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Energy-band structure of CoSi2 epitaxially grown on Si(111)
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Angle-resolved photoemission experiments performed with synchrotron radiation allow us to
map the energy-band structure along the I -L symmetry direction of the bulk Brillouin zone for
CoSi2 epitaxially grown on Si(111). Two kinds of epitaxial crystals with either Co-rich or Si-rich
surfaces were investigated in order to identify unambiguously the photoemission transitions from
bulk electronic states. Within a direct transition model assuming a free-electron-like final-state
band, the experimental band dispersions are in fairly good agreement with a recent self-consistent
band-structure calculation for the free-electron-like Al bands. However, measured binding energies
for Co3d —like states such as I 25 (3.5 eV) and the upper nonbonding A3 band (-1.4 eV) are sys-
tematically smaller than those calculated (typically by 20% at I »). It is suggested that these
discrepancies may be explained in terms of correlation effects for band states with strong d charac-
ter. A distortion of the lower A3 band near L, observed on a CoSi2(111) silicon-rich surface, is attri-
buted to a surface-structure-induced effect.

I. INTRODUCTION

In recent years, transition-metal silicides have been
widely used in microelectronics technology as Schottky
barriers, gate electrodes, interconnects, and contacts. '

Among these materials, epitaxial silicides possess several
attractive advantages. For example, PtSi, Pd2Si,
NiSi2, ' and CoSi2, ' have been reported to epitaxially
grow on the silicon substrate and present regular atomic
arrangement at the silicide-silicon interface, permitting
therefore basic understanding of the interface physics
(crystallographic and electronic structures). Moreover,
on top of these epitaxial silicides, it is possible to epitaxi-
ally regrow silicon material, opening the way to novel
classes of devices based on semiconductor-metal-
semiconductor multilayer structures. '

To achieve these technological applications, a detailed
knowledge of the electronic properties of the materials in-
volved in these devices is needed. CoSi2 is now the most
commonly used material in silicon-metal-silicon transis-
tor technology. ' Yet only a few preliminary photoemis-
sion experiments have been devoted to its electronic
structure, dealing mainly with its density of states
(DOS). ' ' The same statement holds also for theory ex-
cept for two recently published band-structure calcula-
tions. ' ' To bridge over this lack, we have undertaken
the first experimental energy-band structure of CoSi2 ep-
itaxially grown on Si(111) by angle-resolved photoemis-
sion spectroscopy (ARPES) performed with synchrotron
radiation (SR). The paper is organized as follows: The

next section is devoted to some detailed information on
the experimental procedure, the third section to results
deduced from ARPES spectra, and a comparison with a
recent self-consistent calculation performed on CoSi2
(Ref. 19) is given in the fourth section.

II. EXPERIMENTAL PROCEDURE

Experiments were performed with the Laboratoire
pour 1'Utilisation du Rayonnement Electromagnetique
(LURE-Orsay) synchrotron radiation facilities. Si(111)
wafers were loaded in an uhv chamber equipped with
low-energy electron diffraction (LEED), Auger electron
spectroscopy (AES), rare-gas ion etching gun, cobalt eva-
porator, quartz microbalance, and angle-resolved hemi-
spherical electron analyzer.

The uhv chamber was placed on a SR beam line down-
stream from a wiggler in order to take advantage of its
high-Aux beam. The photon energies used in these exper-
iments ranged from —10 eV up to -60 eV, and an incre-
ment of —1 eV of the photon energy was used for each
spectrum. The angular and energy resolution was about
2' and 0.2 eV, respectively, at -20 eV photon energy.
%'ith the high-Aux beam, ARPES spectra could be
recorded very quickly (within a few minutes per spec-
trum). In this case, contamination by residual pressure
(basically in the 10 ' torr range) if any, could be mini-
mized. ARPES spectra were recorded in normal emis-
sion along the ( 111) CoSi2 axis with a 45 incident beam
angle in order to map the bulk energy dispersion curve
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E;(k) along the I AL direction of the bulk CoSiz Bril-
louin zone (BZ). Various experimental facilities (off-

normal emission, polarization effect of the incident pho-
ton with glancing or normal incident angle, etc.) were
also used to probe other BZ symmetry points and to
determine the symmetry of the investigated bands. The
Si(111) surfaces were ion-sputtered and annealed in the
conventional manner in order to get clean and ordered
Si(111)-(7)(7) superstructures as checked with LEED,
AES, and ARPES. Co atoms were then evaporated onto
the Si substrates maintained at room temperature (RT)
and subsequently annealed to temperatures in the
420—500'C range to epitaxially grow CoSi2 thin films on
Si, ' ' ' following the so-called template method.

It is well known that this technique provides us with a
CoSiz film mainly composed of 8-type grains although
one cannot avoid the formation of some grains of A type
(in orientation A, the CoSiz and Si unit cells are aligned
in the same sense, whereas in orientation 8 the CoSi2 is
rotated by an angle of 180' about [111]with respect to
that in orientation A ). The fraction of phase A on simi-
lar samples estimated by electron microscopy does not
exceed 20%. Moreover, the solid-phase epitaxity (SPE)
technique used here may also induce some pinholes in the
CoSiz film, as clearly demonstrated recently, ' although
these holes have no noticeable consequence on the CoSi2
ARPES spectra.

The primary objective of this work reported here was
to investigate the bulk electronic properties of CoSi2.
Previous studies have shown that CoSi2 can be ter-
minated, during its formation, either by Co or by Si top-
most atomic planes depending on the annealing tempera-
ture. Therefore these Co (or Si) enriched-surface CoSiz
samples should display different surface states but identi-
cal bulk states with ARPES technique. Using this ap-

proach we have prepared two kinds of CoSi2 samples of
total thickness -30 A. The first ones (obtained by SPE
at -420'C), hereafter called CoSiz(111)-Co samples, are
probably terminated by a Co atomic plane at its topmost
surface, and the second ones (obtained by SPE at
-540'C), hereafter called CoSiz(111)-Si samples, by a Si
topmost double layer. The ARPES spectra from both
surfaces will be discussed below.

III. RESULTS
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Figure 1 shows the standard ARPES experimental
geometry, including the Brillouin zone of a fcc crystal
(CoSiz structure).

Figures 2 and 3 display some typical ARPES spectra of
a CoSiz(111)-Co and a CoSiz(111)-Si sample, respectively.
These ARPES spectra were recorded at normal emission
(polar angle 8=0') in the I LKU plane with a fixed light
incident angle (a =45') and various photon energies.
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FIG. 1. (a) shows the standard ARPES experimental
geometry. (b) shows the Brillouin zone of a fcc crystal.

FIG. 2. Some typical ARPES spectra recorded at normal
emission on a CoSiz(111) sample, the topmost surface of which
is terminated by a Co atomic plane [CoSiz(111)-Co sample].
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For cubic crystals, it has been shown that in ARPES
spectra recorded at normal emission, only A, and A3
symmetry initial states can be probed along A. We inter-
pret therefore our data on the basis of these selection
rules and direct transition photoemission model. The
determination of the A, and A3 band symmetry has been
achieved using the polarization effect of the SR beam
(mainly s or p polarization depending on normal or glanc-
ing incidence of light).

In Figs. 4 and 5 are plotted experimental energy band
dispersion curves along the I ALAI direction for the
CoSi2-Co and CoSi2-Si samples, respectively. These
dispersions have been mapped choosing the crystal inner
potential Vo to yield the best symmetry of the A& band
dispersion curve, which lies just below the Fermi level,
around the L high-symmetry point. This procedure
yields V0-14.8 eV to be compared to the one found on
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According to the commonly accepted photoemission
model, the components of crystal momentum k, parallel
to the surface ( kl } of the excited electron, are conserved
during its ejection into vacuum, and electron energies are
also related by the conservation law

Ef ——E; +%co,

E =Ef
where Ef and E; are the final and initial electron state in
the sample, E is the kinetic energy of the electron pho-
toemitted in vacuum, A'co is the incident photon energy,
and (() is the sample work function.

In order to map the E;(k}dispersion of the initial-state
bands, we adopt the commonly accepted direct transition
model and use the conventional single free-electron final
band dispersion. In this case, from conservation laws of
energy and momentum, one can readily determine the k~
component of crystal momentum for a given transition.

Within this model, the only adjustable parameter is the
crystal inner potential Vo locating the free-electron final
parabola with respect to the vacuum level. m is taken to
be the free-electron rest mass in the following analysis.
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FIG. 3. Same as in Fig. 2. The CoSi2(111) sample is now ter-
minated by a Si topmost double layer [CoSi,(111)-Sisample].
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FIG. 4. Electronic band structure of CoSi&(111)-Co sample

along the I LI" direction. Dots are deduced from data. Solid
lines are from LMTO ASA calculations according to Ref. 19,
reported here for a comparison. Four bands, A&, A3, are ob-
served in the range 0 to —7 eV. They display a quasiperfect
symmetry around the L point and agree qualitatively with

theory. Note however the large discrepancies, as far as the en-

ergy location is concerned, between theory and data for the
upper A3 band and at the I zz point where d orbital character is

large. A surface state band is observed at —2.7 eV. Other weak
features at —2 eV are assigned to a one-dimensional density-of-
states emect and umklapp processes.
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FIG. 5. Electronic band structure of the CoSi&(111)-Sisample
along the 1LI direction. As in Fig. 4, the same conclusions
concerning the theory-versus-data comparison remain valid.
No surface-state band is observed now at —2.7 eV. In contrast,
a strong distortion of the lower A3 band is clearly seen at the L3
point and assigned to a surface-state-induced effect.

NiSi2 ( Vo-14.2 eV), another disilicide similar to CoSiz.
The energy band dispersion has been plotted using main-
ly the normal emission ARPES spectra (Figs. 2 and 3), al-
though for several high-symmetry points (I and L) we
have also included some data recorded at off-normal
emission in order to check the reliability of our experi-
ments. All initial-state band energies in Figs. 4 and 5 are
referred to the Fermi level (0 eV).

IV. DISCUSSION

Recently Lambrecht et ai. published a self-consistent
band-structure calculation for CoSi2 using the linear-
mu5n-tin-orbitals atomic-sphere approximation
(I.MTO-ASA) to solve the Kohn-Sham density functional
equations. '

The theoretical bands along I L have been reproduced
(solid line in Figs. 4 and 5) for comparison with our CoSiz
data (dots). In principle, one expects that a given bulk

transition should be observed in the relevant ARPES
spectra of both kinds of CoSi2(111) surfaces (Figs. 2 and
3). Thus E;(k) dispersion curves, common in Figs. 3 and
4, i.e., to both investigated samples (CoSi2-Co and CoSi2-
Si) should correspond to bulk states. Indeed we found
four bands (A& and A3) ranging from the Fermi level (0
eV energy) down to ——7 eV. These bands have similar
dispersion and the same symmetry predicted by theory
[compare dots (data) to solid line (theory) in Figs. 4 and
5]. In agreement with theory, there are two A& and two
A3 bands observed predominantly at grazing and near
normal incidence respectively. The upper A& and A3
bands (0 to ——2 eV) are very easily observed (Figs. 2
and 3), and are identical for both samples.

The present interpretation based on direct transitions
in ARPES spectra is found to be valid up to %co-40 eV.
With higher photon energy, a DOS regime seems to take
place, probably due to the fact that the electron mean
free path becomes comparable to the thickness of the Co-
(or Si-) enriched surface region of the samples. In these
cases, the direct transition photoemission model breaks
down. Also the contributions of umklapp processes in-
crease progressively with higher photon energies and
complicate considerably the interpretation of the spectral
features. One-dimensional density-of-states effects are
also observed at low photon energies Acu & 20 eV near —2
eV, as can be seen in Figs. 4 and 5. These, transitions,
which do not conserve the k~ component, reAect the
maximum of the one-dimensional density of states along
I L due to the presence of the upper A& band bottom at
—2.05 eV. The origin of a few other weak transitions
near —0.9 eV on the CoSi2-Si sample and in the —5 to
—7 eV range on both kinds of samples, is not yet clear at
present.

We have contrived to fully describe the I LI line of
the extended Brillouin zone and to check the nearly per-
fect symmetry of the upper A& band around the L point.
The agreement with theory is remarkable, at least as far
as the upper A& band dispersion behavior is concerned.
A shift to lower energy is observed between theory and
data for the upper A3 band and will be explained later.
Integration of these upper bands over the whole k range
should yield a large contribution to the DOS observed in
an integrated photoemission spectrum in the 0—2-eV en-

ergy range. In particular, the upper Hat A3 band
( ——1.5 eV) integration over k yields a major contribu-
tion to the so called "nonbonding Co 3d states" peak ob-
served in the CoSi2 DOS. ' Indeed, the upper A3 band
mainly comes from d orbitals (-94% at I'&2 of Ni 3d
electrons in the comparable compound NiSi2 according
to Ref. 25) and its small dispersion along I'L confirms the
quasi-pure-d-orbital character of this band. The behavior
of the upper A& band is quite different. It displays a
quasiparabolic dispersion along I L and corresponds
rather to a mixture of Si and Co s, p, and d electrons
(free-electron-like dispersion). The lower A3 and A,
bands ( —3.5 to —7 eV) qualitatively refiect also the same
dispersion behavior as predicted by calculation. The
lower A3 band ( —3.5 eV at 1 z~) still has a strong d char-
acter at I z~ [about 70% d character at I 25 in NiSiz (Ref.
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25)], but contains an important admixture of Si 3s3p
states along I L. This band provides an important contri-
bution to the so-called "bonding states" feature in the
CoSi2 DOS, ' while the lower A, band ( —3.5 to —7 eV) is
a combination of Si and Co electron states with strong
free-electron-like sp character except near I 25.

The feature at —2.7 eV only observed on CoSi2 sam-

ples with a Co enriched surface shows no dispersion with
photon energy and has no counterpart in the calculated
bulk bands. In agreement with a previous investigation,
this peak has to be interpreted as a true surface state on
CoSi2(111)-Co. It displays some remarkable properties,
such as an oscillatory behavior in intensity with k~ along
I L. This will be discussed in detail in a separate report
devoted to the surface electronic structure of CoSi2.

Let us concentrate here on the bulk bands identified in
the above discussion. While qualitatively there is a satis-
factory accord with theory, it is clear that from a quanti-
tative point of view very important discrepancies can be
observed. For instance, measured critical-point initial-
state energies at I z& ( —3.5 eV ), L3 ( —1.3 eV), and L~
( —2.05 eV) are systematically higher than their calculat-
ed counterparts. The difference is typically about 20%
for the upper A3 band or near I 25. At L, or near the
lower L3 critical points, the discrepancy is much lower
but still larger than the experimental uncertainties. In
contrast, the agreement is quite good for most parts of
the upper A& band. The determination of the lower A,
band dispersion is difficult from an experimental point of
view. As usually observed, the hole lifetime in the low-
lying A& band becomes rather short because of the great
number of available Auger transitions. Thus the photo-
emission peaks are very broad and the experimental band
dispersion is difficult to observe, particularly for rapidly
dispersing s-p states with a low photoionization cross sec-
tion. Keeping in mind the orbital content of the various
bands discussed above, it is apparent that the stronger
the Co 3d contribution to a given band state is, the larger
the discrepancy between calculated and measured initial-
state energy. For instance, the difference between experi-
ment and theory is the largest for the upper A3 band,
which has essentially pure Co 3d character since it corre-
sponds to the nonbonding Co 3d states. Also near I"25,
the Co 3d character is quite dominant. We believe that
these discrepancies are not due to the specific photoemis-
sion model (free-electron final band) since a more sophis-
ticated final band would not modify the critical-point en-
ergies. Actually, this behavior is not surprising because it
is well known that a d-band narrowing is currently ob-
served for 3d-series transition metals such as Ni, Co,
or Cr. In these cases, it is well established that the
density-functional theory gives a good description of the
ground-state properties but not the excitation energies.

The present study strongly suggests that similar effects,
due to d orbitals, occur in the 3d series transition-metal
compounds. Self-energy effects indeed shift the measured
initial-state energy towards the Fermi level as compared
to the calculated one. The magnitude of the shift in-
creases with the d-orbital content as well as the binding
energy. ' These correlation effects are improperly taken
into account in standard self-consistent band-structure

calculations and explain the theory-data discrepancies
observed for the upper A3 band and at I zs (large d-orbital
character). They explain also why the agreement is very
good for the high lying A& band (low d-orbital character).
Since the d-orbital content varies with k, the correlation
effects result in a distortion of the bands with respect to
standard calculated band-structure results.

In a previous study concerning Cr metal, the experi-
mentally determined band distortions could be repro-
duced very well by taking explicitly these correlation
effects into account. Note also that the importance of
intra-atomic correlation effects in the case of Ni and Cr
silicides has been emphasized previously.

Finally it is interesting to note that the dispersion
curves for the lower A3 band obtained on CoSiz(111)-Co
and CoSi2(111)-Si are not identical around the L critical
point. Since there is only one definite bulk band, this
means that a surface structure induced distortion occurs
for either one or even both kinds of surfaces. Actually
we believe that the correct bulk band dispersion is mea-
sured on CoSi2(111)-Co because of the following observa-
tions. While for CoSiz(111)-Si normal emission spectra
show only one peak corresponding to L3 at —4.2 eV, off-
normal spectra probing the L point exhibits two candi-
date peaks for the lower L3 critical energy at —3.5 and
—4.2 eV. Since the —3.5 eV peak corresponds to the en-

ergy also measured on CoSiz(111)-Co, we conclude that
this is the relevant L3 critical point energy. Thus the
—4.2 eV peak is attributed to the surface electronic
structure associated with segregated Si. At the surface,
segregated Si species not bonded to Co atoms as in CoSi2
bulk represent a strong perturbation in the crystal prop-
erties. As a matter of fact, direct transitions from bulk
states are usually stronger and more easily identified on
CoSi2(111)-Co than on CoSi2(111)-Si samples.

V. CONCLUSION

We have contrived to plot the first experimental band
structure of CoSiz epitaxially grown on Si(111) thanks to
synchrotron facilities. Our results can be compared
favorably to a recent self-consistent energy-band calcula-
tion using the LMTO density-functional approach. All
energy dispersion features and orbital characters of bands
mapping along the I L line of the Brillouin zone are
found to agree qualitatively with theory. In particular, sp
derived bands are much better described by standard
band calculation than d-like states apparently because of
the atomic character of the latter, as already demonstrat-
ed by previous studies of 3d transition metals.

Here one may question why correlation effects are so
important in CoSi2, which exhibits an electronic structure
similar to that of a noble metal such as Cu, where corre-
lation effects are found to be of minor importance. Ac-
tually the similarity in electronic structure (density of oc-
cupied states) between Cu and CoSi2 is only apparent
since for CoSi2 the d character is still very pronounced in
the states near the Fermi level and above, because of the
strong Co 3d hybridization with Si 3s3p states and the
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formation of antibonding states in contrast to Cu metal.
Thus while the ground state in Cu is the closed-shell 3d'
configuration, this should not be the case for Co in CoSiz,
which has rather an open-shell configuration similar to
transition metals at the end of the 3d series, where corre-
lation e8'ects are very important.
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