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Electronic structure of the CaFq/Si(111) interface
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High-resolution core-level and Auger-electron spectroscopy, polarization-dependent near-edge
x-ray absorption, and angle-resolved photoemission are used to study the electronic structure and the
bonding at the CaF2/Si(111) interface. Si core-level shifts of + 0.4 and —0.8 eV show that both Ca
and F bond to Si and that the interface is atomically sharp. Interface-derived Ca and F core-level
and Auger-electron shifts are found indicating layer-by-layer growth. The interface Ca 2p, 3p, 3s
core-level shifts are about 2 eV and the Ca 2p Auger energy shift is =4.S eV. The F 1s,2s core lev-

els show no interface shift but a shift of 1.7—2 eV in the initial adsorption regime indicating a re-

arrangement of F after the completion of the first layer. The F 1s Auger electrons show an inter-
face shift of 2.0 eV. Initial-state and relaxation contributions to the shifts are considered. In the Ca
2p and F 1s near-edge x-ray-absorption fine-structure (NEXAFS) spectra several unoccupied Ca-
and F-derived interface states are found. The orientation of the corresponding orbitals is revealed

by the polarization dependence. The oxidation state of the Ca atoms at the interface is found to be
changed to 1 + . The CaFq valence bands start to form at 2 layers with an overall bandwidth of 3.3
eV. An occupied interface state is found at 1.2 eV. The Fermi level shifts by 0.6—0.6S eV when 2
CaF2 layers are deposited and a new pinning position is established at the Si valence-band max-
imum. A bonding model for the interface is proposed.

I. INTRODUCTION

The epitaxial growth of insulators on semiconductors is
an important step to achieve the long-range goal of three-
dimensional electronic devices. Cap& is currently the
most promising candidate as an epitaxial insulator on sil-
icon. It can be grown by molecular-beam epitaxy'
(MBE) on silicon substrates and has a crystal structure
(cubic) similar to the diamond structure of Si with a lat-
tice mismatch of only 0.6% at room temperature. The
high quality of the CaF2 films has been established by
several experimental techniques and an epitaxial
growth of Si on top of CaF2 films has been reported. '
%'hen device dimensions shrink and become comparable
to characteristic lengths such as the diffusion length or
the Debye screening length, the quality of the interface be-
comes crucial for the performance of a device. The
CaF2/Si(111) interface is an ideal test case for several
reasons. (i) It can be grown epitaxially quite easily be-
cause CaF2 evaporates as a molecule and thereby automat-
ically solves the stoichiometry problem. (ii) The structure
is simple enough for first-principles calculations. (iii) The
interaction between a polar insulator with ionic bonding
and a homopolar semiconductor vnth covalent bonding
raises interesting questions about the interface bond which
are not yet solved.

There are several possibilities how the CaF2/Si(111) in-
terface may form. Figure 1 shows a tentative model' of
the initial adsorption of the CaFz molecules and the suc-
cessive formation of crystalline CaF2. This picture is only
schematic since the clean Si(111) 7X7 substrate is highly
reconstructed and atomically rough, and the reconstruc-
tion is successively lifted upon CaF2 adsorption. In the
low-coverage regime we expect no simple bonding

geometry. Under certain conditions we observe a
~/3X~3 ordering. Single CaFz molecules will have to
rearrange when the first triple layer is formed. This im-
plies a rebonding of the fluorine atoms. The triple layer
F -Ca +-F is azimuthally rotated by 180' according to
Rutherford backscattering data. In contrast to the
Si02/Si interface, the CaF2/Si(111) interface is atomically
sharp. In Fig. 2 core-level shifts of the Si 2p levels are
shown, which demonstrate the difference between these
two interfaces. After subtraction of the Si 2p, &2 line (dis-
cussed, e.g., in Ref. 9), the SiOi/Si interface shows all in-
termediate oxidation states with an intensity correspond-
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FIG. 1. Tentative structural model for the formation of the
CaF&/Si(111) interface. Layer-by-layer growth is observed. The
structure of the initial CaF2 layer is different from the structure
of the interface.
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spectroscopy. Direct spectroscopic techniques" are diffi-
cult to use because the signal from the interface is
overwhelmed by the background from the overlayer and
substrate. The main objective of this paper is to examine
the electronic structure during the formation of the
CaFz/Si(111) interface from a submonolayer regime up to
many layers of CaFz. Photoemission spectroscopy has
earlier been used to study clean Si surfaces' ' and the in-
teraction of Ca (Ref. 14) and F (Ref. 15}with Si surfaces.
Recently the initial formation of the CaFz/Si(111) inter-
face and of a Ca layer on Si(111) has been studied. ' '
Here we report an angle-resolved photoelectron spectro-
scopy (ARPES} of the valence-band region of
CaFz/Si(111) and high-resolution spectroscopy of Si 2p,
Ca 3p, Ca 3s, Ca 2p, F 2s, and F 1s core levels. Auger-
electron and near-edge x-ray absorption fine-structure
(NEXAFS) spectra in the Ca 2p and F ls absorption re-

gime are presented as well.
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FIG. 2. Characterization of interfaces by Si 2p core-level
spectroscopy. (a) Diffuse interface of Si02/Si(100) where two
layers of Si interface atoms in intermediate oxidation states are
seen (only the Si 2p3 j7 component is shown). (b) Sharp interface
of CaF2/Si(111) grown by MBE. A raw spectrum and a Si 2p3/2
spectrum, where the Si 2pl/2 component has been subtracted,
are shown. Si atoms bond to F and to Ca at the interface as re-
vealed by opposite core-level shifts.

ing to about two silicon layers. The CaFz/Si(111) inter-
face, however, exhibits an interface Si peak ( —0.8 eV)
that has much less intensity than the SiOz/Si interface
peaks. For CaFz on Si(111)a raw data spectrum and a Si
2p3&z spectrum is shown from which the Si 2p&zz peak
has been subtracted. From the sign of the shift (towards
higher binding energy) we conclude that this peak corre-
sponds to silicon atoms interacting with fluorine. Ca in-
teracting with Si is known to cause a shift in the opposite
direction. A shoulder observed at + 0.4 eV is assigned to
Si atoms bonding to Ca. A quantitative evaluation of the
Si 2p spectrum leads to the tentative model of the inter-
face structure presented in Fig. 1 where Ca bonds to the
outermost Si layer and F interacts with the subsurface Si
layer (see Ref. 8). Such a model can be tested by other
structural techniques' which make it possible to look
through an overlayer and still be sensitive to a monolayer
of interface atoms.

It is of great importance to understand and control the
electronic states created at the interface. For probing
electron states at interfaces, one uses electrical measure-
rnents such as capacitance voltage and deep level transient

II. EXPERIMENTAL

The experiments were performed at the National Syn-
chrotron Light Source (NSLS) at Brookhaven National
Laboratory (Upton, New York). Two different beam-
lines' were used. The angle-resolved electron distribution
curves (AREDC's) and the shallow core levels (Ca 3p,2s,
F 2s) were measured with a hemispherical electron
analyzer with energy multidetection coupled to a 3-m
toroidal grating monochromator (TGM). For the
NEXAFS data, the Auger-electroa and the high-
resolution core-level spectra, a,o-m TOM and a display
spectrometer was used. The Si(ill) wafers (n-type, P-
doped, 5 0 cm, oriented better than 0.5') were cleaned by
resistive heating; the cleanliness was checked with the Si
2p core level and by observing the Si(111) 7X7 surface
states. ' CaFz films were grown on the clean Si(111)
wafers held at a temperature of 700—750'C as measured
with an infrared pyrometer. The temperature calibration
is not accurate absolutely but relatively. The uncertainty
is estimated to 50'C. Solid phase epitaxy (deposition at
room temperature and annealing) exhibits the reordering
of the interface with temperature. Figure 3 shows Si
2pzzz core-level spectra (Si 2pi&z subtracted) for various
annealing temperatures and in the inset the Fermi level
and work function shifts relative to the clean Si(111)7X 7
surface. Both SiF and SiCa core-level shifts (see also next
part) are formed at the same temperature of 650—700'C.
At the same temperature EF moves towards the Si
valence-band maximum (see for an explanation in Sec.
III D) and the work function is lowered compared to the
clean Si surface. The reordering is completed at about
740 C and the SiF and SiCa peaks are stable up to 800 C
~here CaF2 starts subliming. A pyrolytic boron nitrite
(PBN) crucible was used as an evaporation source and the
deposition rate was about one CaFz triple layer (3.15 A)
per minute. The growth of CaF2 was interrupted at vari-
ous thicknesses and the samples were transferred into the
analyzer chamber, The pressure during evaporation was
in the 10 Torr range. The cleanliness of the samples
were checked by core-level spectroscopy. Care had to be
taken to avoid contact of hot tantalum surfaces with
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Overview photoemission spectra of the shallow Ca 3p,
Ca 3s, and F 2s core levels and the F 2p valence band for
different coverages of CaFz/Si(111) are shown in Fig. 4.
Figures 5(a) and 5(c) show the deeper Ca 2p, /i 2@3/2 and
F 1s core levels. At a coverage smaller than one layer we
observe no splitting of the peaks. However, a dramatic
change occurs if the coverage is increased between one
and two layers. The F 2s and ls peaks shift successively
to higher binding energy and the Ca 2p, 3p, and 3s levels
split. The shifting of the F core levels is completed when
about two layers are deposited. New Ca bulk peaks
emerge on the higher binding energy side beneath the ex-
isting peaks and increase in intensity with coverage. They
belong to the second and third CaF2 triple layers while the
Ca peaks of the first layer are still visible. The F peaks
shift and decrease in width when the coverage is increased
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FIG. 3. Si 2p3q2 core-level spectra of 2.3 layers CaF2 deposit-
ed at room temperature on Si(111) and annealed subsequently
(solid phase epitaxy). Shifts due to Ca and F bonding to Si are
observed after annealing above 700'C indicating an ordering of
the layer at this temperature. The inset shows the Fermi-level
shift towards the Si valence-band maximum and the lowering of
the work function. Both shifts are given relative to clean Si(111)
7+7.
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CaF2, which results in Ta incorporation into the films.
We determined the thickness of the CaF2 films by two
methods: (i) from the attenuation of the Si 2p core levels

which was observed to occur exponentially suggesting a
layer-by-layer growth (escape depth of 5 A for 20—30 eV
electrons in Si ) and (ii) from the ratio of the peak areas of
the split Ca 3p (2p) level. The splitting occurs because Ca
interface atoms are in a different environment than Ca
bulk atoms (for details see below and Figs. 4 and 5). A
monolayer of CaF2 is used to determine the mean-free

path of electrons in CaF2. The coverages are expressed in

CaF2 triple layers (see Fig. 1) which have a thickness of
3.15 A.

CaF2 is known to be very sensitive to radiation darn-

age. ' Care had to be taken that the samples are not too
long exposed to vuv irradiation. Irradiation damage after
a low dose results in a broadening of the Si core level

which smears out extra structures and in a shifting of the
Fermi level back to the midgap region. A metallic peak
with an s-like dispersion is observed' after a higher dose
of vuv irradiation.
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FIG. 4. Overview photoemission spectra of the shallow Ca
3p, F 2s, and Ca 3s core levels and the F 2p valence band for
various thicknesses of CaF2 on Si(111). After one layer is com-
pleted bulklike Ca 3p and 3s peaks appear in addition to the in-
terface peak. The F 2s peak shifts and no separate interface
peak can be detected. The photon energy for the full lines was
150 eV and for the dashed line 90 eV.
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FIG. 5. (a) and (c}Photoelectron spectra of the F 1s and the Ca 2p3q2 Iq2 core levels. (b) and (d) F» (K-~~) and »p (L 2,3~~)
Auger electron spectra. Spectra a and b are measured for submonolayer coverages of CaF2 on Si(111),spectrum c for 1.5 layers and

spectrum d for 4 layers.

to more than one layer. This change indicates that the
fluorine has to rearrange in order to form a F-Ca-F triple
layer when the first layer is completed. A possible reor-
dering mechanism is shown in Fig. 1. The free CaF2 mol-
ecule is probably linear according to the 16-electron rule
(%'alsh ) although no experimental evidence is known to
us (only MgF2 and CaC12 are known to be linear&. We
find that an extra electron is added to the Ca upon ad-
sorption on the Si(111) surface (see below), which causes
the molecule to bend. After a monolayer is completed,
one of the two vacuum side F atoms has to move towards
the Si side in order to form the ionic CaF2 lattice. The Ca
peaks of the first, the interface layer, remain instead
essentially unshifted after deposition of more CaF2 and

the new peaks of bulk CaF2 coexist with the interface
lines. The spectra are referenced to the valence band max-
imum of Si which we determined by measuring the Fermi
level shift for different CaFz thicknesses via the Si 2p core
level (see Sec. III D). Table I summarizes our observed
binding energies (referenced to the Si valence-band max-
imurn} and the corresponding shifts at the interface. The
binding energies of the bulk peaks agree well with previ-
ous data for a CaF2 crystal ' when referenced to the CaFz
valence-band maximum. No surface core-level shifts
could be observed either for Ca or for F.

When we compare the intensity ratio of the F 2s (Is)
with the Ca 3p (2p) emission we find no major differences
between the submonolayer and the higher coverages (vari-
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TABLE I. Core-level binding energies (eV, relative to the Si valence-band maximum) and Auger-

electron kinetic energies (eV, above the vacuum level} for CaFq on Si(111}.

Ca 3p
Ca 3s
Ca 2p3/2
F 2s
F 1s

28.0+0.3
47.0+0.3

348.9+0.6
31.8+0.3

687.0+0.8

Interface

26.0+0.3
45.2+0.3

346.8+0.6

Initial adsorption

26.0+0.3
45.2+0.3

346.8+0.6
29.9+0.3

685.3+0.8

Interface-bulk
shift

2.0+0. 1

1.8+0.2
2.1+0.2

& 0.6
& 0.6

Ca 2p Auger
F 1s Auger

284
649.5 +0.7

=288.5
651.5 +0.7

288.5
652.5+0.7

=4.5
2.0+0.2

ations in the ratio of about 20—30%%uo). An apparent
lowering of the F 2s peak height in the submonolayer re-
gime is compensated by an increase in the width to give
the same area. The composition of Ca to F is therefore
not considerably altered, suggesting a mainly molecular
adsorption. Additional support for the existence of F at
the interface comes from the intensity of the shifted inter-
face F ls Auger peak' [Fig. 5(b)], consistent with about 2

layers of F. The first two F layers are both in contact
with Ca'+ which causes a shift of the F Auger peak. We
see no evidence for Ca diffusion underneath the first Si
layer as discussed by Olmstead et a/. ' In this case a Si
2p core-level shift in the order of 1.0—1.35 eV would be
expected as it was found for Ca on Si forming a silicide. '

Instead, we see only a shift of 0.4 eV for CaF2/Si(111)
(Fig. 2).

The Si 2p level exhibits two shifted components, one at
—0.8 eV due to the F-Si interaction and one at + 0.4 eV
attributed to a Ca—Si bond. It is now well establish-
ed ' 's to interpret the Si core-level shifts in terms of
charge transfer. The F atom causes a downward shift of
the Si 2p levels, because it induces a positive charge on the
adjacent Si whereas the Ca atom shifts the Si 2p level up-
wards due to its opposite electronegativity. The coex-
istence of shifts with either sign in the Si core levels of
Fig. 2 shows that both Ca and F bond to silicon at the in-
terface. The shift of +0.4 eV for the CaSi bond in the
case of CaF2/Si is small compared to the shift observed'
for Ca on Si (1.0—1.35 eV). Therefore, we expect only a
small charge transfer from Ca to the first layer Si in our
case. On the other hand, we find that the FSi shift of
—0.8 eV is nearly the same as for F on Si ( —1.0 to —1.1
eV), ' suggesting that fluorine at the interface has received
about the same charge as for F on Si. The charge could
be delivered by the silicon atoms in the second layer,
which are closest to the fluorine atoms in our structure
model of Fig. 1. The Si atoms with —0.8 eV core-level
shift can also be explained by two different interface
structures side by side, one Ca-terminated, the other F-
terminated.

The shifts of the F and Ca core levels are not as simple
to interpret as the Si core-level shifts because they are af-
fected by differential screening and Madelung energy ef-
fects. (The Si atoms are not much influenced by this be-
cause they are almost fully screened due to the high
dielectric constant of Si. The strong screening also

reduces the Madelung energy. ) For Ca and F at the inter-
face a general lowering of the binding energies is superim-
posed on the chemical shifts, because there exists extra
screening due to the adjacent Si atoms. One can use the
observed Auger energy shifts [see Figs. 5(b) and 5(d)] to
separate out the screening effects (Sec. IIIB). Chemical,
relaxation and Madelung contributions to the core-level
shifts seem to cancel in the case of fluorine because we do
not see a shifted component at the interface. The width
of F Is in Fig. 5 is resolution limited. When using a
higher resolution we obtain a width similar to that for the
Ca 2p bulk line. Chemical and relaxation parts of the
core-level shifts point in the same direction (e.g., to lower
binding energy) for Ca at the interface if the Ca atom re-
ceives charge. This can explain the observed large shift of
=2 eV. Ca at the interface is therefore not in a 2 + oxi-
dation state as in bulk CaF2 but tends to gain contribu-
tions of 1+character. This is proven unambiguously in
the NEXAFS data of Sec. III C.

B. Ca 2p and F 1s Auger energy shifts

In Figs. S(b) and 5(d) we show F Is (KVV) and Ca 2p
( L p 3MM) Auger-electron spectra for two different CaFz
coverages. Spectrum b is taken for submonolayer cover-
age and spectrum d for 4 layers. Together with the F Is
core level the F ls Auger peak shifts to lower kinetic en-

ergy when increasing the coverage from 1 to more layers.
Between the initial adsorption (spectrum b) and the bulk
peak of the four-layer spectrum (d) an Auger energy shift
of 3.0 eV occurs. In contrast to the four-layer F Is photo-
emission spectrum [Fig. 5(a), spectrum d], where no inter-
face peak can be detected, the corresponding four-layer F
1s Auger-electron spectrum shows a shoulder on the
higher kinetic energy side due to the interface contribu-
tion. This shoulder becomes more pronounced in the cov-
erage regime between 2 and 4 layers (see Ref. 17). A line
fitting gives an energy separation of =2.0 eV between the
bulk and the interface Auger peak. In the fluorine Auger
spectrum we are therefore able to distinguish between the
bulk and interface emission and we can apply this in the
measurement of the F Is absorption spectra (Sec. IIIC).
The Ca 2p Auger spectrum of the 4-layer film [Fig. 5(d)
spectrum d] is rather broad and cannot be separated
unambiguously into bulk and interface contributions. In
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the submonolayer spectrum b, three peaks can be resolved
in the kinetic energy range of 280—295 eV. Superimposed
on them are in the four-layer spectrum the bulk peaks
which are shifted to lower kinetic energy. Comparing
spectra b and d we derive an Auger-energy shift between
bulk and interface of =4.5 eV. The smaller peak at 305-
eV shifts only by a smaller amount. Table I summarizes
the kinetic energies (relative to the vacuum level) and
shifts of the Auger peaks.

Both the core-level and the Auger energy shifts depend
on initial-state and relaxation effects, but in a different
manner. Knowing both shifts, we can try to distinguish
between initial-state and relaxation contributions. It is
known that the relaxation shift for the Auger electrons
is about 3 times the relaxation shift for the core levels.
Xe overlayers on metals exhibited this effect clearly.
The initial-state shift can be assumed to be the same for
both processes. It is composed of short-range changes in
the chemical environment (chemical effects) and of long-
range changes in the Madelung energy. For F we see no
interface contribution in the core-level spectra and a shift
of ~2.0 eV in the F 1 s Auger spectrum. This can be ex-
plained by assuming an initial-state shift of —1 eV and a
relaxation shift of + I eV. For the core level they cancel
each other and for the Auger energy the add up to 2 eV.
The Ca interface core levds shift about 2 eV and the Ca
2p Auger electrons of the interface are separated by =4.5
eV from the bulk. In this case we obtain an initial-state
shift of slightly smaller than + 1 eV and a relaxation
shift of slightly larger than + 1 eV. The relaxation shifts
for both, F and Ca, of about + 1 eV demonstrate the in-
creased screening at the interface. The initial-state shifts
support the interpretation that the ionicity at the interface
is reduced, because the electronegativity difference with Si
is smaller than with the ionic partner. Effectively, a
transfer of negative charge from the interface F to the in-
terface Ca occurs, changing the oxidation character of Ca
from 2+ to 1+ at the interface. In the submonolayer
regime (initial adsorption) we observe a F ls(2s) core-level
shift of 1.7 (1.9) eV and an Auger energy shift of 3.0 eV.
When we apply the same separation as above, we obtain a
relaxation shift of about 0.65 (0.55) eV and an initial state
shift of + 1.05 (+ 1.35) eV. The reduced relaxation shift
is in agreement with our adsorption model of Fig. 1 where
F is pointing away from the surface. The opposite F
initial-state shifts between the submonolayer regime and
the interface could be due to different charge transfers (F
sees Ca in the submonolayer regime as opposed to Si at
the interface) or due to different Madelung energies for
the two geometries.

It is known' that heavy electron and x-ray irradiation
of CaF2 crystals causes F loss and induces a Ca 2p core-
level shift of 2.4 eV and an Auger energy shift of 6 eV.
The irradiation dose in our core-level and Auger-electron
measurements was too small in order to detect any contri-
butions of this effect.

C. Ca 2p and F 1s NEXAPS spectra

Near-edge x-ray-absorption fine structure
(NEXAFS) measurements allow one to probe the density
of empty valence-band states available for excited elec-

trons. Especially when applied to an interface, unoccu-
pied interface states can be detected. ' The dependence of
the absorption upon the polarization' ' of the excit-
ing photons can be used to determine the orientation of
the bond orbitals at the interface. The 2p subshell excita-
tions have attracted some attention because of the strong
localization of the 3d level (the dominant final state)
and the coupling of the 2p level to the final state. In this
work we will focus on interface derived states. In order to
discriminate interface from bulk states, we take advantage
of the fact that the interface atoms exhibit shifted core
level and Auger-electron energies (see above). We have
measured the Ca 2p and F 1s absorption by monitoring
the yield of the associated Auger electrons. For the Ca 2p
a broad energy window was set comprising both the bulk
and interface Auger peaks since with selective energy win-

dows the spin-orbit intensity ratio was distorted.
In Fig. 6 three sets of Ca 2p absorption spectra are

shown for 1.3, four, and seven layers CaF2 with s and p
polarization. At the Ca 2p absorption edge two prom-
inent transitions into the empty 3d states' s of the Ca +
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FIG. 6. The absorption edge fine structure of Ca Zp mea-
sured for different thicknesses of Cap& films via the yield of the
Ca 2p Auger electrons. The features A —E are due to transi-
tions at the interface. Their multiplet structure shows that Ca is
in a l + oxidation state at the interface.
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ion in CaF~ are observed which result in a sharp spin-
orbit split doublet F,G in bulk CaFi. A number of small-
er lines, A to E, are found with energies relative to the
corresponding lines F,G of —2.4 eV (A), —1.7 eV (8),
—0.9 eV (C), —1.4 eV (D), and —0.9 eV (E). These
smaller lines, although somewhat smeared out, increase in
intensity at 4 layers and gain much more at 1.3 layers.
They can be attributed to interface transitions not only be-
cause of the attenuation with increasing film thickness but
also because of the pronounced polarization dependence.
Bulk CaFz has a cubic lattice structure which forbids, by
group theory, the occurrence of polarization differences in

photon absorption. The lower symmetry at either the in-
terface or the surface can be the only reason for the ob-
served distinction between s or p polarization. It has been
investigated earher that the 2p absorption edges of ar-
gonlike ions have to be interpreted in an atomic picture.
Dipole selection rules allow only transitions from Ca 2p
into unoccupied 3d and 4s states (plus higher lying states).
The 2p-4s transitions are expected to be weak compared
with the 2p-31 transitions since the 4s wave function in
Ca is much more extended than the 31 wave function and
has little overlap with the Ca 2p core wave function.

The observed multiplet structure of the 2p-3d transi-
tions gives us a good fingerprint of the oxidation state of
Ca. Neutral Ca gives rise to a triplet with two strong
lines and a 50 times weaker line, ignoring weak transitions
into higher lying states which occur at higher photon en-

ergy. The two strong lines arise from the 2p, /z and 2p3/2
core holes. For Ca + in CaF2 we expect a similar rnulti-
plet structure because it differs from neutral Ca only by a
filled 4s shell. We observe these two in our CaF2
NEXAFS spectra except that they are much narrower
(seven-layer spectrum of Fig, 6) than in neutral Ca.~s 29

For Ca'+ there exists an unpaired 4s electron which
creates a more complex multiplet via Coulomb and ex-
change interaction with the 2p core hole and the 3d elec-
tron. An estimate for this multiplet can be obtained from
calculations for the isoelectronic K atom which gives
four lines for the 2p3/2 and thrm lines for the 2@t/q core
holes. In the 1.3-layer spectrum we observe exactly the
same number of lines assuming that different transitions
are excited with p and s polarization. Because p polariza-
tion contains a certain amount of the vector potential A
parallel to the surface, we see broader lines in p polariza-
tion. The polarization dependence probably originates
from an orientation of the spin of the 4s electron perpen-
dicular to the interface. In the structure model of Fig. 1,
Ca is located on top of a Si surface atom and forms a
bond perpendicular to the surface that orients the spin.
The Ca 2p absorption data indicate, that Ca at the inter-
face is mainly in a 1+ oxidation state, in agreement with
the interpretation of the core-level spectra of Sec. IIIA
and the Auger-electron spectra of Sec. III B.

%e notice that the little peaks A —E do not vanish
when the thickness is further increased beyond seven
layers. This could be due to inhomogeneous layer thick-
ness leading to thin regions transparent to the electrons
from the interface or due to near surface defects (e.g., F
centers). A possible initial-state configuration interac-
tion ' in the bulk is conceivable but gives difficulties in

explaining the observed polarization dependence. After
irradiation with zero-order light, the little peaks A —E in-
crease. This is in agreement with previous results, ' where
we have found a Ca'+ surface layer due to F desorption
after vuv irradiation.

In Fig. 7 we show F 1s absorption spectra for seven and
four layers CaF2. Interface sensitivity could be increased
in the four-layer spectra by setting the energy window at 2
eV higher kinetic energy as the bulk Auger peak, thereby
sampling most of the interface Auger electrons [Fig. 5(b)].
A background spectrum is taken at a kinetic energy above
the Auger peak in order to subtract the contributions of
the shallow core leve photoemission peaks (Ca 3p, Ca 3s,
F 2s). This spectrum is shifted down by the difference in
the kinetic energy settings (Fig. 7, bottom) and subtracted
from the raw data. In contrast to the 2p absorption edge
of Ca, the F ls absorption edge is mostly dominated by
the structure of the conduction band. We observe there-
fore transitions into unoccupied states with F p character
mixed to the Ca 4s, 3d, 4p states from which the conduc-
tion band is mainly derived. ' For the bulk sensitive
partial yield spectra of the 7 layer film (Fig. 7, top), a rich
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0
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C0
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LLI
I

Interface Auger

Bulk Auger

I I I 1

Background for Interface Auger
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FiG. 7. The F 1s absorption spectra for four and seven layers
CaF2 on Si{111)measured via the yield of the F 1s Auger elec-
trons. By placing the kinetic energy window at the shifted inter-
face Auger peak (Fig. 5(b)j, a better interface sensitivity could
be achieved.
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structure of unoccupied states is observed that is essential-
ly independent of polarization as expected from an opti-
cally isotropic bulk solid. In the interface sensitive spec-
trum of the four-layer film, we observe two prominent
features (H, I) which are much less pronounced in the
bulk sensitive spectrum of the same film. This spectrum
llas bccil scaled down (Fig. 7, iiliddlc) such tliat it
represents the tail of the bulk Auger peak that fails into
the interface window. The energy locations of peaks H
and I are 3.1 and 6.7 CV above the Fermi level if we
neglect electron-hole interaction. Peak I is excited
mostly by the component A parallel to the surface (s po-
larization}. The remanent of this peak in p polarization is
mainly due to the residual parallel component in this po-
larization. Its polarizations dependence suggest an as-
signment of peak I to F 2p„~states of F-Ca back bonds
(see Fig. 7) which are oriented essentially parallel to the
interface. The polarization-independent peak H can be
assigned to F2p —Si 3p interface bonds tilted about 45' in
our simple model. A more definitive assignment requires
a calculation ' of the interface electronic structure and
the transition probability.

For comparison, we have taken the analogous F 1s ab-
sorption spectra from fluorine adsorbed on a cleaved
Si(111) 2X1 surface, yielding in a 1X1 surface with
mainly silicon monofluoride present. ' In Fig. 8 the spec-
tra are shown which exhibit two dominant near-edge
peaks A,B, too, but with a different polarization signa-
ture. The lower peak A is excited by the perpendicular
component of A, the upper peak 8 has no polarization
dependence. This is exactly the opposite way as for the
CaF2/Si(111) interface. We explain the differences by as-
suming the top site for F on Si(111}[comparable to Cl on
Si(111) (Refs. 38 and 26) and Ge(111) (Refs. 39 and 26)]
and the hollow site for F at the CaFq/Si(111) interface.
Peak A corresponds to transitions into the perpendicular
F—Si bond. The sites correspond ' to covalent and ion-

ic bonding, respectively, and reflect the difference between
adsorption of neutral F and F' in the two cases.

D. Valence-band region

The valence band of an ionic crystal is usually com-
posed of the anion orbitals, i.e., the F 2p electrons in
CaF2. In the upper part of Fig. 9, F 2p valence-band
spectra are shown for various CaF2 thicknesses on Si(111)
and for a photon energy of 36 eV. The emission angle
was 20' from the surface normal. Two different regimes
are observed. At submonolayer coverages we observe a
v 3 X v 3 LEED pattern and in the photoemission spectra
we find mainly one sharp peak (FWHM 1.1 eV) at 9.2 eV
binding energy. Two smaller structures at 6.9 and 11.0 eV
decrease in intensity as the coverage is increased. These
two smaller peaks grow upon prolonged irradiation and
can be largely reduced by heating the sample to 700'C.
For comparison we have taken a F 2p valence-band spec-
trum for about 1 monolayer F adsorbed on Si(111) 7X7
[dosing with 50 L XeF2 and annealing to =400'C (Ref.
15)], which is shown in the lower part of Fig. 9. [1 lang-
muir (L)—:10 Torrsec. ) In this spectrum we see the
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FIG. 8. The F 1s absorption edge measured for one Inono-
layer of fluorine on a cleaved Si{111)2&1 crystal forming a
1 X 1 surface with mainly silicon monofluoride present (Ref. 15).
The polarization dependence of peaks A and S is opposite to
peaks H and I of the CaF2/Si(111) interface of Fig. 7.
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FIG. 9. Photoelectron spectra of the F 2p valence band
showing the transition from a two-dimensional layer to a three-
dimensional structure. For coxnparison a spectrum of one layer
F on Si(111)is shown at the bottom.
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I I I I I I I I I I I

F 2p Valence Band 2.6 Layers CaF2orl Slt11'1I

Normal Emission

hv=66eV

hv = 58eV

same peaks at the same locations as in the submonolayer
regime of CaF2 on Si, suggesting that some of the ad-
sorbed CaFq molecules dissociate after irradiation with 36
eV photons and F adsorbs on open patches of Si. The ad-
sorbed fluorine can be heated off easily. The heavy im-
pact of vuv irradiation has been observed also on thicker
layers. ' The three fluorine derived peaks can be attribut-
ed in the same manner as for Cl on Si(111) (Ref. 38) as
emission from F(p„~),o[F(p, )-Si(p, )] and s[F(p, )-Si(s)]
states. However, in our case F is disordered and higher
fluorides are present, which yields a broadening of the
features.

Somewhere between one and two layers, the transition
from a two-dimensional layer to a three-dimensional
structure takes place and the F 2p valence band of CaFz
develops. At 2.5 layers a broad band is seen with two
peaks at 11.3 and 9.7 eV binding energy. These peaks
show large intensity variations but little dispersion with

k~~ when we change the angle of emission. Strong intensi-
ty variations are also observed in normal emission when
the photon energy is varied. In Fig. 10 a set of AREDC's
in normal emission is displayed. The photon energy

dependence is due to the development of three-
dimensional bulk bands when the thickness is increased to
2.5 layers CaF2. Observations of three-dimensional ef-
fects even in films as thin as three layers is not uncorn-
mon and are for example found in Xe films three layers
thick. But we do not expect to observe the full band
dispersion of CaFq for a 2.6 layers slab, because each layer
contributes only one k point to the band structure.
Heaton et al. have carried out band-structure calcula-
tions for CaFq and get four F 2p derived bands (from two
F atoms in the CaFz unit cell) in the I -I direction with a
bandwidth of 1.42 eV at I and 0.42 eV at the I. point.
Two of the bands are degenerate and in an arbitrary direc-
tion six bands form the F 2p valence band. The spectra of
Fig. 10 are composed of more than two peaks and show
rapid changes in the intensities of the peaks a function of
photon energy rather than a dispersion. The. bandwidth
measured from the lowest binding energy peak at hv=28
eV (Ez ——9.54 eV) to the highest binding energy peak at
hv=66 eV (Eq ——11.9 eV) is 2.36 eV. The overall band-
width including half of the tails is 3.3 eV. The largest
peak separation is 1.87 eV at h v=66 eV and the smallest
is 0.8 eV at h v=30 eV. There is another possibility to ac-
count for the rapid variation of the cross section of the in-
dividual peaks as a function of photon energy. The large
oscillations in the final state density, which we found in
the F Is absorption spectra (Fig. 7 of Sec. IIIC) could
modify the transition probability.

In Fig. 11 a spectrum of a clean Si(111)7 X 7 surface is

hI =52eV

hv = 46eV

I I I I I I I I I

Valence-Band Photoemission

I-
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hv =36eV 2 Layers CaF2 or) Si(111j

hv = 36eV

hv= 34eV

hv=32eV
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INITIAL-STATE ENERGY ( eV Relative to E j

FIG. 10. Normal emission photoelectron spectra for a 2.6
layer CaFq film shovang dramatic variations with photon energy
due to three-dimensional band-structure effects.

INITIAL- STATE ENERGY ( eV Relative to E }

FIG. 11. Photoelectron spectra in the regime of the Si
valence bands and the surface states. %'hile the metallic Si(111)
7& 7 exhibits three surface states (lower curve), the CaF2/Si(111)
interface is semimetallic and shows a broad interface state
1.1—1.2 eV below EF due to Ca 4s—Si dangling bond interac-
tion.
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shown. It clearly exhibits the metallic character' of this
surface and the three surface states at 0.16, 0.9, and 1.7
eV binding energies. After evaporation of CaFi on this
surface, these states disappear and a new, broader struc-
ture at E~ ——1.1—1.2 eV appears. This structure gets
weaker when the film thickness grows, suggesting that the
associated state is located at the interface. This interface
state exhibits no dispersion with kq and a small down-
ward dispersion with k~~ near the zone boundary. In this
region the interface peak gains intensity because it enters
the band gap. A similar peak has been predicted ' for Na
on Si(111). The Na 3s electron couples in this case to the
Si dangling bond surface states resulting in a pair of bond-
ing and antibonding bands. At the Fermi level the density
of states tails off towards zero which shows that the
CaF&/Si(111) interface is not metallic although it could be
semimetallic. The pinning position of the Fermi level
changes when we deposit CaF2. At the clean Si(111)7 X 7
surface E~ is found to be pinned =0.63 eV above the
valence-band maximum. After evaporation of CaFi we
see a shift of the Si 2p bulk core level towards lower bind-
ing energy relative to E„indicating a new Fermi level po-
sition (relative to the Si valence band} at the interface. In
Fig. 12 this shift is plotted versus the CaFz coverage. The
Fermi level shifts successively towards the Si valence-
band maximum and beyond 2 layers a new pinning posi-
tion about 0.55—0.65 eV below the old one is established.
This is at the Si valence-band maximum. The full
amount of this shift can only be found if CaFq is
evaporated on a sample held at least at 700—750'C. At
about two layers the interface seems to be accomplished.
Upon vuv irradiation' the Fermi level shifts back up,
probably because F is lost at the interface which leaves ex-

tra electrons that can fill up the holes in the valence band.
A self-consistent picture of the electronic structure of

the interface arises from our core-level shifts, the changed
Fermi-level pinning position and the interface state at
Ea ——1.2 eV. This is schematically drawn in Fig. 13. The
band lineup between the Si valence and conduction band
and the CaF2 bands at the interface is determined by the
position of the F 2p valence band of CaFi in our spectra
of Fig. 9 and 10. We find the onset of the F 2p peak
=8.8 eV below the Si valence-band maximum. When the
band gap of CaF2 of 12.1 eV (Ref. 35}and of Si (1.1 eV) is
taken into account, we find that the conduction-band
minimum of CaF2 is aligned =2.2 eV above the
conduction-band minimum of Si. The Si atoms at the in-
terface (first layer) are nearly neutral if we judge from the
relatively small Si core-level shift of + 0.4 eV. Therefore
the Si 3p dangling bond orbital is still mainly half filled
and can interact with the 4s electron of the interface Ca'+
by forming a pair of bonding-antibonding states. We
identify the bonding state as the broad peak 1.2 eV below
EF in the upper spectrum of Fig. 11. We tried to resolve
the corresponding antibonding state of the Si-Ca interac-
tion in the Si 2p absorption edge. ' But the spectra
showed only a weak increase of an existing feature in the
clean Si 2p absorption spectra at =1.7 eV. It could be
that the Si 3p character of the dangling bond state
prevents us from seeing the transition due to the dipole
selection rules (p to p is forbidden). The transition to
dangling bond orbitals is very weak for clean Si surfaces. 'i
There are several models that can account for the transfer
of negative charge to Ca at the interface. If we assign the
Si atoms with —0.8 eV core-level shift to second layer Si,
they are the ones which provide the extra Ca 4s electron

1.0
X

(h

08—
O
0
tD

0.6—
0

Fermi-Level Shift

towards the Si Valence-Sand Maximum 2.2 eV

8.8 eV

CaF

Conduction-
Band IVlinirnum

E ~ ~ ~ ~ ~ 101
F

Si 3P

d8Aggng

bond

-1.2 eV

CD

04—
Ql

0.2
8
C
V)

R Qpt
0.0 0.5

I I I

1.5 20
CaF Triph Layers {3.15 A l

3.0

Vaience-
Band Maximum

e
a.ge ~ Ca

Transfer l F I

I

I

FIG. 12. Shift of the Fermi level towards the va1ence-band
maximum as a function of CaF2 coverage relative to clean
Si(111) 7&7. The shift was determined by the kinetic energy
position of the Si 2p core-level peaks. In clean Si(111)7 & 7 the
Fermi level is pinned =0.63 eV above the valence-band max-
imum (Ref. 42).

FIG. 13. Band lineup and energy diagram of the
CaFQSi(111}interface Abonding mo. del is proposed where Ca
changes its oxidation state to 1+ and forms a bond that in-

volves the Ca 4s and the Si dangling electrons.
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with the interface F as intermediate. In order to accom-
plish a charge transfer from second layer Si to interface
Ca, the Fermi level has to be placed near the Si valence-
band maximum, which is already bulklike for second-
layer silicon atoms. This agrees with our observation.
The Si atoms with —0.8 eV core-level shift can also be ex-
plained by assuming two different interface structures side

by side, one Ca-terminated (e.g., models 1,4 in Ref. 8), the
other F-terminated (models 3,6). For the Ca-terminated
portion one would have a transfer of negative charge from
interface F (Ref. 44) to interface Ca. For the F-
terminated portion it is difficult to explain where the neg-
ative charge from the surface Si goes.

Ca, resulting in Ca'+ character at the interface. This is
inferred from the interface core level shifts and from the
Ca 2p NEXAFS spectra. An occupied interface state 1.2
eV below the Fermi level suggests the formation of a Ca
4s—Si 3p (dangling bond orbital) bond. The electronic
structure at the interface is drastically different from bulk
CaF2 with the band gap shrinking from 12.1 eV to an es-
timated 3 eV for the bonding-antibonding interface split-
ting. In fact, the interface is semimetallic because the
Fermi level is pinned close to the valence band maximum
of Si. The observation of such strong changes in the band
structure of an interface layer opens the door for fabricat-
ing novel materials.

IV. CONCLUSIONS

From the interface core-level shifts of all partners of
the interface (Si, Ca, and F) strong support for a micro-
scopic model (see Figs. 1 and 13) of the interface is given
in which Ca sits on top of the Si atoms in the first layer
and interacts with the Si dangling bonds. Auger electron,
Si 2p core level, and polarization dependent F 1s
NEXAFS spectra show that F is present at the interface.
The electronic structure of the interface is mainly charac-
terized by a transfer of negative charge to the interface
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