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Photoemission studies {12(hv(135eV) of room-temperature formation of the Si-Cr
interface show reactive behavior with atomic intermixing and dramatic modifications of
the metal-derived d density of states. Self-consistent augmented-spherical-wave calcula-

tions of the total and I-projected densities of states for the silicides Cr3Si, CrSi, and CrSi3
in simplified cubic lattice structures allow an identification of general trends in the elec-

tronic structure upon Si-Cr heteropolar bond formation. These experimental and theoreti-

cal results suggest an interface morphology where a Si-rich intermixed phase is present
for a depth of =10 monolayers between the Si crystal and the unreacted Cr film. Evi-

dence of Si segregation in the top layers of the Cr film is provided.

I. INTRODUCTION study are the following.

Silicon-metal junctions have a well-known im-

portance in modern electronics technology and a
large number of experimental and theoretical ef-
forts have been devoted to defining the basic
mechanisms which determine their electronic and
structural properties. ' These diverse efforts are
revealing fascinating physical and chemical proper-
ties of interfaces, properties which have important
ramifications in the fundamental understanding of
interfacial phenomena and in the technological use
of semiconductor devices.

Si-refractory metal interfaces are extremely in-

teresting systems in connection with very large
scale integrated-circuit technology, but their mi-

croscopic structural and electronic properties have
received very little attention. In this paper we deal
with the mechanisms driving Si-Cr interface for-
mation.

We have conducted valence-band and core-level
photoemission studies with synchrotron radiation
as a function of metal deposition on the Si(111}-
(2 X 1) surface. We have also performed calcula-
tions of the electronic structure for a series of Si-
Cr model compounds to gain insight into the
modification of the electronic states due to Si-Cr
heteropolar bond formation.

Among the important conclusions of the present

(1) The intrinsic Si surface-state emission is
dramatically reduced at submonolayer Cr coverage
but there is no detectable change of the Fermi-level

pinning position.
(2) At room temperature, an intermixed phase of

metallic character is formed at the silicon-chro-
mium interface and comparison of experimental
and theoretical results suggests that this intermixed

phase is Si-rich.
(3}The valence-band emission and measured

Schottky barrier height of this interface differ
from what is expected for a Si-CrSi2 interface.

The implication is that the Si-Cr interface may not
follow trends observed for other Si-metal inter-
faces. In other reactive interfaces, the intermixed
phases formed at room temperature have electronic
structures similar to those of the "bulk" silicides
grown by high-temperature film reaction. ' 's In
Si-Cr, the intermixed phase is metallic whereas the
bulk silicide CrSi2 is expected to be a small-gap
semiconductor. Si-refractory metal interfaces
show, in fact, remarkably different properties for
compound growth (stoichiometry and kinetics)s'9

. from other Si-metal interfaces. For the Si—near-
noble-metal interfaces, for example, moderate an-

nealing (250'C} results in growth of NizSi, P12Si,
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and Pt2Si with a square-root-of-time growth kinet-

ics, while for the silicon —refractory-metal inter-
faces only disilicides grow on a macroscopic scale
(upon annealing ' at =600'C) with a linear time
dependence.

This paper represents a continuation of a study
of the electronic properties of silicides and silicon-
metal interfaces. In a previous paper' we dis-

cussed photoemission measurements of bulk VSiz,
MoSiz, and TaSi2 and compared them to calculated
densities of states for V-Si and Mo-Si compounds.
We are now extending those studies to CrSiz and
emphasizing the interface, ' '" hoping that experi-
mental investigations of interface and bulk proper-
ties and parallel theoretical studies will lead to a
better understanding of these important systems.

II. EXPERIMENTAL AND THEORETICAL
TECHNIQUES

Room-temperature Si-Cr interfaces were

prepared in situ in an ultrahigh vacuum photoelec-
tron spectroscopy system (operating pressure
-3X10 "Torr). iV'-type, phosphorous-doped
(1.5 0 cm) Si single crystals oriented along the

[111]direction were cut to give posts 4X4 X 10
mm . These were mounted onto copper sample
holders, loaded onto a bank (capacity -20), and

retrieved immediately before measurements were

undertaken. Clean Si(111)-(2X1) surfaces were

prepared by cleaving at precut notches in the side
of the Si post. Samples were then positioned at the
common focus of the monochromatic radiation

beam and the electron energy analyzer. Surface
cleanliness was monitored by detecting the Si(111)
intrinsic surface states and by Auger spectroscopy.
A detailed discussion of the geometry of the sys-

tem can be found in Ref. 12.
Interfaces were prepared by Cr sublimation from

a Ta boat at pressures always better than 2X 10
Torr during deposition, with recovery to the
operating pressure (-3X10 "Torr) within —1

min after deposition. ' The metal coverage of the
Si substrate, 8, was monitored with a quartz thick-
ness monitor and throughout this paper is given in

terms of the Si(111) surface atomic density (8= 1

monolayer at 7.6X 10' atoms/cm ). Studies of
the interface were carried out for metal coverages
of 0.1 to 50 monolayers"; the data presented here
represent numerous cleaves and repetitive measure-
ments of the various stages of interface formation.

Synchrotron radiation from the 240-MeV elec-

tron storage ring Tantalus at the University of
Wisconsin, Madison, was monochromatized with a
3-m toroidal grating monochromator (photon ener-

gy range 12—135 eV) and a Seya-Namioka mono-
chromator (12&hv&30 eV). The emitted pho-
toelectrons were energy analyzed with a commer-
cial double-pass cylindrical mirror analyzer with a
typical overall resolution (electrons plus photons)
of 0.3—0.4 eV.

The energy band calculations for Si-Cr com-
pounds were based on the augmented-spherical-
wave (ASW) procedure for the solution of the one-

electron equations. ' ' Exchange and correlation
effects were treated in the local-density approxima-
tion. Self-consistency was pursued until the calcu-
lated electronic charges were unchanged to within
0.001 electrons within the Wigner-Seitz sphere.
The calculations were parameter-free, the atomic
number and the crystal structure being the only a
priori inputs used, and correspond to theoretical
equilibrium since the atomic spacing was systemat-

ically varied until the total energy was minimized.

III. EXPERIMENTAL RESULTS

Metal coverages of 0.1 & 8 & 50 monolayers were
obtained on Si substrates kept at room tempera-
ture. Systematic studies of the photoelectron ener-

gy distribution curves (EDC's) as a function of
chromium deposition were performed at several
photon energies. The main Si-derived features of
the valence-band emission and the intrinsic surface
state emission were monitored at h v= 12 eV. The
Cr-derived 3d contribution to the valence-band
emission dominated at 21 eV. Valence-band results
were also obtained at higher photon energies
(30 & hv & 120 eV), but, due to the very slight hv
dependence of the spectral features, these results
are not reported here. The Si 2p core was studied
at h v=120 and 135 eV, photon energies which al-
lowed a variation in the surface sensitivity of the
measurements through the change of the pho-
toelectron escape depth and thereby made it possi-
ble to obtain information about the depth depen-
dence of interface composition.

The effects of Cr deposition onto clean Si(111)-
(2X 1) are shown in Fig. 1 through EDC's at
hv=12 eV. The bottommost EDC of Fig. 1 shows
the well-known Si valence band features for clean
Si(111),' including the surface-state feature at
0.73+0.1 eV below E~. Successive EDC's dis-

placed upward correspond to increasing Cr cover-
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age. The upper EDC's of Fig. 1 (8& 22) reveal

the bulk Cr valence-band emission. The emission
spectra of Fig. 1 were reproducible within the ex-

perimental uncertainty for coverages obtained with
a single evaporation or with a series of submono-

layer depositions.
At the lowest metal coverages (0&8&0.3), the

Si(111)intrinsic surface-state emission is sharply
reduced but no variition of the Fermi-level pinning
position can be detected (within 0.1 eV) as seen, for
example, from the binding energy of the Si
valence-band feature at 4.8+0.1 eV from E~. Fur-
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FIG. 1. Representative photoelectron energy distribu-
tion curves (EDC*s) for 5@=12eV showing changes of
the valence-band emission during formation of the Si-Cr
interface. Bottommost EDC is for clean Si(111)-(2X1).
At high coverages (8& 20) the valence-band emission is
indistinguishable from that of bulk Cr (Ref; 17). For
1 —2 &e &9—10 the EDC's show the formation of in-
termixed Si-Cr species of metallic character.

ther metal deposition (0.3 & 8 & 1) gives rise to a
gradual increase of the emission intensity at Ez.
At this stage of interface formation, only very
slight modifications of the Si bulk valence-band
features are seen at hv=12 eV. At metal cover-

ages 8& 1.1 —1.7, a well-defined Fermi edge is
visible and the Si valence-band features (2.70 and
1.88 eV from E~) are now dominated by a broad
Cr-derived structure at —2.35 eV. This structure
shifts toward EF with coverage while increasing in
intensity with respect to the other spectral features.
For 8 & 20 monolayers, the valence-band emission
is indistinguishable from that of bulk Cr. '

In Fig. 2 we show EDC's for hv=21 eV for
which the Cr-derived 3d character is more visible

than at lower photon energy. Again, the bottom-
most EDC shows the well-known' clean Si(111)
valence-band and surface-state emission features.

Figure 2 shows that for 8 & 1 the valence band is
dominated by Cr-derived 3d emission but that for
coverages 8 & 11 the valence band is dramatically
different from that of bulk Cr. For comparison
we have plotted (uppermost EDC) the valence-band

spectrum obtained for a thick (-300 A) Cr film

evaporated onto oxidized tantalum. Comparison
shows that the main 3d peak of bulk Cr (labeled A)
appears to be shifted toward lower binding energy
and the structure (labeled 8) centered 3 eV below

EF is absent for 8 & 12. Peak A exhibits an in-

teresting coverage dependence: For 1 &8 & 10 it
shifts with coverage toward Ez, then for metal
coverages 8& 10 it shifts back toward its final po-
sition 1.2 eV below Ep, while feature 8 increases

dramatically in intensity. In the inset of Fig. 2 the
position of peak A is plotted versus metal coverage.

It is evident from Figs. 1 and 2 that the inter-

face EDC's for 8 & 10—12 cannot be obtained
from a superposition of contributions from Si(111)
and bulk Cr. Figure 2 suggests that there are
several coverage intervals that correspond to dif-
ferent behaviors in the valence-band emission.
This is confirmed by measurements of the integrat-
ed intensity and the binding energy of the Si 2p lev-

els as a function of metal coverage at a photon en-

ergy of 120 eV for which the surface sensitivity for
the Si 2p emission' is about the same as for the
valence-band results at he=21 eV. In Fig. 3 the
Si 2p binding energy is plotted as a function of
metal coverage together with representative EDC's
for 8=0 and 11. Very little variation is seen for
8&1—2 and 8& 9—10 but for 1 —2&8&9—10
the formation of an extended interface (see Discus-
sion) corresponds to a Si 2@ core energy shift of
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(e & 10). It will be convenient to discuss each of
these intervals separately in the IDiscussion section.

IV. CALCULATIONS

In order to study the stoichiometry dependence
of the electronic structure of Si-Cr compounds,
self-consistent energy-band calculations were per-
formed for three stoichiometries: Cr3Si, CrSi, and
CrSi3. ' To isolate the stoichiometry dependence
as much as possible, the atoms were taken to occu-

py the sites of an fcc lattice for all three
stoichiometries. That is, the three-to-one com-
pounds werc taken to have the Cu3Au structure
and CrSi was taken to have the CuAu structure.
While these structures are simpler than those ob-
served (they are close packed with 12 nearest
neighbors), they appear to adequately describe the

FIG. 4. Log-linear plot of the attenuation coefficient
a of the Si 2p emission I2 vs metal coverage. Solid line:
h v=120 eV (escape depth 10—12 A). Dashed line:
hv=135 eV {escape depth 5—7 A). Dot-dashed line:
Ideal attenuation coefficient for a sharp unreacted inter-
face (Frank —van der Merwe-type film growth) with es-

cape depth I.=10 A. The experimental lines are the
best fit of about 50 data points for each curve, at cover-
ages 8= 0. 1 —1,2, 5, 11,17,22, 33,44. The average
dispersion of the experimental points is given by the er-
ror bars in the upper right corne. For 1 —2 &8 & 8—9
the formation of intermixed species corresponds to an
attenuation rate slower than expected for a sharp un-
reacted interface. For 10&8&20 the data reflect an
escape-depth-driven exponential attenuation of the inter-
face emission. For 8&20 emission from silicon atoms
segregated at the Cr-vacuum interface explains the ex-
perimental behavior.

stoichiometry dependence of the chemical bonding
as refiected by the site and angular-momentum
resolved state densities. For example, the
behavior of the p-d states as a function of the met-
al content and the estimates of charge transfer, as
derived from similar model calculations ' and from
semiempirical calculations using realistic silicide
structures, were found to be in remarkable agree-
ment for Pd silicides.

The present calculations show that for Cr sih-

rides the metal-d —silicon-p coupling is the dom-
inant aspect of the chemical bonding and that the
modifications of the density of states within 3 CV

of E~ (most relevant for the interpretation of our
photoemission spectra) upon Si-Cr bond formation
can be understood in terms of a decrease of metal-
metal hybridization due to the reduction of the
Cr-Cr interaction as Si content is increased.

To emphasize the modifications of the valence-

band states for different silicide stoichiometries, we
show in Fig. 5 the total density of states for Cr
(Ref. 23), Cr3Si, CrSi, and CrSi3, we also show the
I-decomposed densities of states (DOS) giving the
Cr-derived d character (Fig. 6), the Si-derived p
character (Fig. 6), and the Cr s-p character com-
pafcd to thc Sl-derived S-d character (Ftg. 7). In
what follows we analyze the prototypical results
for Cr3Si to characterize the different regions of
the DOS and then turn to CrSi and CrSi3 for com-
parison.

The DOS results for Cr3Si in Figs. 5 —7 show an

occupied d-bandwidth of -6 CV with sharp struc-
tures. near —1.1, —2.3, and —3.6 CV. Three dif-
ferent energy regions can be distinguished in the
DOS.

(1) Between —8 and —12 eV, a Si-derived s
band is shown to have negligible coupling with
metal d states. The band contains about 1.2 elec-
trons per Si atom, accounting for most of the oc-
cupied Sis states. The small metal s-p contribution
visible in Fig. 7 accounts for a few percent of the
calculated charge per Cr atom, and we therefore
conclude that the Si 3s states are not significantly
involved in the bonding with the metal. Calcula-
tions for near-noble-metal silicides ' show simi-

lar behavior.
(2) Between —3.0 and —7 eV, the total DOS for

Cr3Si has a main peak at about —3.6 CV with oth-
er features between —4 and —7 CV. All structures
arise from bonding combinations of Si-p and Cr-d
states. A comparison with the density of states for
pure Cr (topmost curve in Fig. 5) shows that in the
silicide the p-d bonding interaction splits and sub-



PRANCIOSI, PETERMAN, %EAVER, AND MORUZZI

0 —+
1)
&1

lt
t a„»

p

!
I

Sl p

0

V)
hJ

(n

Cr Sl &

CrSi

0 - IO -5 0=EF 5 I 0
ENERGY RELATIVE TO Ez (eV)

FIG. 5. Total density of states {DOS) for Cr (Ref.
23), Cr3Si (calculated ~ith Cu3Au structure), CrSi
(CuAu), and CrSi3 (Cu3Au). %hile the Cr3Si DOS
shows similarities with the bulk Cr case, increasing Si
content in the compound results in compression of the
DOS around EF due to the decrease of the d-d hybridi-
zation. For CrSi3 one structure close to E~ {F%HM
-0.5 eV) accounts for nearly 50/o of the calculated d
charge per Cr atom.
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FKJ. 6. I projection of the DOS for Cr3Si, CrSi, and
CrSi3 in simplified cubic structures. The Cr d character
is compared to the Sip character. For Cr silicides, as
for the near-noble-metal ones, the metal-d —silicon-p

coupling is the dominant aspect of the chemical bond-
ing. Between —3.0 and —7 eV (Cr3Si} the bonding
combination of metal d states and Sip states account for
most of the DOS features. The states within —3 eV
from EF reflect mainly Crd character with little contri-
bution from Si-derived orbitals.

stantially lowers part of the metal d bands. Figure
7 shows that -50% of the calculated p charge per
Cr atom contributes to a partial Cr-p DOS that
reproduces the main features of the Si-p and Cr-d
DOS between —3 and —7 eV. T1HS suggests 8-p
hybridization of the metal bonding orbitals.

(3) Between —3 eV and E~ the metal d states
account for all the features of the Cr3Si total DOS
with little contribution from Si-derived orbitals.
This energy region contains the dominant struc-
tures of the spectrum and accounts for about 3.2 d
states per Cr atom.

The calculated charge transfer can be related to
the ionicity of the Si-metal bonding. For Cr3Si
we found 4.1 electrons on Si atoms corresponding
to a very small charge transfer from the metal to
the Si (0.03 electrons per metal atom). Analogous-
ly we estimated for CrSi and CrSi3 a charge
transfer of 0.05 and 0.10 electrons per metal atom,
respectively, from Cr to Si. These results suggest
that the ionicity is of secondary importance in
determining the silicide valence states but that a

small charge transfer from metal to silicon is ex-
pected.

A compazlsoll of the DOS s for CrSl and CrS13
with those for Cr3Si allows the identification of
several trends in the electronic structure.

(1) Because of increased Si-Si interaction the Sis
bands broaden dramatically going from Cr3Si to
CrSi and CrSi3. The gap that existed in Cr3Si be-
tween the s band and the other valence states
disappears in CrSi and CrSi3 so that s character is
distributed on the energy scale up to E~.
Nevertheless, in all cases the deep-lying s states ac-
count for most of the s charge so that very little s
contribution ls seen within 6 eV of Ep. For all

compounds, therefore, there is still very little cou-
pling between the metal-derived states and the Sis
states. It is the increasing Si-Si coordination that
explains the broadening of occupied and empty s
states.

(2) For CrSi the bonding combination of Crd
and Sip states largely accounts for the total DOS
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FIG. 7. I projection of the DOS for Cr3Si, CrSi, and
CrSi3 in simplified cubic structures. The Cr s and p
character is compared to the Si s and d character. The
Sis states show negligible coupling with metal d states
in all compounds. The Cr-d —Si-p hybridization is
clearly the dominant aspect of the chemical bonding.

between —3 and —6 eV. The Sip partial DOS ex-
hibits broadening with respect to Cr3Si due to the
increased Si-Si interaction. The structures below
—6 eV are related to Si-Si bonding states and are
not infiuenced by the bonding with the metal. For
CrSi3, metal-d —Si-p bonding states extend on the
energy scale between —2 and —6 eV because of
the change of the metal d band width due to the
decrease of the Cr-Cr interaction.

(3) The energy region between —3 eV and E~,
which shows the most evident changes with
stoichiometry, refiects mainly metal-derived d
character and is the most important region for
comparison with experimental spectra. The total
DOS's in Fig. 5 show substantial compression of
the d density of states toward EF on going from
CrSi to CrSi3. For CrSi3 the d structure close to
EF [full width at half maximum (FWHM) -0.5
eV] accounts for nearly 50% of the calculated total
d charge per Cr atom while all other structures be-
tween 3 eV and E~ lose intensity. Figures 6 and 7
show that the DOS in this region is mainly due to
d-d bonding and antibonding states, with very little
contribution from Si-derived orbitals. The modifi-

cation of the DOS with increasing Si content can
therefore be qualitatively understood in terms of a
reduction of the d-d hybridization due to the de-
crease of the Cr-Cr interaction in the Si-rich sili-
cldes.

V. DISCUSSION

A. Low coverage interval

In the very early stages of interface formation,
0.1 &8 (0.3, a drastic reduction of the Si intrinsic
surface-state emission occurs without any apparent
change of the Fermi-level pinning position (within
0.1 eV) or Si 2p core-level binding energy. From
the emission onset of the EDC's it is possible to
measure the sample work function 4 versus metal
deposition. The value for the clean Si(111)-(2X1)
surface was found to be 4.65+0.10 eV, in good
agreement with the literature. With increasing
Cr deposition no work function variation was
detected (within 0.1 eV) and for the thickest Cr
films (8 & 50) the measured value, 4=4.60+0.10
eV, corresponded to that of bulk Cr. 7

The Schottky-barrier height 4z at the interface
is given by the value of the band bending for the
clean n-Si(111) surface modified by the change in
band bending induced by metal deposition. Since
we detected no change in the Fermi-level pinning
position as a function of metal coverage, the result-
ing Schottky-barrier height is the same as for clean
Si where 4=Ec—E~——0.79+0.1 eV.

The removal of the intrinsic surface-state emis-
sion at submonolayer coverage seems a general as-
pect of Si-metal interfaces. Braicovich et al. pro-
posed that this phenomenon is related to the first
stage of the chemical reaction which results in an
extended, reacted interface. No fundamental
difference should exist, then, in the chemical
behavior at submonolayer coverage and subsequent
stages of interface formation. However, our results
suggest that the bonding of metal atoms with Si
differs in these two regions. In particular for
8 & 1 —2 no detectable change of the Si 2p binding
enemy was observed (Fig. 3) while a small but de-
finite shift was observed for 1 —2 & 8 &9—10.
Furthermore, the attenuation rate of the Si 2p is
slower for 8&1—2 than for 1 —2&8&9—10,
with a definite change of slope in between (see the
Appendix and Fig. 8). Studies of the Si-Au inter-
face also showed no shift of the Si 2p and Au 4f
levels for 8 &2 while the formation of an inter-
mixed Si-Au phase was evidenced by a final shift
of + 0.4 and —0.5 eV of the Si 2p and Au4f's,
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respectively.
If interface formation at submonolayer metal

coverage is to be interpreted solely as the first
stage of a chemical reaction which results in an ex-
tended, reacted interface, then the observed differ-
ences in core emission behavior for the two cover-
age ranges must be explained in terms of a dif-
ferent chemical environment of the metal atoms in

FIG. 8. Main growth mechanisms for an unreacted
film (Ref. 35): (a) layer-by-layer or Frank —van der
Merwe mode, {b) three-dimensional island growth or
Volmer-Weber mode, (c) island growth on top of an in-

termediate continuous layer of thickness d or Stranski-
Krastanov mode. We calculated the theoretical attenua-
tion of the Si 2p emission for each mode assuming
hemispherical islands of equal radii with an average is-
land concentration of n, islands/cm . The parameters d
and n, are used to fit the experimental data. Compar-
ison of theory and experiment for mode (a) can be found
in Fig. 4 while modes (b) and (c) are compared here. (d)
shows such a comparison for h v=135 eV and (e) for
hv=120 eV. Dotted line: initial stage of Stranski-
Krastanov growth mode {I: d =1 A, L =5 A; II: d =5
A, L =7 A). Dashed line: Volrner-Weber mode {0:
n, =1.17 )&10' isl/cm, 1: n, =1.74 X10' isl/cm; 2:
n, =7.94 )&10" isl/cm;. 3: n, =4.10 )(10' isl/cm; 4:
n, =1.50 &10' isl/cm; all with L =10 A). (d) shows
that only a Volmer-Weber mode gives some agreement
with experiment, but the same choice of parameters
gives a theoretical curve that is in sharp disagreement
with experiment for h v=120 eV (e). The experimental
behavior is therefore in quantitative disagreement with
all three main mechanisms for nonreactive film growth.

the two cases. This has yet to be substantiated
by analysis of the metal atom's chemical environ-
ment in the low coverage range.

8. The intermediate region (1—2 &e (9—10)

We have. shown that for e & 10—12 monolayers
the valence-band emission from the Cr-Si interface
differs from that of bulk Cr (Fig. 2) because the
width of the occupied d bands is reduced and their
center is shifted toward the Fermi level. Clearly,
the valence-band spectrum cannot be obtained by
superimposing weighted contributions from Si(111)
and bulk Cr. Instead, it is in good qualitative
agreement with what is expected from our calcula-
tions for the formation of Si-rich silicidelike
phases. Further, the attenuation rate of the Si 2p
emission for 1 —2&8&9—10 is much slower than
expected for a sharp, nonreactive interface (see Fig.
4 and the Appendix) and, in this coverage range,
the cores shift 0.2+0. 1 eV toward lower binding

energy (Fig. 3). Again, such behavior is consistent
with the results of our calculation. We therefore

conclude that at the interface an intermixed region
of =10 monolayers is formed, where Si-rich phases
are present.

We will now examine in detail the experimental
and theoretical evidence in favor of this interpreta-
tion. The photoemission spectra in Fig. 2 em-

phasize the metal derived d character due to the
photon energy dependence of the Cr 3d cross sec-
tion. ' For 8 & 10 the formation of the interface
region is completed and the spectra increasingly

'resemble that of bulk Cr due to an increasing
amount of unreacted metal. Compared to the
photoemission spectra of bulk Cr, the spectra for
8-10 show that the d bands are shifted toward

E~ and that the d derived structure at 3 eV is ab-

sent. This is consistent with- a general trend ob-
served in the model calculation for Cr-Si bond for-
mation. As discussed above the DOS within 3 eV
of EF reflects metal-derived d character with
minimal Si contribution; the replacement of
Cr —Cr bonds with heteropolar Si—Cr bonds shifts
the d character toward E~ with a decrease in
overall width (reduced d-d hybridization). The cal-
culations predict, for Si-rich Cr-Si phases, a trend
toward a DOS dominated by a single structure
within -2 eV of E~, accounting for roughly half
of the metal d charge, in qualitative agreement
with the experiment for the intermixed phase.

The shift of the Si 2p core levels toward lower
binding energy with increasing metal coverage



25 STRUCTURAL MORPHOLOGY ANO ELECTRONIC PROPERTIES. . . 49S9

(completed for 8-10) has a direction and order of
magnitude consistent with our expectation of a
small but definite charge transfer from Cr to Si
upon bond formation in intermixed Si-Cr species at
the interface. Although the correlation between
the core binding energy shift and charge transfer is
not straightforward, the observed behavior is con-
sistent with what was found for Si-Ni interface
formation where shifts of 0.4—0.6 eV toward
lower binding energy were observeds and for which

theory predicted a small charge transfer from
metal to Si atoms.

The slower attenuation of the Si 2p emission
compared to that expected for a sharp, nonreactive
interface can be understood in terms of an inter-
mixed phase and is quantitatively inconsistent with
three-dimensional island growth of an unreacted
Cr film. The observed coverage dependence
disagrees with the basic nonreactive growth
mechanisms (see the Appendix for comparison
with calculations of Volmer-Weber, Frank —van
der Merwe, and Stranski-Krastanov growth
mechanisms). Furthermore, in assuming three-
dimensional island growth, one must explain the
coverage dependence of the Si 2p binding energy
and the disappearance (Fig. 2) of all bulk Si
valence-band features for 8-3. The bulk Si(111)
feature at 7.5 eV is clearly visible for 8 & 3, not-

withstanding the higher Cr photoyield, and it is
difficult to explain its behavior with coverage for
island growth of a Cr film at 8-3. The behavior
of this Si feature can be explained by its extreme
sensitivity to the breaking of tetrahedral coordina-
tion upon Si-metal reaction, as was shown in stud-
ies of the Si-Pd interface. '

In the inset of Fig. 2 we showed that for 8 & 10
peak A shifts toward EF with increasing Cr cover-

age. Shifts of the center of mass of the occupied d
levels with coverage have been observed during the
formation of several silicon —near-noble-metal in-

terfaces, ' where Si-metal compounds have elec-
tronic structures close to those of bulk metal sili-
cides. ' The modifications of the valence band
with metal coverages were usually attributed to a
stoichiometry gradient in the intermixed phase
with Si enrichment near the interface. Our band
calculations for Si-Cr show that the direction of
the observed shift is inconsistent with having a
composition gradient normal to the interface; Si
enrichment near the interface (Cr depletion) should
result in a narrower d band shifted to lower bind-

ing energies. Instead, we suggest that the behavior
of peak A reflects different chemical environments

and/or local bond distortions in the intermixed
region rather than a stoichiometry gradient. As re-
cently pointed out by Ho et al. iri a very interest-
ing paper, it is always very difficult to distinguish
between the effect of true composition variations in
the silicidelike phase at the interface and the effect
of local distortions of the Si—metal bonds.

C. High coverage range and the Cr™vacuum
interface (8& 10)

Figure 2 shows that for 8) 10 the valence-band
emission tends gradually to that of bulk Cr,
becoming indistinguishable from that of the metal
at 8-20. Si 2p core-level measurements show that
for 9 &8 & 20 the 2p intensity decreases exponen-
tially (Fig. 4), indicating that an unreacted Cr film
"covers up" the intermixed interface.

At higher coverage (8& 20) our data give evi-
dence of Si segregation in the upper few layers of
the unreacted Cr film. " Figures 3 and 4 show
that Si 2p emission is visible even -at the highest
coverages explored. Furthermore, for By 20 the
Si 2p attenuation (Fig. 4) departs from exponential
behavior and the Si 2p emission approaches a near-
ly constant value of Iz~(8)/Iz~(0) =0.10—0.15
(h v= 120 eV). A value —1.7 times larger is deter-
mined from the results at h v=135 eV where the
surface sensitivity is greater (escape depth 5 —7 A),
as shown by the dashed curve in Fig. 4 for which
I2&(8)/I2~(0) =0.20—0.25, providing evidence of
Si enrichment in the topmost layer of the evaporat-

ed film. Data for the Si-Pd (Ref. 22), Si-V (Ref.
32), and Si-Cr (Ref. 10) interfaces after heat treat-
ment all showed substantial Si segregation at the
metal-vacuum interface. We showed that, to a
smaller extent, this occurs even at room tempera-
ture for Si-Cr. It is possible to roughly estimate
the amount of Si segregated on the metal film by
calculating the thickness d of a Si "bulk crystal, "
which will give rise to the same 2p core emission
intensity observed at the highest metal coverage.
Assuming

I„(8) I„(8)
const

e 2i( e so

it is

I2p

Igq(0)
I

where L is the photoelectron escape depth for bulk
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Si. For both hv=120 and 135 eV we obtain
d -1.5+0.5 A, i.e., the equivalent of 0.6—1.3
monolayers. Since the Si 2p levels at high metal
coverage have the same binding energy as for
6-10, similar Si—Cr bonding may be present in
the segregated and in the intermixed species.

VI. CONCLUSIONS

Our experimental and theoretical results show
that Si and Cr react at room temperature to form
an intermixed region -10 monolayers wide. The
emission spectra from this region indicate an aver-

age Si-rich composition and exhibit a definite me-

tallic character, as shown by the high DOS at E~
in Figs. 1 and 2. The rapid attenuation of the in-

trinsic Si surface states at low metal coverages ap-

pears related to Si-Cr intermixing.
Room-temperature intermixing at silicon-metal

interfaces was previously reported for several
Si—near-rioble-metal and Si—noble-metal sys-
tems. ' The Si—near-noble-metal junctions exhi-
bit metal-rich phases which have an electronic
structure close to that of the bulk silicides which
nucleate upon moderate heat treatment (NiqSi,
Pd2Si, PtqSi). For Pd-Si there is evidence of epi-
taxial growth of a Pd2Si-like structure.

The only Cr silicide previously known to grow
on Si upon reaction at 450'C is CrSiz, a compound
with the C-40-type crystal structure with hexago-
nal symmetry and nine atoms per unit cell. Shi-
noda et al. reported resistivity measurements and
a band gap of -0.35 eV for a CrSi2 single crystal.
The Schottky-barrier height for the Si-CrSiz junc-
tion has been reported to be 4~ ——0.67 eV. In
contrast to this, we have shown that the intermixed
species formed at room temperature is metallic and

we determined 4q ——0.79+0.1 eV. It seems clear,
therefore, that the observed intermixed phase exhi-
bits fundamental differences compared to CrSiz
and we have undertaken photoemission studies of
both annealed Cr-Si interfaces and bulk CrSi2. '

Several years ago Tu suggested that "interfa-
cial reactions" could explain the strikingly dif-
ferent compound growth kinetics observed at
Si—refractory-metal interfaces and other Si-metal
systems. We are now at a point where the use of
spectroscopic techniques can give a microscopic
picture of such reactions and concentrated efforts
in this direction seem timely.
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APPENDIX

In Sec. III we examined the experimental at-
tenuation of the Si 2p emission as a function of
metal coverage and compared it (Fig. 4) with the
ideal result for a sharp, unreacted interface. Here
we will examine the effect of different growth
mechanisms of the Cr film on the Si 2p emission,
always under the assumption that no reaction oc-
curs at the interface. We will show that the exper-
imental results are not consistent with any of these
growth mechanisms and that interface reaction
must be considered if the observed behavior is to
be explained.

A classification scheme for growth of thin films
leads to the distinction between three basic growth
modes: the Frank —van der Merwe mode [Fig.
8(a)], the Volmer-Weber mode [Fig. 8(b)], and the
Stranski-Krastanov mode [Fig. 8(c)]. The actual
growth mode for a given system will depend on the
relative importance of the film surface energy, sub-

strate surface energy, and the internal strain energy
of the film. The Frank —van der Merwe mode is
actually a "layer by layer" mechanism that, for the
coverage range of interest here, can be approximat-
ed by the theoretical curve plotted in Fig. 4
(dashed line), where the emission from the sub-

strate is attenuated exponentially with an attenua-
tion length equal to the escape depth I. for a given
kinetic energy. Figure 4 shows that for 1&8&9
the experimental attenuation rate is much slower
than expected for a Frank —van der Merwe non-

reactive growth mechanism.
Both the Volmer-Weber and the Stranski-

Krastanov mechanisms include three-dimensional
island growth of the deposited film. In the first
case the islands grow directly on the substrate
while in the second case they grow on an inter-
mediate continuous layer [see Fig. 8(c)]. We will

take into account three-dimensional island growth
assuming hemispherical islands of equal radius R
with an average island concentration of n,
islands/cm . We expect such a model to be an ac-
ceptable approximation of the early stages of island
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nucleation. With such simplifications we can use
the island concentration n, as a fitting parameter
independent of coverage in a hmited coverage
range (8& 10},and the radius R of the island will

be a simple function of the now "nominal" cover-

age 8:
3p.Ne ""
2mpnc

(Al)

2p 1eg&
. 3p,N v inc

(A2)

where p, is the atomic weight for Cr, p is the Cr
density, and N=7. 6 )& 10' atomslcm comes from
our definition of monolayer coverage. The total
sample area covered by the islands will therefore
vary as [8] ~, and the condition that we are in
the early stages of island nucleation can be roughly
expressed by imposing the condition that the
covered area is smaller than the total sample area,
obtaining

e=p
Np,

(A4)

We can now derive a very simple expression for
the Si 2p attenuation,

where L is the photoelectron escape depth at the
given energy. Equation (A3) combined with (Al)
gives directly the result for a Volmer-Weber
growth mechanism.

For the Stranski-Krastanov mode, one has to
consider a first stage in which a continuous film of
thickness d (fitting parameter) is formed. For fur-
ther metal deposition an expression of the type
(A3) will hold. We will approximate the first stage
by assuming a lateral growth of metal islands of
constant thickness d. The islands will coalesce
forming a continuous film for

The calculation of the attenuation owing to the
presence of such islands is elementary, and we ob-
tain

Iip(8) Np,=1— (1—e )8.
I2~(0) pd

(AS}

Igp(8) =1 ncnRiI—I+n, 2n.
I2iI(0)

X[e RIL(RL—+L2) L2) j

(A3)

For a Stranski-Krastanov growth mechanism we
therefore expect the Si 2p attenuation to be linear
with coverage in the first growth stage. For the
whole growth sequence we will have

Ipq(B) Np, d(1—e ~)8 forB& P
I2p(0) pd Np,

I„(8) pd=e "~(1 n, mR2I I+—2n[eir~~~(RL+L ) L] I } for—8&
I2p(0) Np, (A6)

Equation (A6} simply represents a type (A3)
growth following an initial-type (A5) stage.

In Figs. 8(d) and 8(e) we have plotted (solid line)
the experimental spectra for the Si 2p intensity in
the initial stage of the growth, obtained for
hv=135 eV photons [Fig. 8(d)] and hv=120 eV
photons [Fig. 8(e)]. The dotted line represents
plots of the Si 2p attenuation during the initial
stage (A5) of the Stranski-Krastanov growth for
different values of the parameter d. The dashed
lines represent plots of the Si 2p intensity during a
Volmer-Weber growth (A3).

A comparison of the experimental spectra for
he=120 and he=135 eV shows the same qualita-
tive coverage dependence of the Si 2p emission.

An initial region extends up to 1.5—1.75 mono-
layer followed by a region in which the attenuation
rate is faster and the dependence on coverage is
roughly linear. Figure 8(d) shows clearly that the
first stage of a Stranski-Krastanov growth is not a
reasonable approximation for the observed
behavior. It is instead possible to find a reasonable
choice of the growth parameter that gives some
agreement between the experiment and a Volmer-
Weber picture [dashed line, number 2 in Fig. 8(d)].
However, the same choice of parameters gives a
theoretical curve for h v= 120 eV [dashed line,
number 2 in Fig. 8(e)] in sharp disagreement with
the experimental spectrum. For a Volmer-Weber
growth mechanism it is actually impossible to find



4992 PRANCIOSI, PETERMAN, %'EAVER, AND MORUZZI

one set of parameters that gives reasonable agree-.

ment between theory and experiment for both
hv=120 and 135 eV. In Fig. 8(d) the best agree-
ment is obtained for a concentration n, of
1.17)& 10 islands/cm, with an island radius of
-22 A at 8=3, while in. Fig. 8(e) we obtained
some agreement choosing n, =4.10 g 10'
islands/cm, with islands of -68-A radius at
8=3. The fact is that in assuming a Volmer-

Weber growth of an unreacted Cr film, the escape
depth difference (L =5—7 A for h v= 135 eV and
L = 10—12 A for h v= 120 eV) is not enough to
explain the strong difference in the attenuation rate
of the experimental spectra in Figs. 8(d) and 8(e).
Such a difference can be accounted for by assum-

ing that reaction does occur at the interface and
that an extended intermixed region forms upon Cr
deposition on the Si surface.
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