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The surface electronic structure of CoSi,(111) surfaces is studied by angle-resolved photoemission
using synchrotron radiation in the energy range 10 <fiw <60 eV. Depending on preparation tech-
nique the crystal termination is either a Co or a Si(111) plane. The CoSi,(111)-Co terminated sur-
face exhibits two surface-related features at T" at — 1.4 and —2.7 eV. The prominent low-lying peak
is a true surface state of the Shockley type located in an absolute Si 3s3p —Co 3d hybridization gap
of the projected bulk band structure at T and shows an oscillating emission intensity in reciprocal
space. The relevant surface-state band disperses toward the Fermi level with increasing k and cor-
responds to bonding states of surface Co atoms with a reduced coordination shell. In contrast, the
— 1.4-eV feature is rather a Tamm surface state or resonance derived from surface Co 3d nonbond-
ing orbitals. On CoSi,(111)-Si terminated surfaces only weak surface-related features can be

identified.

Information on the bulk and surface electronic struc-
ture of transition-metal silicides may be very useful when
dealing with interface formation of epitaxial silicide-
silicon heterostructures both for fundamental reasons and
technological interests. CoSi, appears to be a very in-
teresting candidate for the fabrication of devices with
numerous promising applications.! =3 Little work on Co
silicide surface properties has been reported.* In a previ-
ous paper’ we have demonstrated that CoSi,(111) sur-
faces of epitaxial CoSi, on Si(111) can be prepared in ei-
ther a silicon-rich form [hereafter labeled CoSi,(111)-Si]
or a cobalt-rich form [hereafter labeled CoSi,(111)-Co]
depending on annealing conditions. It was proposed that
CoSi,(111)-Co obtained by low-temperature annealing
(400°C) represents a truncation of the ideal CoSi, crystal
exposing a plane of Co atoms having four rather than
eight Si nearest neighbors. CoSi,(111)-Si surfaces were
formed by annealing CoSi,(111)-Co surfaces above 500 °C.
About two monolayers (ML) of Si are found to segregate
in these conditions. The Si-rich nature of the surface of
epitaxial CoSi, crystals formed above ~500°C has been
recently confirmed by angle-resolved Auger electron
spectroscopy studies by Chambers et al.

The aim of this report is to provide an analysis of the
surface-related photoemission features identified in a syn-
chrotron radiation study of both CoSi,(111)-Co and
CoSi,(111)-Si surfaces, basically designed to investigate
bulk electronic properties of CoSi, as reported else-
where.” The data confirm and extend our previous con-
clusions.” Two surface-state bands, one of the Shockley
type and one of the Tamm type derived from bulk bond-
ing Si3s3p-Co 3d and nonbonding Co 3d states, respec-
tively, can be unambiguously identified on the
CoSi,(111)-Co surface. Thus, this finding demonstrates a
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clear one-to-one correspondence between the bulk and
surface states of CoSi,(111)-Co. The situation is less
clear cut for CoSi,(111)-Si where definite surface-related
emission is more difficult to identify.

The measurements were performed in an ultrahigh-
vacuum chamber (P ~107'° Torr range) equipped with
low-energy electron diffraction and Auger electron spec-
troscopy, a Co source, and quartz balance. Photoelec-
tron analysis was achieved using a 180° hemispherical en-
ergy analyzer with angular and total energy resolution of
~2° and ~ 150 (300) meV at #iw=20 (50) eV. The spec-
tra were recorded using linearly polarized synchrotron
radiation emitted by an undulator inserted into the
ACO-LURE storage ring at Orsay. The photon energies
provided by a toroidal-grating monochromator ranged
from 10 to 60 eV. Typical data acquisition times per
spectrum were as short as 200 s.

Epitaxial CoSi, crystals on Si(111) were grown by pure
Co deposition (usually 4+4 ML) onto clean
Si(111)(7 X 7) surfaces prepared by standard methods and
subsequent annealing in the 400-550°C range after each
deposit. This method resembles the so-called template
method® with, however, an important difference. For Co
thickness <8 ML annealing temperatures of ~400°C are
found to be sufficient to get well-defined CoSi, crys-
tals.>»”? This temperature is lower than the 550 °C usual-
ly quoted in the literature. This is apparently connected
with the fact that a thin CoSi,-like layer is already
formed at room temperature.>'® Crystals obtained in
this way at 400 °C have a CoSi,(111)-Co surface structure
and the films are probably pinhole-free since recent work
reporting successful preparation of continuous B-type
films by a different method'""!? or by coevaporation'® uses
similar temperatures. Si-rich CoSi,(111)-Si surfaces were
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FIG. 1. Energy distribution curves (EDC’s) of CoSi,(111)-Co
surfaces at fio=21 eV: curves a and d. Normal emission
(6=0°) for a CoSi, film thickness of 9 and 25 ;\, respectively;
curves b and ¢, =15 and 0=20", respectively, for a 9-A CoSi,
film. The peaks at —2.7 and — 1.4 eV are due to surface states
(arrows).

prepared by annealing at 550°C.> Though pinholes are
probably formed at this temperature this has no notice-
able effect on photoemission. Actually we find that eva-
porating ~2 ML of Si on CoSi,(111)-Co surface at 400°C
also yields CoSi,(111)-Si surfaces with the same photo-
emission properties.!* A further 1-ML Co deposit on a
CoSiy(111)-Si surface at 400°C results again in a
CoSiy(111)-Co surface.’ Repeated application of this
procedure makes possible the formation of new CoSi, lay-
ers with a very good crystallinity even at temperatures
<400°C.M*

Most data concern CoSi,(111)-Co surfaces. Figure 1
presents photoemission spectra for two CoSi, film
thicknesses of 9 and 25 A, respectively. The —1.8-eV
feature reflects emission from bulk bands.>’ Let us con-
centrate here on the prominent peaks at —1.4and —-2.7
eV visible in the 9-A spectrum at normal emission. These
peaks must be connected with the surface electronic
structure since their intensities normalized to the —1.8-
eV bulk feature intensity decrease progressively to a lim-
iting value with increasing film thickness near 15-20 A,
i.e., at thicknesses where the bulk emission intensity
reaches a maximum because of the limited mean free
path of the photoelectrons. Thus in the 25-A spectrum
the —2.7-eV feature is only visible as a shoulder and the
—1.4-eV peak can hardly be detected. This original ar-
gument for the surface-related nature of these features
was developed in a previous study.’

We present now compelling evidence that the —2.7-eV
peak is a true surface state. Figure 2 shows normal emis-
sion spectra for various photon energies. The first test is
that a surface state must not disperse with the component
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FIG. 2. EDC'’s at normal emission of CoSi,(111)-Co for pho-
ton erErgies in the 10-60-eV range. The CoSi, film thickness is
~25

of momentum normal to the surface k,. This is strictly
the case within experimental accuracy (~0.1 eV). In Fig.
3(a) the measured binding energies of surface-related
transitions are plotted versus k; along with the experi-
mental bulk bands along I'L.” According to Ref. 7, using
a free-electron final band,
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ko= |22 (fer+ B, — $+ V) (1)

where E; is the initial-state energy, $=4.90 eV the work
function, and V;=14.8 eV the inner potential. These
data also demonstrate that the —2.7-eV surface state is
located in a large gap of the projected bulk band struc-
ture at T. This absolute gap in the energy range
—3.50<E; < —2.05 eV is a hybridizational gap which
results from crossing of two A, bands (dashed lines) near
the midpoint of 'L. One of these bands is derived from
Si3s3p orbitals and exhibits strongly dispersive free-
electron-like character. The other band is built up from
Co 3d states. Hybridization results in an upper and a
lower A, band (solid lines) separated by a large gap. The
surface state is almost exactly located at midgap. These
observations indicate that the —2.7-eV surface state is of
the Shockley-state type'” in contrast to Tamm states usu-
ally found in nonhybridizational energy gaps of the pro-
jected bulk band structure in close proximity to a bulk
band edge.



1514 BRIEF REPORTS 38

Ef
_' L
—~ 3 ‘
2 R
5 2| C
< ¢WWW¢MMW¢¢M
w -3} //\
4 ] Ve \A‘S L3
w 25
-4t \ Tamm state: ¢
g \\Shockley state ¢
Eoo D
[
-6}
Y (a)
(o)
! ) [ '|.I
T |05
r L r

CRYSTAL MOMENTUM

FIG. 3. (a) Measured binding energies of the surface-related
peaks on CoSi,(111)-Co vs k, calculated using a direct transi-
tion model with a free-electron-like final band dispersion. Con-
tinuous lines represent the experimental bulk bands along LT
taken from Ref. 7. Dashed lines are schematic bands of A, sym-
metry before hybridization around their crossing point at
k,=TL /2. (b) Variation of the —2.7 eV surface-state intensity
I, vs k; along TLT. I is normalized with respect to bulk emis-
sion near the Fermi level.

The symmetry of the surface state is inferred from ex-
periments with s- or p-polarized light. In Fig. 4 it ap-
pears that the —2.7-eV emission is predominantly excit-
ed by the normal component of the light electric field,
corresponding to an initial state with A, symmetry at
normal emission. This also confirms the close connection
of the —2.7-eV surface state with the upper and lower A,
bulk bands. However, a closer examination of the data
indicates that about 20% of the peak intensity would still
be excited with pure s polarization. The reason for that is
not yet clear.

A stringent test for the surface-state nature of this
feature comes from the resonant behavior of the peak in-
tensity near iw=17 and 40 eV visible in Fig. 2. In Fig.
3(b) the relative peak intensity to that of the bulk near the
Fermi level is plotted against k;,. The data show oscilla-
tions in reciprocal space with maxima near the I'L mid-
point. Similar oscillations have been observed previously
for Cu (Refs. 16 and 17) and Al (Ref. 18) surface states.
According to Ref. 16 this behavior reflects the fact that
the surface-state wave function oscillates as it decays
evanescently into the bulk with a dominant spatial fre-
quency about a particular value of k,. In other words, an
expansion of the surface state ¢, in terms of bulk states
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FIG. 4. (a) EDC’s of CoSi,(111)-Co at normal emission for
#io=14 eV: «, mainly s polarization and 8, mainly p polariza-
tion. The surface state (arrow) is essentially excited with p-
polarized light. (b) Dispersion behavior of the surface state
along the T K line of the surface Brillouin zone measured at
fio=18eV.

$= 3 ap b5k, 2)
kl,n

where k| runs over the first Brillouin zone and n over all
bands of appropriate symmetry has the | @ | ’s strong-

ly peaked near a particular value of k;,. Thus in a direct
transition model the surface-state emission is expected to
show maxima at fiw corresponding to the relevant k,. In
simple cases for Tamm-like states only bulk states from
one band appear in Eq. (2), namely those closest to the
surface-state energy around a particular k, at a band ex-
tremum.'® In the present case, however, it appears that
two bands (the upper and lower A; bands) must be in-
volved in the expansion of Eq. (2). The data indicate that
the —2.7-eV surface state shows a dominant oscillation
period into the bulk corresponding to k, =<I'L /2. That
the surface state should actually be constructed from
bulk states with this translation symmetry may become
apparent if one considers the expansion of Eq. (2) in
terms of bulk A, bands before rather than after hybridi-
zation. The crossing of these bands schematically drawn
in Fig. 3(a) shows that the bulk states closest in energy
have k, vectors near I'L /2.

Off-normal spectra at #iw =18 eV indicate that this sur-
face state corresponds to a surface band which can be fol-
lowed over most parts of the surface Brillouin zone. The
dispersion behavior is consistent with the translational
symmetry of the surface® and the data along T K are
shown in the inset of Fig. 4.
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Let us now consider the — 1.4-eV peak at normal emis-
sion, which is another surface-state candidate. Since the
state’s intensity is weak except on samples with a very
thin CoSi, film (~9 A) only limited experimental data
are available. Figure 1 shows that this feature shows no
dispersion with polar angle of emission. Also the energy
location is found to be the same at #iw=16.8, 21.2, and
40.8 eV and the symmetry is A;. Yet, from our data [Fig.
3(a)] it is difficult to decide whether or not this state is
split off from the upper bulk band of A; symmetry. We
assign this peak either to a Tamm state very close in ener-
gy to the bulk states at L; or to a surface resonance.

From all these properties, interesting conclusions
about the origin of these surface bands can be drawn.
Since the low-lying surface band states are closely related
to Si3s3p-Co 3d hybridization they should result from
cutting of Si—Co bonds at the surface. On the other
hand, the Tamm surface band near —1.4 eV may be in-
terpreted as Co 3d nonbonding states in the surface Co
layer split off from the neighboring bulk band with simi-
lar nonbonding character by the surface potential. Final-
ly, considering the CoSi,(111)-Si surface, the major obser-
vation is that both surface bands discussed above are
completely suppressed. A search for well-characterized
surface states on CoSi,(111)-Si was not successful for the
CoSi, film thicknesses mainly investigated in this study

(~25 A). Possible surface states are most likely connect-
ed with Si rather than Co-derived states. Thus the situa-
tion is not favorable since the underlying Co has a much
higher photoionization cross section than Si. A feature
observed at 4.2 eV in spectra probing the bulk electronic
structure at L (Ref. 7) is possibly related to the surface
electronic structure since it is not observed on
CoSi,(111)-Co and cannot be explained in terms of bulk
electronic structure. A search for surface states on
CoSi,(111)-Si using very thin CoSi, films in order to mini-
mize the intensity from bulk features is presently under-
way. !

In summary we have identified and characterized
surface-related photoemission features on epitaxial CoSi,
layers on Si(111). In particular, for CoSi,(111)-Co ter-
minated surfaces it is shown that two surface states, a
Shockley state and a Tamm state, originate from the sur-
face perturbation of the bulk Si3p —Co 3d bonding states
and Co 3d nonbonding states, respectively. This simple
relationship between bulk and surface electronic struc-
ture is observed for the first time on a silicide surface.

Thanks are due to staff members (G. Jezequel, J. Bonnet,
and P. Thiry) at LURE (Orsay) for their help in the ex-
periments with synchrotron radiation.
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