different
photoemission behavior, as seen in Fig. 2(a). At these
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FIG. 2. Difference in electronic structure between
CoSi2(111)-Si and CoSi2(111)-Co surfaces. (a) Normal-emission
ARUPS spectra from CoSi2-Co (solid curves) and CoSi&-Si (dot-
ted curves). Spectra are scaled so the intensities at El & —4 eV
match. The shoulder at —2.8 eV for photon energies ~ 50 eV is
indicative of the CoSi2-Co surface. (b) Differences between
spectra from cobalt-rich and silicon-rich samples. Difference
curves above hv=55 eV are essentially identical and represent
the surface density of states of the CoSi2-Co surface.

photon energies the spectra primarily reveal the density
of states near the surface rather than bulklike band struc-
ture. The silicon-rich surface yields a smaller Co(3d)
contribution relative to the inelastic background than the
cobalt-rich surface, as expected in the presence of an ad-
ditional Si bilayer at the surface. Furthermore, the peak
positions are different. For the silicon-rich surface the
spectra at high photon energy agree with both the calcu-
lated density of states for bulk CoSi2 (Ref. 6) and with
bulk band dispersions measured using photoemission.
The largest peaks are close to the I., band minimum at
—2.05 eV. This suggests that even the outermost Co in
the silicon-rich surface sees a bulklike bonding environ-
ment. The cobalt-rich surface is a markedly different en-
vironment, and the peak is about 0.6 eV higher in energy.

To investigate the differences further it is useful to con-
sider the difference spectra shown in Fig. 2(b). The
difference spectra have the same shape as the Co(3d)
features in the silicon-rich spectra, but shifted to higher
energy (i.e., toward EF) by 0.7 eV. This suggests that the
cobalt-rich spectra are simply the superposition of the
silicon-rich spectra and distinct additional emission from
the added surface Co. It might be supposed that the
large difference between the densities of state at the sur-
face and the bulk would weigh against the silicon-
terminated model for CoSiz(111)-Co I'Fig. 1(c)], whose
sevenfold coordination seems "nearly bulklike. " Explicit
calculations, discussed below, show that this intuitive
conclusion is not valid, for the silicon-terminated model
in fact best explains the ARUPS results.

Near h v=45 eV, the dispersive surface state reported
by Pirri et al. ' is apparent at E; = —2. 8 eV. This peak
is sensitive to the photon vector potential normal to the
surface ( A ~ ) and thus has A, symmetry. It is not seen in
spectra from samples annealed at & 600'C to produce a
silicon-rich surface. Its presence on the Si-rich sample
confirms that this surface was not entirely CoSi2-Si. The
dispersion of the surface state along the I —M line in the
surface Brillouin zone was measured using off-normal-
emission spectra from several samples and is shown in
Fig. 3. Also shown in Fig. 3 are the locations of other
peaks and shoulders in these spectra, which include a
second nearly dispersionless surface state at —1.4 eV
with A3 symmetry at I, and some structure near EF not
clearly resolved as true surface-state behavior. '

The effects of film thickness on electronic structure
were examined by depositing different thicknesses of Co
onto a substrate heated at 450+30'C. These samples also
exhibited (1X1) LEED patterns. Co coverage of 1, 2,
and 10 ML were used to produce CoSi2 layers of average
thickness 3.1, 6.3, and 31 A. The Auger peak height ra-
tios suggest that the low annealing temperature produced
CoSi2-Co surfaces. Although aggregation of CoSi2 into
thicker islands can occur at these Co coverages when a
higher annealing temperature is used, ' it is clear from
the Auger peak ratios that this did not occur in these
samples. The low intensity in the ARUPS spectra of the
peak around —7 eV, originating in bulk-silicon density of
states, confirms that significant areas of Si were not ex-
posed.

Photoemission spectra from these films (Fig. 4) illus-
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FIG. 3. Dispersion of the surface states of the CoSiz(111)-Co
surface. Dispersion along the I —M line in the surface Brillouin
zone is measured using photon energies of 45 eV (circles) and 19
eV (triangles). Dashed lines suggest dispersion of states with A,
and A3 symmetry. Features at higher energy arise from bulk
bands.

trate how the discrete states of a CoSiz film with only one
or two Co layers (3.1 or 6.3 A) differ from the bulklike
band structure (represented by the 31-A film). The
features in the 6.3-A spectra are similar to those from the
thick film but less sharply defined. The thinnest film,
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FIG. 4. Normal-emission photoemission spectra from CoSi2
films of different thicknesses on Si(111)at representative photon
energies. (a) 31-A CoSi~ film. (b) 6.3-A film. (c) 3.1-A film. In-
cidence angle is 70' at 55 and 40 eV, 25 at 22 and 14 eV. Solid
circles mark surface state S of A& symmetry; triangles mark
feature T.

however, is quite different, particularly in the low intensi-
ty of emission near EF. The Aj surface state is not seen
for the thinnest film. Thus the quantization of A&-

symmetry states is different in a single CoSiz layer from
both bulk and surface CoSi2(111). There appears for
these samples a broad feature T with E,-= —3.0 eV.
While T is close in energy to the A& surface state dis-
cussed above, it is A

~~

-sensitive and thus of different sym-
metry and its photon-energy variation is different. The
6.3- and 31-A samples also displayed the A, -surface state
in other spectra. The behavior of T varied somewhat
from sample to sample; it might thus be associated with
defects at the surface or interface, or with small varia-
tions in film thickness and uniformity.

The photoemission results suggest a number of con-
clusions. The difference between silicon-rich and cobalt-
rich (111}surfaces of CoSiz is clearly illustrated. The
silicon-rich surface has a photoemission signature similar
to bulk CoSi2. This is what one would expect for the
structure of Fig. 1(d}, though other structures cannot be
ruled out. The cobalt-rich spectra contain additional in-
tensity which can be attributed to a surface layer in
which the Co has not attained a bulklike disilicide bond-
ing configuration. Yet an interpretation in terms of par-
ticular surface structures would be incomplete without
the calculations of electronic structure that follow.

B. Comparison with calculations

The electronic structure for model atomic structures
was computed within the local density approximation
(LDA) using the pseudofunction method developed by
Kasowski et al. , ' and was compared with photoemis-
sion results for structural identification. The pseudofunc-
tion method has proved effective in computations on a
range of problems, including bulk and surface properties
of semiconductors. ' ' The basis functions used in the
pseudofunction method are similar to muffin-tin orbitals,
but the radial functions for the basis set can be chosen
with more freedom. Here the radial functions included
sections of the true radial solution to the spherical poten-
tial derived in the self-consistent loop, so the basis itself
responded to changes in the potential-energy function,
even outside the muffin-tin spheres. The basis set includ-
ed 7 functions per Si atom (3s and 3@3 states plus three
higher-energy p functions to increase the variational free-
dom) and 16 functions per Co atom (4S and 3d states
plus higher-energy s, p, and d functions). Sampling of the
irreducible wedge of the two-dimensional Brillouin zone
corresponded to an evenly spaced grid of 27 points in the
full surface Brillouin zone. The Fourier expansions
defining the pseudofunctions included all plane waves
with energy (10.6 Ry (1 Ry = 13.605 eV). Augmenta-
tion energies were chosen so that the logarithmic deriva-
tive of the wave function at the muffin-tin radius was
slightly negative.

The models for CoSiz(111) surfaces shown in Figs. 1(a),
1(c), and 1(d) were represented in calculations by the
three slab structures shown in Fig. 5. [Calculations were
not performed for the model of Fig. 1(b) because the sing-
ly bonded outermost Si atom is chemically implausible. ]
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Each model has three layers of Co atoms: two "surface"
layers (top and bottom), which are like the outermost Co
layer of the corresponding surface, and one "bulk" layer
whose local environment is like bulk CoSi2. Bulklike
atom locations were assumed in Figs. 5(a) and 5(b); the
most silicon-rich model, Fig. 5(c), used the inward relaxa-
tion measured by medium-energy ion scattering' for the
outer Si bilayer and bulk sites for the remainder. Specific
atomic models of Si-rich and Co-rich CoSi2(100) surfaces
have not yet been established to the point where band-
structure modeling is likely to yield a confirmation of sur-
face structure. Nonetheless, calculations were performed
for Co-terminated and Si-terminated truncated-bulk
CoSi2(100) slabs with three Co layers to investigate the
effect of the finite film thickness on the quantization of
electronic states.

In comparing photoemission experiments with com-
puted band structure it is essential to consider the accura-
cy to which the calculations can be expected to model
photoemission results. There are three main sources of
uncertainty: the LDA, approximation intrinsic to the
pseudofunction method, and the approximate nature of

(a)

i& I

~ I

m ssP
1

the atomic models used. The LDA is not rigorously valid
for predicting photoemission results, but LAPW-method
calculations for bulk CoSiz (Ref. 6) agree with the photo-
emission measurements performed here within 0.2 —0.4
eV (Table I). The limited basis set of the pseudofunction
method as used here introduces additional errors and for
bulk CoSi2 it overestimates the Co(3d) bonding-
nonbonding energy difference in CoSiz by 50%%uo as com-
pared with the LAPW calculations. ' This could be im-

proved by introducing additional basis functions but this
accuracy is sufficient for the comparisons made here.
Since atomic models only approximately nine layers thick
are used here, the bulk band structure is not fully
developed. Nonetheless, careful analysis of results on the
basis of symmetry and concentration of electronic charge
allows the surface states to be identified. Comparison of
experimental results with these calculations permits more
definite conclusions than would be possible from experi-
ments alone.

In comparing these calculations to photoemission data
we focus on the surface-state behavior observed for the
cobalt-rich surface. Only the silicon-terminated model
for the CoSi2(111)-Co surface, with sevenfold coordina-
tion of the outer Co atoms, has a strong feature that cor-
responds to the surface state of A& symmetry at I . The
calculated surface state is marked in the band-structure
diagram for this model (Fig. 6). It appears as two states
marked 1 and 1' (i.e., L, and LI symmetry) of different

parity with respect to inversion because the model struc-
ture has two free surfaces. The charge density for these
two states is concentrated at the surface Co atoms. The
state localized on the top (or bottom) surface is an even
(or odd) combination of the symmetrized bands; the near
degeneracy of these bands in the neighborhood of 1 indi-
cates that the two localized states are themselves nearly
energy eigenstates and do not hybridize significantly
through the intervening "bulklike" layers (four Si and
one Co). This supports the identification of this band
pair as a surface state of the bulk crystal. It is derived
predominantly from the Co(3d 2) orbital at the surface (z
lies along [111],the surface normal), and is split from the
bulklike bands below because the surface Co has one Si
nearest neighbor in the +z direction compared to two at
bulk sites. In the calculations, the surface state and the
related bulklike state lie 0.5 eV lower than observed ex-
perimentally, which is consistent with the pseudofunction

FIG. 5. Atomic slab models used for calculating electronic
structure of CoSi2(111) surfaces. (a) Cobalt-terminated
CoSi2(111), as suggested by Pirri et a1. (Ref. 11) for the cobalt-
rich surface. The outer Co atoms have four Si nearest neigh-
bors. (b) Silicon-terminated CoSi2(111), as suggested by Hell-
man and Tung (Ref. 12) for the cobalt-rich surface, with
sevenfold-coordinated outer Co. (c) Hellman- Tung silicon-rich
model, with eightfold-coordinated outer Co. The models have
two-dimensional periodicity and inversion symmetry. They
have three Co atoms and four, six, and ten Si atoms per unit
cell, respectively. (View is from the side, with surface normal
directed upwards. Co atoms are represented by the dark cir-
cles. )

TABLE I. Bulk CoSi2 band extrema for CoSi2(100) ~

Band

X& bonding
X& and X5 nonbonding
55 bonding/I »

ARUPS energy

—7.0+0.2
—2.0

—4.0+0.2
—1.9 (unclear)

LAPW'

—7.1
—2.0,—1.85
—4.1 to —3.5
—1.85

'Source: Ref. 6.
The experimental geometry prevented the use of incidence-

angle variation to distinguish between the A&-sensitive Xl and
A

~~

-sensitive X5.
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FIG. 6. Computed band structure for the silicon-terminated
slab model of Fig. 5(b). Line styles indicate parity with respect
to (110) mirror plane along I —M, and with respect to C, axes
along M-K —I (solid, even; dashed, odd). Labels at right
denote symmetry of I states. The notation is that for L
in the bulk Brillouin zone. (Point group D3d. L& = Ag, L',
= A„,L3 Eg, L3 =E„.) The A, surface state (arrow) could be
either L

&
or L j,' the A3 state, either L3 or L3.

calculations of Co(3d) bands for bulk CoSi2 using the
same basis functions. ' As k increases away from I the
computed surface state disperses upward. About one-
third of the way from I to M or K, the band gap in the
projected band structure of bulk CoSiz (Ref. 6) closes up
and, on a real (semi-infinite) CoSi2 crystal, this state be-
comes a surface resonance. At this point the nearly de-
generate curves in Fig. 6 separate. Continued upward
dispersion of the resonance can be inferred from partial-
density-of-states curves evaluated at surface and bulk Co
atoms at different k~~ values, but accurate computation of
this behavior requires calculations on thick model struc-
tures that exhibit clear bulklike behavior. The total
dispersion of 1.2 eV from I to M agrees well with AR-
UPS measurements (cf. Fig. 3), as does the behavior along
most of the I —K line. " In comparison, the cobalt-
terminated model [Fig. 1(a)] cannot account for the A,
surface state, since its band structure (Fig. 7) has no near-
ly degenerate pairs of states with the correct symmetry.

The band structure in Fig. 6 also accounts for the ob-
served A3 surface state about 0.3 eV above the nonbond-
ing bulklike band. The state of L3 symmetry at I that is
concentrated on the center "bulklike" Co atom, and its
band through the surface Brillouin zone, are lower than
the corresponding surface-concentrated L3 and L3 states
and their bands. No region of near degeneracy between
odd-parity and even-parity bands with respect to inver-
sion is found. This agrees with the conclusion by Pirri
et al. that this is a surface resonance rather than a true
surface state. " The band structure also includes states

FIG. 7. Computed electronic band structure for the cobalt-
terminated slab model of Fig. 5(a). Symmetry is indicated as in

Fig. 6.

nearer EF related to bulk bands that account for struc-
ture near EF in the off-normal-emission results seen in
Fig. 3. While the relatively small basis set used in the cal-
culations causes some inaccuracy in absolute energies, the
essential surface electronic structure of the silicon-
terminated model for the CoSi2(111)-Co surface is in good
agreement with the experimental results, whereas the
cobalt-terminated model is not.

Since the CoSi2(111)-Si surface is obtained from
CoSi2(111)-Co by adding two monolayers of Si atoms, '

the above conclusion implies that the model of Fig. 1(b) is
incorrect for CoSi2(111)-Si, and that Fig. 1(d) or a variant
with the same surface Si composition is correct. The
band-structure results for this model (not shown) confirm
that the Co(3d)-derived states, which dominate the pho-
toemission results discussed here, are indeed like those of
bulk CoSiz. Variations in the positions of the outer Si
atoms should appear as changes in the Si-derived states
which should appear stronger at lower photon energies.
Those photoemission studies have not been performed in
the present work.

IV. ELECTRONIC AND ATOMIC STRUCTURE
OF THIN CoSi2 FILMS ON Si(100)

CoSi2 films were grown on Si(100) surfaces by deposit-
0

ing 2 —3-A Co onto a substrate at room temperature fol-
lowed by heating to 460 C. Most samples were prepared
on silicon substrates cut and polished 4' off the (100)
orientation (these are referred to as "off-axis" samples).
Other films were prepared on a macroscopically rough
substrate. Such substrates have been observed to yield
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layers with large grains and sharp LEED patterns.
After ion bombardment cleaning and annealing, the sub-
strates showed sharp (2X1) LEED patterns. The pat-
terns for off-axis substrates showed a predominance of
one domain orientation and clearly resolved splitting of
most spots. LEED patterns for the rough substrate had
an even mixture of (2X1) and (1X2) domains and
showed no splitting. After Co deposition, no LEED pat-
terns were visible. The samples were annealed at progres-
sively higher temperatures, in —10'C steps, until the
LEED pattern characteristic of CoSi2 on Si(100) with a
Co-rich surface was observed. The temperature of sili-
cide formation was measured to be 460'C, in agreement
with Yalisove et al. ' LEED patterns from films grown
on off-axis substrates did not have split spots like those of
the clean substrate and appeared identical to those from
films grown on macroscopically rough substrates. Thus
the silicide film, about 7-9 A thick, apparently removed
the ordered array of double-layer steps that caused the
spot splitting in the clean off-axis substrates.

The LEED pattern for these samples is illustrated
schematically in Fig. 8(a), and can be described as a
p (2X 2) pattern in which the dominant beams describe a
(&2Xv'2)R45' pattern. The beams at (1 —,') are weak,
but clearly visible; those at (0 —,

' } and at (0 —,
'

) are not visi-

ble. A glide plane symmetry of the surface along the

(a) ~ ~

(0 1)
~ ~ ~

('/q /~) (1 /g)
~ ~

(0 0) (/2 0) (1 0)
~ X ~ X

[011] directions accounts for the suppression of
[(0)(2k+1)/2)) beams. A primary driving force that
may explain the reconstruction is the large number of
dangling bonds on a Si-terminated bulk CoSiz(100) sur-
face [Fig. 8(b)]. The structure shown in Fig. 8(c), in con-
trast, has no Si dangling bonds and would account for the
LEED pattern, although other structures are certainly
possible. Here half a monolayer of Co is added and sub-
surface atoms are rearranged to allow the formation of Si
dimers. Another interpretation of the LEED pattern is
that the dominant phase has a ( &2 X &2)R 45' recon-
struction, with smaller domains of a different structure
that could account for the (1 —,'} diffracted beams. Al-

though there are plausible structures that would yield
these additional spots, ' scanning tunneling microscopy
(STM) of CoSi2(100) films shows only domains with ap-
parent (&2XV'2)R45' structure. ' We note that the
atomic positions in Fig. 8(b) deviate from (v 2X+2)R45'
symmetry only in subsurface layers, and that the orienta-
tion difference between the bonding environments of
atoms A and A

'
may produce no observable distinction

in STM.
Photoemission results show sensitivity of the film

structure to details of preparation (Fig. 9). The first
spectrum [9(a)] is characteristic of a high-quality layer as
indicated by a sharp LEED pattern. The strongest
feature is the CoSiz nonbonding peak which has a max-
imum at —1.35 eV. At about —2.5 eV there is a shoul-
der due to bulk emission from a Co(31) band of b

&
sym-

metry near I in the bulk Brillouin zone. A broad and
diffuse swelling around —4 eV results from Co(3d)-Si(3p)
bonding states in a band of 65 symmetry. This feature is

Normal emission
hv ~ 25eV

(b)

a~af g&p~&p~f 1
'W+iii j+i i
/+1~&+1~I+1~r

'+004:440~+i~+)~i+~r
+~+~+~

FIG. 8. LEED patterns and structural models for CoSi2(100).
(a) LEED pattern characteristic of Co-rich CoSi2(100). Crosses
mark missing spots which suggest glide-line symmetries. (b)
Truncated-bulk model of CoSi~(100). Si atoms are light, Co
atoms dark. Dark strokes denote Si dangling bonds, and the
p(1X)) unit cell is marked by a box. (c) Suggested model of
CoSi&(100) reconstruction. Dark diamonds denote Si-Si dimer
bonds, and the p(2X2) unit cell is marked by a box. Cobalt
atoms A and A ' are equivalent by glide-line symmetry opera-
tion, but not by a pure translation.

-4 -2
Energy relative to EF (eV)

FIG. 9. Normal-emission photoemission spectra from vari-
ous annealed layers of Co on Si(100). Photon energy is 25 eV
and incidence angle is 70' from normal. (a) Template layer

0
grown by depositing 2-A Co and annealing at 450 C. {b) Sput-
tered and annealed CoSiz(100) thick 61m. (c) 2-A Co on Si(100),
annealed )550'C. Peak around —7 eV is from exposed Si after
islands form. (d) Template layer with 3-A Co, annealed 450 C.
(e) 4.5-A Co, annealed 450'C. (f) Unannealed room-
temperature deposit of 1-A Co/Si(100). The similarity between
(e) and (f) suggests that kinetics of reaction limit the availability
of Si to react with Co.
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fairly weak because the photon polarization used here
(polarization vector 20 from the surface normal) excites
states of 5, symmetry more strongly than 55 states.

For comparison, spectra were collected from a CoSi2
film —100 A thick of predominantly (100) orientation
that was grown by the template method in a molecular-
beam epitaxy (MBE) chamber, capped with Si for transfer
into the photoemission chamber, ion-bombardment
cleaned to expose CoSi2, and annealed. A spectrum from
this bulklike sample appears in Fig. 9(b). Some
differences between Figs. 9(a) and 9(b), notably the in-
creased intensity of bonding states, are due to a different
experimental geometry (since at 45' angle of incidence
photon polarization is 45' from normal, and the emission
from b.~ states is increased}. The nonbonding peak is
somewhat different, as is confirmed in more surface-
sensitive spectra: The peak in the bulklike spectrum ap-
pears more asymmetric and has a lower energy. The thin
film's peak shape [Fig. 9(a)] corresponds to the sum of the
bulklike CoSiz spectrum and a fairly strong surface com-
ponent closer to EF by -0.3 eV. This upward shift of
Co(3d) levels suggests that the Co atoms are not bonded
to eight Si atoms at the surface as they are in the bulk.
For this photon energy at least, the bulklike silicide has
markedly more emission near the Fermi level than the
template layer.

Small variations in film preparation cause marked
changes in photoemission results. For a thin-layer sam-

ple annealed at about 550'C, compared to 460'C for the
high-quality films, the form of the spectrum is similar in
the Co(3d) energy region [Fig. 9(c)]. The nonbonding
Co(3d) intensity relative to background is lower, howev-

er, and there is a strong feature at —7 eV due to the sil-
icon density of states, suggestive of exposed Si regions.
This agrees also with the LEED pattern of the sample, in
which the (0 —,') spots of clean Si(100) have reappeared
and the ( —,

'
—,
'

) spots, dominant for other CoSi2(100) sam-

ples, are relatively weak. The strength of the Co(3d)
bonding peak could be due to increased scattering and re-
duced symmetry at boundaries between CoSi2 and ex-
posed Si. The spectrum in Fig. 9(d} comes from a sample
whose initial Co deposit was 3 A, not 2 A. In most
respects its LEED pattern and photoemission spectra are
similar to those of the sample used for Fig. 9(a), but there
is a marked increase in emission from the bonding peak.
The LEED pattern includes streaking in the [0g] direc-
tions, which suggests an increase in structural disorder
because of excess Co. Variation of sample annealing tem-
perature may also play a role here, though for high-
quality layers, the LEED pattern was not improved by
raising the temperature after the pattern first appeared.
When the initial Co coverage was increased further to 4.5
A, the sample did not show the LEED pattern charac-
teristic of ordered CoSiz films. The main peak in its spec-

0
trum [Fig. 9(e)] is quite similar to that obtained when 1-A
Co is deposited on Si(100) without annealing [Fig. 9(f)].
It seems that the spectrum in Fig. 9(e) is approximately a
weighted superposition of Figs. 9(f) and 9(b). This is in-

terpreted to indicate the presence of CoSi2 underneath an
incompletely reacted Co layer. This conclusion is in ac-
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FIG. 10. Normal-emission photoemission spectra from bulk-

like CoSi,(100) 61m, sputtered and annealed. Photon energy is

varied from 14 eV to 35 eV. Peak variations among the spectra
mostly indicate dispersion of bulk bands with k~. The marked

peaks are interpreted to arise from surface states. Incidence an-

gle is 45.

cord with the suggestion by Yalisove, Tung, and Bat-
stone that transport of Si through the CoSi2 at 450'C is
the limiting step in the growth of CoSi2 on Si(100). The
spectra in Fig. 9 suggest that the sites of outer Co atoms
in well-ordered layers, while not identical to those in bulk
CoSi2, are closer to bulklike than to that of unannealed
Co on Si(100). The spectrum 9(a) resembles those of the
Co-rich CoSiz(ill) surface which has Co atoms bonded
to seven Si atoms (Sec. III B).

Photon-energy dependence at normal emission was
measured for the MBE-grown CoSi2(100) film (Figs. 10
and 11) and yields band extrema (Fig. 12) in close agree-
ment with band-structure calculations (Table I). The
data suggest the presence of surface states at —1.3 and
—2. 8 eV on the (100) surface ion cleaned and annealed at
650'C. Normal-emission spectra from high-quality CoSiz
films grown in situ show dispersive features that agree
well with bulk CoSi2(100) bands of (sp) character. Spec-
tra at off-normal emission angles, on the other hand, do
not reveal dispersion of the dominant Co(31) peaks with

k~~. This would not be surprising for a structure like that
shown in Fig. 8(c) because of the large distance between
surface Co atoms. The nearly isolated Co atoms and Si
dimers in Fig. 8(c) would be characterized by localized
bonds that would yield strong nondispersive contribu-
tions to photoemission. Surface Co(3d) states could still
couple through hybridization with the bulk bands. How-
ever, the energies of Co(3d) atomic states in surface and
bulk sites should differ considerably because of the
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FIG. 11. Normal-emission photoemission spectra from bulk-
like CoSi2(100) film, at higher photon energies. Photon energy
is varied from 40 to 80 eV. Incidence angle is 45'. Third-order
diffracted beam from monochromator causes Si(2p) core levels
to appear below —10 eV in the 45-eV spectrum and below EF in
the 50-eV spectrum.

marked difference in bonding environment (4 vs 8 Si
nearest neighbors), so the matrix elements for surface-
bulk hybridization could be small. This contrasts with
CoSiz(111)-Co in which neighboring surface Co atoms
have 2 Si nearest neighbors in common, and in which the
similar surface and bulk bonding structures are more
conducive to surface-bulk hybridization.

The polarization dependence of normal-emission spec-
tra (Fig. 13) shows more variation than the dependence
on emission angle. The peaks appear to consist of three

-5 -4 -5 -2 -1 0
Energy retatlve to EF (eV)

FIG. 13. Polarization dependence of surface-sensitive spectra
from CoSi2 "template" layer. Solid curves are for 25' incidence

(A~~ dominates); symbols show spectra for 70' incidence (A&
dominates). Positions of three component peaks are shown at
—2.0, —1.65, and —1.1 eV.

main features. Two features at —1.8 to —2.0 eV and at
—1.0 to —1.4 eV have hl symmetry, which indicates
that normal emission is excited by the component of the
vector potential normal to the surface A~. (The ranges
indicate variation between samples. ) The third peak, at
—1.65 eV, is sensitive to A~~ and thus has 55 symmetry.
The deepest peak is close to the density-of-states maxima
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FIG. 12. Comparison of observed ARUPS peaks with calcu-
lated bulk-band dispersion. Bulk bands (Ref. 6) are converted
into E;-vs-hv curves using a free-electron final-state assumption
with inner potential Vo =16.8 eV. Different line styles denote
different surface umklapp vectors, as marked. Horizontal lines
suggest surface states at —1.3 and —2.8 eV.

Energy relative to Fermi level (eV)

FIG. 14. Calculated Co states in nonbonding energy region
for unreconstructed CoSi~(100) surface. (a) Atomic model
(viewed from side). (b) Symmetry- and k~~-selective local-
density-of-states curves at inner ("bulk" ) and outer ("surface")
Co atoms. These curves indicate which states can appear in
normal photoemission with different photon polarization ( A

~~

or
A~ ). Arrows indicate three states that appear to correspond to
photoemission features.
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for the X, and I,2 nonbonding states in the bulk band
structure derived from the Co(3d, ) orbital, where z is

Z

the surface normal. The other two peaks may be surface
peaks split

off

b the electronic difference between surface
and bulk Co, with the b, l(d 2) state around —1.2 eV and

the b, ~(d„,) state at —1.65 eV. The bulk CoSi2 band
structure has no band gap among the 4, states in this en-

ergy range, so the state near —1.2 eV should be a surface
resonance rather than a true surface state. Such a reso-
nance couples to bulk propagating states so its energy in
these films with only 3-4 Co layers depends on film
thickness and on the structure of the buried interface.
This holds also for the bulk 6I state at —1.8 to —2.0 eV.
The energy variations between samples can be satisfacto-
rily explained by variations in film thickness. A compar-
ison with computational analysis for the Co states in the
nonbonding energy region for the unreconstructed
CoSiz(100) surface is shown in Fig. 14. These curves
show which states can appear in normal photoemission
with different photon polarizations. Three states corre-
sponding to the observed photoemission features for the
proposed model are indicated.

V. SUMMARY AND CONCLUSIONS

A. CoSi2/Si(111) film structure

Combining ARUPS measurements with ab initio calcu-
lations of electronic structure leads to several significant
conclusions about the behavior of Co on Si(111). The
ARUPS results confirm that well-ordered CoSi2(111) sur-
faces can be either cobalt rich or silicon rich, the latter
being the more stable surface formed at higher tempera-
tures. Photoemission from CoSi2(111)-Si agrees with cal-
culated bulk electronic structure, with no observed sur-
face states. Our calculations show that removing even a
single Si nearest neighbor from Co in CoSi2 induces
strong changes in the electronic structure. Thus the
bulklike electronic structure observed in photoemission
implies that surface Co atoms are in a bulklike bonding
environment. The density of states of CoSiz(111)-Co, on
the other hand, is shown to be essentially that of
CoSi2(111)-Si plus a contribution from the surface Co
atoms which lies at 0.7 eV higher energy. The behavior of
the observed dispersive state on the cobalt-rich surface
identifies as correct the si1icon-terminated structure with
sevenfold-coordinated Co on the outer layer as discussed
in Sec. IIIB. The calculations show that the difference
between sevenfold and eightfold coordination, though
seemingly small, is sufficient to account for the electronic
difference between silicon-rich and cobalt-rich CoSi2(111)
surfaces. The present work shows that the atomic models
of Figs. 1(c) and 1(d), which had been based on several
structure-sensitive probes, are also supported by measure-
ments of valence-band electronic structure. In Sec. III B
we compare the measured band dispersion for several
surface states with structure-specific theoretical models.
Although we do not suggest that this comparison is a
unique structural determination, it does provide an im-

portant consistency test of the available structural models
shown in Fig. 1.

B. CoSi2/Si(100) film structure

CoSiz epitaxy on Si(100) is more complex and requires
more extended consideration. Photoemission experi-
ments indicate that "template" techniques produce films
of fairly well-ordered silicide and that moderate devia-
tions from optimal sample preparation recipes produce
observably different films. Annealing at too high a tem-
perature (550'C vs 460 C) yields exposed Si areas and
produces poor templates for further growth. Excessive
Co coverage produces underreacted Co near the surface.
High-quality thin films, formed by annealing 2 A Co at
450'C, have an electronic structure that suggests that the
outermost Co atoms are bonded to fewer than 8 Si neigh-
bors. The detailed structure, however, is yet to be deter-
mined. The model structure presented in Fig. 8 accounts
for the LEED pattern, STM images, and, qualitatively,
photoemission results. However, this model admittedly
may not be unique. Additional studies on the detailed
structure of initial silicide layers will be needed to optim-
ize the sample preparation by improving the performance
of the cobalt- and silicon-vapor sources and by using all
available empirical information on the relationship of
template formation to the final film structure. When
films of controlled uniform thickness can be grown, the
changes in the energies of nonbonding 5, states with in-
creasing CoSi2 film thickness are expected to yield impor-
tant information on the surface structure and on the elec-
tronic properties of the interface. Analyzing these data
will be facilitated by comparison with accurate band-
structure calculations for specific film thicknesses.

The major goal of these studies is to achieve an im-
proved understanding of the chemical physics of Co-Si
reactions. In particular, the results help to explain why
high-quality CoSi2 epitaxy is much more difficult to
achieve on Si(100) than on Si(111). The structures of
both "Co-rich" and "Si-rich" CoSiz, as well as of
Si(ill)/CoSi2(ill) interfaces, suggest an energy prefer-
ence for configurations in which Co is bonded to as many
as 7 or 8 Si atoms, even if some Si atoms do not have
their full fourfold bond complement. On a CoSi2(100)
surface a bulklike Co environment can occur only with
many Si dangling bonds or with highly distorted surface
bonds. The structure proposed in Fig. 8(c) abandons the
constraint of nearly full bonding for surface Co. It may
be regarded as bulk CoSi2 truncated above a Si plane with
0.5 ML of Co adatoms serving to satisfy Si dangling
bonds. Geometric constraints also make it difficult to
achieve full Ca-Si coordination at the Si(100)/CoSiz(100)
interface. It remains to achieve a complete determination
of the CoSi2(100) surface and interface structures, and to
perform systematic computational studies of the total en-
ergies of different structures. With that information
about formation of these structures, definition of the re-
quired chemical and structural treatments of the Si(100)
surface can be most useful to overcome difficulties in
producing high-quality silicide epitaxy for the
Si(100)/CoSi~(100) interface using the template approach.
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