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Silicon interaction with low-electronegativity metals: Interdiffusion and reaction
at the Ca/Si(111) interface
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We present the first photoemission study of reactions which occur at an alkali-earth —silicon in-

terface. Room-temperature results indicate extensive atomic interdiffusion with substantial ionic
bonding. Analysis of the Si 2p core line shape, the Ca 3p core levels, the many-body losses, and the

0

valence bands shows that the first reaction product {1(0(12 A) corresponds to a weakly metallic
Ca-Si phase. A second component is Ca-rich but has Si present in two different bonding configura-
tions. Core line-shape analysis facilitates evaluation of interface atomic concentrations and discus-
sions of morphology.

Studies of metal-silicon junction formation using
surface-sensitive spectroscopic techniques have been able
to provide a microscopic picture of interface interactions
and morphologies. ' lt has recently been established, for
example, that simple metals on silicon exhibit relatively
sharp interfaces and the noble and transition metals react
with Si at room temperature to produce diffuse interfaces
with silicidelike phases of variable depth (Ag and V are
notable exceptions ). In general, Schottky barrier forma-
tion for these metal-Si junctions induces relatively little
change in band bending [0.1—0.2 eV as compared to the
clear Si(111)-2X1 surface ].

Despite the enormous amount of work represented by
Refs. 1—5 (and the 1050 references cited by Brillson'), lit-
tle attention has been devoted to rare-earth or alkali-earth
metal overlayers on Si. Because of the low d-electron
count of these metals, their interfaces should be intrigu-
ingly different from those involving transition metals. In
particular, the low d-electron count and low electronega-
tivity of the metals should alter the picture of interface
chemistry dominated by strong metal-d —silicon-p co-
valent bonds and minimal charge transfer. Likewise,
these interfaces should differ from simple-metal —silicon
junctions because of large electronegativity differences.
As far as interface parameters are concerned, qualitative
differences in evolution are suggested by the low Schottky
barrier heights of several rare-earth-disilicide —silicon
junctions, i.e., 0.3—0.4 eV lower than those reported for
simple, transition, and noble metals on silicon.

In this paper we discuss synchrotron radiation photo-
emission investigations of Ca/Si(111) interface formation.
These are the first such alkali-earth —silicon studies, and
they build on previous work with Sm/Ge(111) and
Sm/Si(111), ' high-resolution investigations of Ce reac-
tions on Si(111),Cxe(111), and GaAs(110)," and results for
Yb/Si. ' Our results show a reacted region with Ca-Si in-
termixing followed by one in which a Ca-rich overlayer

evolves at room temperature. Each region has charac-
teristic valence-band emission, Ca 3p line shape, and Si 2p
core binding energies. In the first stage, ionicity plays a
major role in determining the electronic structure but,
surprisingly, we find no change in band bending, i.e., the
ionic contribution to the chemical bonds of the extended
interface region does not affect the equilibrium barrier
value to within 0.1 eV. The second stage, 0) 12 A, has
metallic character corresponding to evolving Ca-derived
valence bands, but Si continues to be present in small
quantities in two inequivalent chemical states.

The experiments were performed at the Synchrotron
Radiation Center. Clean Si(111)-2&&1 surfaces (n-type sil-
icon, P-doped, n —10' cm ) were produced by cleavage
in the photoelectron spectrometer (operating pressure
—5 && 10 " Torr). Monochromatic radiation was ob-
tained from a 3-m toroidal grating monochromator, and
photoelectrons were energy analyzed by a double-pass
cylindrical mirror analyzer. The overall experimental
resolution was 0.4—0.5 eV for the valence band and Ca 3p
results and —1 eV for the Si 2p core studies at h v= 135
eV.

The interfaces were prepared by direct sublimation of
ultrahigh purity, vacuum distilled Ca from a W coil. The
overlayer thickness, 0, was measured by a quartz crystal
monitor and is given in angstrom units [1 monolayer
= 1ML =3.35 A using the Si(111) surface atomic density
of 7.8X10' cm ]. During evaporation, the pressure
rose as hydrogen was released from the Ca source itself
( & 6)& 10 ' Torr). Subsequent controlled exposure to
much higher pressures of hydrogen produced minimal ef-
fects, and we conclude that the results presented here are
representative of pristine Ca-Si interactions. Studies of
the interface were carried out for metal coverages of 0.25
to 100 A on room temperature Si substrates. Radiant
heating from the evaporator was negligible because of the
geometry of the system and the very low power needed to
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evaporate Ca.
Valence-band studies were performed at photon ener-

b l
gies of 40 and 60 eV, as well as 12 eV to emph

'
th S'

u k valence-band features and monitor variations in band
bending at low Ca coverage. In'Fig. 1 we show pho-
toelectron energy distribution curves (EDC's) for the
valence bands of Ca/Si(111) taken at hv=60 eV. The
bottommost EDC represents clean Si(111)and spectra dis-

placed upward show the effect of Ca intermixing. The
topmost EDC was obtained from a 450 A Ca film eva-

porated onto oxidized copper and is representative of Ca
metal. The valence-band results at 40 eV photon energy
are virtually identical to those shown in Fig. 1 and are
not shown here.
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FIc~IG. 1. Valence-band photoelectron energy distribution

curves {EDC's) for the Ca/Si{111) interface at room tempera-

ture. The bottommost spectrum corresponds to the clean

Si(111)-2)&1 surface, the topmost EDC to a 450 A Ca film eva-

porated on an inert substrate. Broad emission features at 4.9
and 9,6 eV correspond to plasmon losses. The first interface re-

action state (0 &0 & 12 A) yields a weakly metallic Ca-Si inter-

mixed phase with substantial ionic bonding character. At

higher metal coverages Ca-rich phases dominate the interface

valence emission.

The valence bands of calcium metal (Fig. 1) are dom-
inated by emission within 2 eV of EF with a full width at
half maximum (FWHM) —1.1 eV. Broad emission
features at 4.9 and -9.6 eV (4.5 and 9.1 eV below the
valence-band peak) have been interpreted' ' as
plasmons excited during the photoemission process. In
contrast, EDC's for Ca coverage 1 e 0 & 12 A show
va ence-band emission centered —1.4 eV below EI; which
increases with 8 while the Si valence-band features at
—7.5 and —10.5 eV, typical of sp hybridization, attenu-
ate rapidly. Indeed, by 0=5 A=1.5 ML, these Si sub-
strate features are gone. For 0=10 A, the spectra are rel-

atively stable, exhibiting broad emission 1.4 eV below E~
(FWHM 1.9—2 eV), very low emission at EF, and no
plasmons (see Fig. 1, 0=8.5 A). Increasing the coverage
above —10 A results in new structure 0.3—0.4 eV below

EI;, as seen by the weak shoulder for 11 A. This shoulder
is pronounced for -20 A and its growth is accompanied
by the emergence of broad plasmon loss features at 4.9
and 9.6 eV. By 0=30 A, the emission near E~ is almost
Ca-like, but. complete convergence to Ca requires —100 A
coverage.

Th ese valence-band results indicate that during the first
reaction stage a large number of states form —1.4 eV
below EF. Given the large chemical shifts observed and
the electronegativity differences (next paragraphs), these
can be identified as largely Si p derived. The very 1

den
'

ensity of states near EF indicates that the Ca d states are
nearly empty in the interface-stabilized silicide and p-d
mixing is not strong. Hence, we conclude that ionic
bonds are important in the Ca/Si interface reaction. With
increasing coverage, states near EF become visible and ul-

timately dominate. Their emergence indicates the gradual
covering up of the reacted layer by a Ca-rich film having

partially occupied 3d states and metallic bonding. '

In Fig. 2 we show Ca 3p core EDC's for hv=60 eV

displaced with arbitrary units to emphasize line-shape

changes. As discussed elsewhere, ' ' the complex Ca 3p
line shape is due to final-state effects which, for our pur-

poses here, can be used to fingerprint the evolution of the
interface electronic structure. The results for 0=1 A
show a sirigle unresolved 3p emission feature 25.4 eV

below EF and no high-energy losses. Vhth coverage, the
core broadens, shifts to lower binding energy, and exten-

sive, featureless emission increases on the high-energy side

of the core. At 8=15 A, structure —1.6 eV deeper than

the main line becomes distinguishable and a satellite is
evident near 29 eV. The appearance of these defines the
onset of multielectron effects' where d screening and
multiplet final states are possible. Thus, both core studies

and valence-band studies indicate that the overlayer be-

comes increasingly calcium-rich with increased emission
at EF, better d screening of the photohole, and greater
probability of plasmon excitation.

In Fig. 3 we show selected Si 2p core EDC's for
hv=135 eV (solid line). The zero of the binding-energy

scale corresponds to the initial position of the Si 2p level

for Si(ill)-2&&1. Again, the EDC's have been scaled to
emphasize the line-shape changes. The bottommost spec-
trum for clean Si(111) shows an unresolved spin-orbit

splitting and FTHM of 1.65 eV. These results show sig-
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FIG. 4. Top: Attenuation of the overall Si 2p integrated
emission normalized to the initial Si 2p emission. Bottom: At-
tenuation for each of the Si 2p components identified from the
fitting procedure in Fig. 3. Attenuation of the unreacted sub-
strate component (dashed line) is much faster than is reasonable
for an escape-depth —driven mechanism and reflects intermixing
at the interface with conversion of substrate atoms into reacted
stage-1 Si. The slow attenuation of the two Si 2p —reacted com-
ponents indicate that Si out-diffuses into the Ca layer but that
the amount present near the surface diminishes as the overlayer
becomes thicker.

I(0) is the integrated emission normalized to the photon
fiux at a coverage 0 and I(0) is the emission for the clean
surface. In the lower panel, we show the attenuation of
the three components of Fig. 3. Results for the overall Si
2p core emission (top) show exponential attenuation for
1 & 0 & 15 A, a sharp change in slope at 0-15 A, and
much slower attenuation at high coverage. Analysis of
the unreacted substrate component (dashed line) shows ex-
ponential attenuation consistent with an escape-depth-
driven behavior but with a slope that is much steeper than
is reasonable for photoelectrons with -30 eV kinetic en-

ergy (apparent escape depth &3 A instead of 5—7 A).
This behavior is consistent with intermixing at the inter-
face with conversion of substrate Si atoms into reacted
stage-1 Si.

The attenuation of the two reacted components (dot-
dashed and dotted lines) is much slower than expected for
an escape-depth-driven mechanism involving formation of
a continuous Ca film over the reacted interface, as might
have been suggested by high-coverage valence-band stud-
ies alone. Instead, the results of Fig. 4 indicate that Si
out-diffuses into the Ca layer, but that the amount present

near the surface diminishes as the overlayer become thick-
er (increasingly Ca-rich). Nevertheless, the binding-
energy studies indicate that the local bonding of Si is
similar to that in the fully reacted region, again consistent
with the very large electronegativity differences and the
tendency of Ca and Si in the bulk to form local ionic
bonds. At the same time, the second shifted Si compo-
nent which appears after the metal overlayer has begun
to form (15—20 A) has an intermediate binding energy in-
dicative of reduced bonding with Ca (less charge transfer).
With increasing coverage, this second Si component be-
comes dominant, although it should be noted that it
amounts to only 0.6% of the original Si signal at 100 A.
Its small concentration, reduced binding energy per-
sistence at high coverage, and simultaneous presence with
the first reacted species suggests that it be identified as
surface-diffused Si on the Ca overlayer. Such species
have been previously identified for other systems, includ-
ing Ce/Si(111) (Ref. 11) where it was possible to correlate
the onset of surface Si with the early formation of a metal
overlayer.

The Si 2p line-shape fitting of Fig. 3 was quite sensitive
to the energy and should be able to detect changes in bind-
ing energy of the substrate Si 2p of &0. 1 eV. Since no
changes were observed, we conclude that the complex for-
mation chemistry does not change the barrier height
within experimental uncertainty (0.1 eV). This invariance
is consistent with valence-band results at h v= 12 eV that
show no change of the bulk Si valence-band features at
low metal coverages and indicate no change in band bend-
ing. The resulting 0.75 eV Schottky barrier is in agree-
ment with the values reported for most transition-
metal —Si interfaces and Sm/Si(111) (Ref. 10) at room
temperature, and in contrast with values reported from
transport measurements of some rare-earth-disilicide —Si
interfaces and photoemission studies of Ce-Si."

It is intriguing that the Ca-Si and Ce-Si interfaces show
very different behavior at low coverage. In an earlier pa-
per, "we showed that Ce on Si interacts weakly and forms

. clusters. Here we report that Ca induces spontaneous re-
action by 0=1 A (0.3 ML). Further, Ce on Si results in
band-bending changes of 200 meV while Ca does not. Fi-
nally, the Ce-Si interface is highly heterogeneous as a
consequence of the initial formation of clusters while
Ca-Si appears more homogeneous across the surface.
Both systems, however, show Si out-diffusion to the sur-
face and have three different Si features which can be
readily resolved and followed as a function of coverage to
identify the morphology of the extended interface.
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