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Bulk and interface photoemission satellite excitations, measured with x-ray photoelectron spectroscopy and
x-ray photoelectron diffraction, are compared for thick, thin, and monolayer films of CaF2 and SrF2 on Si~111!.
Intrinsic satellites are observed for excitation of atoms in the first monolayer, both uncovered and at the buried
interface, that differ from those associated with bulk atoms. For F 1s excitation, the bulk and interface satellites
differ only in width and amplitude; for the cation core excitations~Ca 2p, Sr 3p, and Sr 3d!, the observed
excitation energies and intensities differ both from the equivalent bulk satellites and among the various core
hole states. The results yield new information on the nature of the interface bonding, as well as on the origin
of both bulk and interface satellites. Several models are considered, including differential screening, dielectric
losses, crystal-field and multiplet effects, and interface excitation. The most likely explanation for the new
cation satellites at the CaF2/Si~111! @SrF2/Si~111!# interface is localized excitation of the interface bond, where
the interface band gap is controlled by the collapse of the Ca 3d ~Sr 4d! level in the presence of the Ca~Sr!
core hole.

I. INTRODUCTION

In x-ray photoelectron spectroscopy~XPS!, inelastic scat-
tering of the outgoing photoelectron can distort the observed
line shapes away from simple Lorentzian functions. The
main XPS emission lines are often accompanied by satellite
peaks, which are caused by discrete energy losses of the
photoelectron as it scatters within the solid. These scattering
events can be divided into two categories: intrinsic and ex-
trinsic processes, defined by whether or not the scattering is
in the immediate vicinity of the core hole created by the
photoelectron excitation.

In XPS of thin films, or for surface-sensitive experiments,
the location of the emitting atom~e.g., its proximity to a
surface or interface! can lead to energy shifts of the core-
level photoemission peaks. These shifts may arise both from
the altered chemical state of the atom and from local field
effects caused by termination of the solid film. The elastic
scattering of electrons emitted from these different atomic
sites has yielded important information on the local geomet-
ric structure and morphology of an epitaxial film,1,2 and is
especially powerful when these different sites may be distin-
guished by the energy of the emitted electrons.3,4 Much less
attention, however, has been paid to the altered inelastic scat-
tering associated with different structural sites. Since inelas-
tic scattering peaks are present simultaneously with core-
level shifted peaks, an understanding of the loss features can
be essential for quantitative interpretation of core-level
shifted peaks. In addition, observations of different satellite
features from geometrically distinguishable atoms~e.g., at
the interface vs within the bulk! within the same material
highlight the different electronic structures near each atom.

Distinct insulator surface satellites have been observed, for
example, at MnO surfaces,5 but altered satellites at buried
interfaces have not previously been reported.

In this paper, we report observations of distinct interface
and bulk photoemission satellite structures in thin films of
CaF2 and SrF2 on Si~111!. The atomic structure of the first
layer has been previously established to consist of a nonsto-
ichiometric Si-Ca-F~Refs. 6–8! or Si-Sr-F ~Ref. 9! layer,
with an interface bond derived from silicon and cation
orbitals.10,11 Subsequent deposition consists of F-Ca-F or
F-Sr-F triple layers~TL’s!, with each ion in a bulklike
environment.3,4,12 Using x-ray photoelectron diffraction
~XPD! to confirm the assignments of satellite peaks to bulk
or interface atoms, we find that electrons emitted from Ca
and Sr atoms bonded to Si exhibit satellite peaks that differ
from those characteristic of bulk Ca and Sr emission. For
excitation of F atoms adjacent to the interface, we observe
intrinsic satellite peaks at similar energies to those for bulk F
emission, although the peaks are not as sharp. We discuss the
intrinsic nature of these peaks, and show that the new inter-
face cation satellite is consistent with a simple charge-
transfer model.

Intrinsic satellites in cation photoemission from
transition-metal insulators may arise from a number of dif-
ferent interactions. The principal models proposed in the lit-
erature for ions in the 3d0 configuration include~i! differen-
tial screening of the core hole due to transfer of a ligand
electron into a 3d-like ~well-screened main line! or 4s-like
~poorly screened satellite! final state,13 ~ii ! band-gap
excitations14 or their associated anion-~or ligand-!based
excitons,15 and ~iii ! rehybridization of the ligand states with
the cation 3d levels in the presence of the core hole, leading
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to charge transfer.16 The first model was proposed by Veal
and Paulikas13 to account for all the 3d transition-metal 2p
satellites, including the Ca 2p satellite at;11 eV in CaF2
@see, e.g., Fig. 1~b!#. The latter two models are discussed in
detail by de Boer, Haas, and Sawatsky,15 who suggest that
the excitonic process dominates for early transition metals,
including Ca, and the charge-transfer model dominates for
late transition-metal insulators. In this paper, we propose that
the CaF2/Si~111! interface bonding state between a Ca 3d/4s
level and a Si 3p level leads to a charge-transfer satellite for
the interface Ca 2p photoemission and suppresses the exci-
tonic satellite present for bulk CaF2 emission; we find that a
similar effect occurs at the SrF2/Si~111! interface.

II. EXPERIMENT

CaF2 and SrF2 were deposited from separate graphite or
boron nitride crucibles onto resistively heated,p-type ~'1
V cm!, on-axis ~miscut ,0.25°! Si~111! wafers in an

ultrahigh-vacuum chamber. Unless otherwise noted, the sub-
strate temperatures were 650–775 °C and the incident flux
was 5–50 Å/min, calibrated with a quartz crystal oscillator.
We performed photoelectron spectroscopy immediately fol-
lowing and in the same vacuum chamber as sample growth.
The effects reported in this paper were independent of the
substrate temperature and flux. Our photoelectron diffraction
studies have shown the interface to be a well-ordered Si-
Ca-F ~Ref. 3! or Si-Sr-F~Ref. 17! structure throughout this
range, although the island morphology for subsequent layers
depends on the flux and temperature.3,4,12 All films in this
study were grown under conditions leading to laminar
growth for their thickness. The base pressure was below
10210 torr, and the growth pressure was typically 1028 torr,
mainly consisting of N2 outgassed from BN insulators in the
growth cells. The substrates were prepared using either
Shiraki etching and annealing, or repeated sputter/anneal
cycles until the substrates exhibited sharp 737 low-energy
electron-diffraction~LEED! patterns and no measurable oxy-
gen XPS signal.

XPS spectra were acquired with MgKa ~hn51253.6 eV!
or synchrotron radiation~hn5135 eV! at Stanford Synchro-
tron Radiation Laboratory~SSRL, beamline I-1!. In the case
of Mg radiation, x-ray satellite linesKa andKa3,4 were de-
convolved from the spectra using a Fourier transform tech-
nique. The electron spectrometer used was a hemispherical
analyzer~Leybold EA-11!. In addition to angle-integrated
XPS measurements, we employed angle-resolved x-ray pho-
toelectron diffraction to aid in the assignment of satellite
peaks. The technique exploits angular variations of photo-
emission intensity, which are induced by the elastic scatter-
ing of photoemitted electrons. Previously, we used XPD to
show how the interface is covered~in a layer-by-layer fash-
ion or by bulk islands! as a function of kinetic growth
parameters;3,4 in this study, we use XPD to show that a new
interface satellite does not arise from bulk CaF2 atoms.

Figures 1~a! and 1~b! illustrate the experimentally ob-
served satellites for thick films of SrF2 and CaF2, respec-
tively. The samples were thick enough so that Si 2p signals
were negligible, yet thin enough to avoid charging. Figure
1~c! depicts Ca 2p and F 1s core-level XPS spectra charac-
teristic of* a single Ca-F layer. This particular sample also
contained a partial layer of CaF2 above the interface layer,
indicated both by the slight asymmetry in the F 1s spectrum,
which originates from the core-level shift between buried
and unburied interface F atoms,12 and by a weak shoulder
~labeledB in the figure! ;2.8 eV from the main Ca 2p peak,
which originates from the core-level shift between interface
and overlying Ca atoms.6,7 In the following paragraphs, we
first discuss the satellite features observed in the bulk films,
and second we will discuss the changes observed for the thin
film.

The principal peak in Ca 2p ~Sr 3d! spectra consists of a
spin-orbit-split doublet with energy splitting 3.55 eV~1.8
eV! and intensity ratio near the statistical value of 0.50
~0.67!; the main F 1s peak is a singlet. The 2p1/2 (3d3/2)
component has been removed by a Fourier transform tech-
nique in the expanded spectra. The principal bulk peaks are
clearly accompanied by satellite peaks, which have been pre-
viously discussed by several authors.13,15,18

Figures 1~a! and 1~b! illustrate the concept of extrinsic vs

FIG. 1. Bulk and interface photoemission and associated satel-
lite structures.~a! Sr 3d and F 1s emission from a thick SrF2 film.
~b! Ca 2p and F 1s emission from a thick CaF2 film. Dashed line is
predicted extrinsic losses given by Im~1/«! convolved with a 1-eV
Gaussian, derived from results in Ref. 19.~c! Ca 2p and F 1s
emission from 1 ML CaF/Si~111! plus&

1
4 layer CaF2. Ca 2p peak

is fitted to a main interface peak~I!, an interface satellite~I* ! and a
bulk component~B!, as described in the text. Expanded bulk Sr 3d
~Ca 2p! curve has had 3d3/2 ~2p1/2! component removed assuming
spin orbit parameters in the text. The spectra have been shifted to
align their main peaks; they were acquired with MgKa radiation
~hn51253.6 eV!.
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intrinsic scattering. Extrinsic satellites are due to inelastic
scattering of the electron as it traverses the film. The prob-
ability of an extrinsic energy lossDE is proportional to Im
@21/«~DE!#, and the losses should be apparent in both cation
and anion emission. These losses should also be apparent in
electron-energy-loss~EEL! experiments. The dielectric con-
stant«~DE! of CaF2 in the range 10–35 eV has been mea-
sured by Barthet al. with ellipsometry19 and inferred
through Kramers-Kronig analysis from EEL measurements
by Frandon, Lahaye, and Pradal;20 the dashed line in Fig.
1~b! is the expected inelastic loss function calculated from
the dielectric function in Ref. 19, convolved with a Gaussian
of FWHM 1.0 eV. Comparing the photoemission satellite
data to the measured«~DE!, it is seen that the Ca 2p dou-
blets and F 1s peaks at 17 eV and 36 eV below the main
peak arise from the dielectric losses; identification of these
peaks as extrinsic satellites has also been made by direct
comparison with electron energy loss spectra20 for CaF2 and
SrF2.

18 We note that these satellites and the associated EEL
peaks are not due to ‘‘plasmon’’ excitation,18,20,21but rather
arise from general excitations of the fluoride band structure
without a sharp dip in Re~«!. Similar loss features at;17
and;32 eV in the SrF2 spectra are likely to arise from a
similar origin, since the band structures of the two materials
are quite similar22,23and EEL spectra of SrF2 exhibit peaks at
these energies.20 The extrinsic loss peaks do not appear in the
; single layer film@Fig. 1~c!#, simply because there is al-
most no bulk fluoride between the interface atoms and the
detector to cause an energy loss.

In addition to the extrinsic satellites, the cation and anion
emission spectra exhibit intrinsic satellite peaks that are
unique to the emitting ion, thus requiring the presence of a
specific core hole. Several models have been proposed for
the origin of these bulk satellite peaks. As discussed in the
next section, we find that comparison both between the two
fluorides and between bulk and interface fluoride enables se-
lection among these models. For the bulk materials, the Ca
2p doublet 10.7 eV below the main peak, the Sr 3d peak at

a loss of;13 eV, and the three F 1s peaks at losses of 22–30
eV are intrinsic excitations.

The Si/fluoride interface induces a new satellite peak,
which is absent from the bulk spectra. Fig. 1~c! shows results
for a CaF2 film *1 layer thick; cation spectra from films<1
layer thick are presented in Figs. 2 and 4 for CaF2 and SrF2,
respectively. At the interface, the three-peaked F 1s bulk
satellite structure is broadened into a single peak, but the
energies are comparable. As pointed out above, the extrinsic
loss peaks are missing from the spectra because there is no
scattering medium between the emitters and the detector. The
cation intrinsic satellites characteristic of the bulk fluorides,
however, are also missing from the interface emission, and
are replaced by a new, low-energy satellite doubletI* in both
CaF2 and SrF2.

We determined that theI* satellite feature in CaF2/Si~111!
films is directly associated with the interface Ca atom as
follows. Figure 2 shows a curve fit~discussed in detail later!
of a Ca 2p spectrum from a single CaF layer. This spectrum
is an average of spectra from four different submonolayer
films; no bulk peak is apparent, unlike Fig. 1~c!. We verified
that there were no bulklike layers using the x-ray photoelec-
tron diffraction~XPD! technique, where the angular variation
of the total interface Ca 2p photoemission was measured.
The XPD pattern for one of the films included in the aver-
aged spectra of Fig. 2 is shown in Fig. 3~a!. Interpretation of
XPD oscillations is reviewed in the literature2 and theoretical

FIG. 2. Submonolayer CaF/Si~111! Ca 2p photoemission. The
spectrum is an average of results from four films, as described in
the text. Metallic line shapes were used to fit the asymmetry in the
main interface Ca peak~I ! and its satellite~I * !.

FIG. 3. Ca 2p x-ray photoelectron diffraction modulations.~a!
Submonolayer film deposited at 650 °C~one of the four films aver-
aged in Fig. 2!. Only high-angle, intralayer Ca-F scattering is ob-
served.~b! Component-resolved XPD modulations for a 2.4-layer
film deposited at 450 °C. The ‘‘bulk’’ peak~B! reflects both the
second and third layers; the main interface peak~I! and its satellite
~I * ! exhibit identical modulations, which differ both from the bulk
and from the uncovered monolayer.
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models of this CaF ML profile were recently published.3,4

The principal result is that the Ca 2p intensity is uniform for
emission withinuuu,50°. Such uniform emission for the high
kinetic energy measured here indicates the absence of or-
dered bulk layers atop the interface Ca atoms, which would
otherwise elastically scatter photoelectrons preferentially
into principal crystal directions. Only grazing-emission scat-
tering between Ca and F~see inset! results in XPD oscilla-
tions for u'670°.

Second, we established thatI* is not due to any chemi-
cally distinct overlying Ca atoms and that it remains even
after the interface layer is covered. From many intermediate
thickness~2–8 TL! films, in which both bulklike and inter-
face CA signals were present, the magnitude ofI* was lin-
early correlated with the intensity of the main interface dou-
blet; there was no apparent correlation~other than
attenuation! between the intensity ofI* and the amount of
additional material deposited after saturation of the first
layer. Spectra for 2–8 TL films may all be fitted using the
monolayer Ca 2p spectrum in Fig. 2 as an empirical line
shape for the interface contribution plus an additional dou-
blet shifted;2.8 eV from the main interface peak for the
remaining layers. This is illustrated in Fig. 1~c!, where the
relative heights ofI and I* are the same as those in Fig. 2.

Finally, we showed using chemically resolved XPD for a
thicker CaF2 film that the atomic site ofI* is identical toI.
Figure 3~b! shows XPD results for a;2.4 layer film grown
at 450 °C, whose morphology is shown schematically in the
inset. At 450 °C the interface reaction leading to CaF is not
complete, and the interface layer has stoichiometry CaF2.

7

Reduced diffusion on this layer leads to flatter films after two
monolayers of deposition compared to higher temperatures,
making it easier to distinguish bulk and interface modulation
intensities.3,4 The I* satellite exhibits the same energy and
intensity in these 450 °C films as in higher-temperature films.

Detailed determination of the structure shown in the inset
of Fig. 3~b! was carried out by simultaneous analysis of XPS
and XPD amplitudes.3,4 These profiles were determined by

curve-fitting spectra such as in Fig. 1~c! for a spectrum ac-
quired at each angle to three componentsI ,I * , and B. In
principle, theB peak can be further resolved into a contribu-
tion from middle-layer Ca atoms and surface atoms;12 for
simplicity, we have chosen here to fitB to a single, large-
width peak. The overall diffraction profiles of theI ,I * , andB
peaks are similar, indicating similar nearest-neighbor envi-
ronments, although features specific to atoms buried by two
additional layers of CaF2,

3,4 including the dip around 60°
and the shoulder at225°, are present inI andI* but not inB.
Further, the oscillation amplitude ofI* is identical to that of
I, which is about twice that ofB. The reduction ofB arises
because this profile is the incoherent addition of two profiles:
the partial third layer plus the uncovered portion of the sec-
ond layer whose XPD signal resembles Fig. 3~a!, and the
covered portion of the second layer whose XPD signal re-
sembles the lower profile in Fig. 3~b!. The equal amplitude
of I andI* indicates that the Ca atoms contributing toI* and
I are equally buried by upper layers. Further, theI and I *
signals have a similar overall attenuation at large angles,
which theB signal does not display, which also indicates that
the I and I * atoms are equally buried.

Returning to Fig. 2, we show a detailed curve fit of a Ca
2p spectrum as two doublets, main~I! and satellite~I * !. We
have used the Doniach-Sunjic line shape~convolved with a
Gaussian representing the instrumental linewidth!, normally
used to account for the many-electron interaction between
free electrons and the core hole in metal XPS spectra.24 Table
I summarizes the fit parameters. The Doniach-Sunjic line-
shape was chosen because the interface Ca 2p peaks have a
metalliclike asymmetry to them, which was not observed for
any of the bulk spectra. The interface F 1s emission also
exhibits a Doniach-Sunjic metallic line shape, although with
smaller asymmetry. Valence-band photoemission, however,
does not show the interface to be metallic.25 One possible
explanation is that the interface bands are only pulled below
the Fermi level in the presence of the core holes. Another is
that we have an additional satellite at about 1 eV that cannot

TABLE I. Summary of fit parameters. LW is the Lorentzian full width at half maximum~FWHM!, GW
is the Gaussian FWHM,a is the Doniach-Sunjic asymmetry. SOS is the spin orbit splitting, SOR is the spin
orbit ratio,DEf5I * to I energy splitting,R5I * to I area ratio.

Peak LW~eV! GW ~eV! a SOS~eV! SOR DEf ~eV! R

CaF2 Ca 2p I 0.56 0.62 0.24 3.63 0.57 4.47 0.32
Ca 2p I* 0.94 0.76 0.26 3.80 0.24

SrF2 Sr 3p I 1.52 1.26 0.15 10.3a 0.55a 4.82 0.083
Sr 3p I* 1.52b 1.26b 0.15b 10.3a 0.55a

Sr 3d I 0.38 0.91 0.14 1.75a 0.67a 3.83 0.086
Sr 3d I* 0.38b 0.91b 0.14b 1.75a 0.67a

SrF2 Sr 3p I 2.19 0.97 0 10.3a 0.55a 4.40 0.15
Sr 3p I* 2.19b 0.97b 0 10.3a 0.55a

Sr 3d I 0.42 1.01 0 1.75a 0.67a 3.60 0.15
Sr 3d I* 0.42b 1.01b 0 1.75a 0.67a

Sr 4p I 0.47 0.70 0 1.00 0.50 0.0

aSpin-orbit parameters derived from bulk samples.
bParameters held identical forI and I * peaks.
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be resolved with our instrument~for example, due to crystal-
field splitting, as discussed later!, although this cannot ac-
count for the large inelastic tail extending;25 eV @see Fig.
1~c!#.

The fit results also show the 2p1/2 to 2p3/2 spin-orbit split-
ting and ratio for the satellite peak to differ from those for
the main peak~;3.8 eV and;24% vs;3.6 eV and;57%!;
both interface values differ from the bulk values~3.5 eV and
50%!. Such differences in spin-orbit parameters at these high
kinetic energies~;900 eV! likely arise from multiplet inter-
actions between the 2p hole and the interface bonding elec-
trons.

Finally, we note that an analogous low-energy satellite
peak is absent from both bulk and interface F 1s spectra and
from bulk Ca 2p spectra; the substrate Si 2p peak ~not
shown! also does not show this satellite, either with MgKa x
rays ~hn51254 eV!, or with soft x rays from a synchrotron
~hn5135 eV!. This indicates that the satellite is intrinsic to
excitation of the interface Ca atom; the excitation is locally
created near the core hole and cannot be excited by electrons
passing through or scattering from the interface layer.

SrF2 films, which have a similar interface structure to
CaF2 films, show similar satellite structure. Figure 4 shows F
1s, Sr 3p,3d, and 4p spectra for a single Sr-F layer on
Si~111!. The Sr 3d peak rides on a relatively broad plasmon
loss peak of the Si 2p spectrum; this has been subtracted in
Fig. 4. In the Sr 3p and Sr 3d spectra, a satellite doubleI * is
present, but it is absent in the Sr 4p spectrum; the F 1s again
shows no such satellite. The small shoulder on the Sr 4p is
attributed to second-layer emission~the film from which the
Sr 4p was acquired had a partially formed F-Sr-F triple layer
atop the interface layer!, although it cannot be ruled out that
there is a small satellite component there as well.

Three different curve-fit procedures were considered for
Sr peaks. First, we fitted the spectra to a single asymmetric
doublet I , which assigned all the satellite intensity to an
asymmetric line shape for the main peaksI . This procedure
did not yield a satisfactory fit to any of the Sr spectra. Sec-
ond, we added a satellite doubletI * , which attributed some
of the satellite intensity to asymmetry inI and some to the
distinct satellite peakI * . Third, we repeated this fit with the
asymmetrya fixed to 0. In the third fit, which is shown in
Fig. 4, it was necessary to include a steplike background
contribution, which we took to be proportional to the
background-subtracted spectra. We then compared the re-
ducedx2 and quality of fit~determined by looking for sys-
tematic variations in the fit residuals!. Accordingly, we de-
termined that while the Sr 4p fit is acceptable with neither a
satellite peak nor an asymmetric line shape~fit method 3!,
the Sr 3p and 3d fit best when a distinct satellite doubleI *
is included~fit method 2 or 3!. For Sr 3d and 3p, the quality
of fit was slightly better under methods 3 and 2, respectively.
We therefore summarize both fitting methods in Table I. The
main difference between the fits is a decreased amplitude
~;50%! of the satellite peaks when the main peaks are as-
sumed to have an asymmetric tail. The positions ofI * , how-
ever, are insensitive to the presence of the tail. For complete-
ness, we also attempted to fit the Ca 2p spectrum in Fig. 2
using method 3. It was not possible, however, to fit the large
inelastic tail extending out about 20 eV@see Fig. 1~c!# with-
out adding an additional broad Gaussian. The fittedI -I * en-

ergy splitting using that method was within 0.1 eV of that
found in Fig. 2, and the intensity ratio was dependent on the
properties of the additional Gaussian.

An important experimental result shown in Fig. 4 is that
the magnitude and position of the satellite peaks depend on
the particular core hole present, regardless of how the back-
ground was treated. The magnitudes range from;10%
~deeper 3p,3d core holes! to 0% ~shallow 4p core hole!,
while the energy loss is larger~;4.8 vs 3.6 eV! for Sr 3p
than for 3d core holes. While we did not clearly observe a
satellite for Ca 3p emission using 135 eV photons, the over-
lap of the F 2s level with the Ca 3p loss region prevents a
definitive assignment. It is also possible that the lower pho-
ton energy used to improve the cross section for the main-
peak excitation results in a decreased probability of satellite
excitation.

The observed experimental measurements of satellite en-
ergy splittingsDE and amplitude ratiosR for Ca and Sr
electrons are summarized in Table I. For Ca 2p, where the
spin-orbit splittings differed for the main and satellite peaks,
we have used the averageDE from the main to the satellite
doublets. For Sr electrons, two different curve-fit results are
shown, which differ by whethera, the Doniach-Sunjic asym-

FIG. 4. Monolayer SrF/Si~111! Sr photoemission.~a! F 1s emis-
sion ~hn51253.6 eV!; ~b! Sr 3p emission~hn51253.6 eV!; ~c! Sr
3d emission~hn51253.6 eV!; ~d! Sr 4p and F 2s emission~hn
5135 eV!. The C 1s ~dashed! peak at213 eV in ~b! is due to C on
the sample holder. In~d! the dashed Sr 4p peak labeledB, as well
as the high-binding-energy shoulder on the F 2s, are most likely
due to a small amount of a second fluoride layer. The spectra have
been shifted to align the main F and Sr peaks.
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metry parameter, was free or held fixed at 0.0~pure
Lorentzian/Gaussian line shape!. These results establish the
existence of an intrinsic satellite excitation localized to the
interface Ca or Sr core hole. We next consider various mod-
els to explain the observed peaks.

III. THEORETICAL RESULTS

To understand the observed interface satellite features, we
first review the bulk satellites and their literature assignments
for CaF2 and SrF2. The bulk fluorides have a large band gap
of about 12 eV, with a F 2p-derived valence band and a Ca
4s/3d ~Sr 5s/4d-! derived conduction band.22,23,26Formation
of the solid is through ionic bonds in which the two Ca 4s
~Sr 5s! electrons are transferred to the two F atoms in the
CaF2 ~SrF2! molecule. Both fluorides have shallow core lev-
els 10–20 eV below the valence-band maximum, and an ad-
ditionalsp-derived conduction band predicted to be about 10
eV above the conduction-band minimum.23,26

A. Anion intrinsic satellites

The F 1s spectra for bulk samples of both CaF2 and SrF2
exhibit a three-peaked intrinsic satellite structure around
25–30 eV. The monolayer F 1s spectrum also has structure
in this energy range, but the three-peaked structure is broad-
ened into a single peak. As we will see below, exciton for-
mation is the most likely cause for the cation intrinsic satel-
lites. However, this does not appear to be the case for the
anion satellites. The peak energies for the bulk F 1s satellites
are close to those of core excitons involving the shallow Ca
3p, Sr 4p, and F 2s core levels. However, this neither pro-
vides a consistent picture between the CaF2 and SrF2 satel-
lites, nor explains the existence of three peaks. The strongest
of the F 1s intrinsic loss features in CaF2 is at 27.5 eV, close
to the Ca 3p core exciton energy19 of 27.9 eV. We measure
the separation between the Ca 3p and F 2s photoemission
peaks to be 3.4 eV, so that the satellite observed 30.8 eV
from the main peak could be F 2s excitation to the same
conduction-band state; there is, however, no possible core
excitation within the bulk band structure for the observed
satellite peak at 23.8 eV. In SrF2, on the other hand, the Sr
4p exciton is expected at about27 22.5 eV~the location of the
weaker F 1s satellite peak in SrF2!, and F 2s excitations
would be;10 eV to higher binding energy~higher than
either additional satellite peak!.

A more likely explanation for the F 1s intrinsic satellites
is excitation of F 2p valence states into higher levels in the
conduction band, for example, those derived from F 3p and
3d states. Ikemotoet al.18,28 suggested that F 2p–3p exci-
tation is responsible for the F 1s satellites they observed in
this energy range for LiF, NaF, KF, MgF2, and CaF2. Ike-
moto et al. did not clearly observe these structures for SrF2
and BaF2,

18 and explained this absence by a reduced matrix
element. Our observation of peaks with comparable intensity
in UHV-prepared CaF2 and SrF2 films indicates that the low
SrF2 F 1s satellite intensity in Ref. 18 is likely due to re-
duced surface quality in their bulk, atmosphere-exposed
samples. For CaF2, measurements of Im« in the range 25–30
eV also show considerable structure, which Barthet al. at-
tribute to excitations between the valence band and a set of
sp-derived levels well above the conduction-band

minimum.19 Given the similarity of band structure for CaF2
and SrF2, a similar explanation is likely valid for the SrF2
excitations.

The broadening of the F 1s satellite excitations for mono-
layer CaF is quite consistent with a F 2p excitation model.
The F 2p and 3p-derived states are not directly involved in
interface bonding, and thus should not have large changes in
energy from the bulk; however, they should have a different
density of states than that characteristic of the three-
dimensional band structure.

B. Cation intrinsic satellites

We next discuss the intrinsic cation Ca 2p ~Sr 3d! satel-
lites at 10.7~13.0! eV in CaF2 ~SrF2!. The Sr 3p intrinsic
satellite in SrF2 is also at about 13 eV~not shown!, but
precise determination of this energy is complicated by the
10.2-eV spin-orbit splitting between the 3p3/2 and 3p1/2 com-
ponents. These satellites were attributed by Ikemotoet al.18

to unspecified shakeup excitations of the Ca and Sr ions. The
10.7-eV peak in CaF2 was interpreted by Veal and Paulikas
as due to the altered final-state screening when a ligand F 2p
electron is not transferred to a collapsed Ca 3d level.13 How-
ever, this explanation requires a drop in the 3d level about
three times the value in the atom, which is difficult to justify.

In the exciton mode of de Boer, Haas, and Sawatsky,15

intrinsic satellites should appear at energies close to optical
excitations~peaks in Im«!, especially those associated with
localized excitons. In the case of cation excitation, the core-
hole-induced polarization of the valence-band orbitals
greatly increases the overlap with the cation-derived
conduction-band levels, leading to a finite probability of ex-
citon creation. We consider this model below, taking into
account the modifications of these excitations at the fluoride-
silicon interface.

Comparison with the ellipsometry measurements of Barth
et al.19 and reflectivity measurements of Rubloff29 estab-
lishes the bulk Ca 2p intrinsic loss peak~10.7 eV! to be
close to the band-gap exciton energy~11.2 eV!. The band-
gap exciton in SrF2 was observed optically at 10.6 eV;29

while the Sr 3d and 3p intrinsic satellites are at a slightly
higher energy of 13 eV. The differences between the satellite
energy and the optical exciton may indicate participation of
conduction-band states ofd-like character that have their en-
ergies and charge distributions altered locally by the pres-
ence of the core hole. These states in CaF2 normally lie about
1 eV above thes-derived conduction-band minimum26 in-
volved in the minimum-energy optical exciton, and are
higher in SrF2 than in CaF2.

23 The absence of the cation-
induced band-gap satellite excitation at the interface indi-
cates that the CaF2 and SrF2 valence and conduction bands
are strongly modified near the interface, particularly those
conduction-band states localized primarily near Ca or Sr at-
oms. This is not surprising, since the cation sates from which
the conduction-band minima are derived are involved in
bonding to the Si substrate.

C. Interface cation intrinsic satellites

At the fluoride/silicon interface, there is a missing F atom,
so that an extra Ca 4s/3d ~or Sr 5s/4d! electron, which
would have been transferred to it, is available for covalent
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bonding with Si. Theoretical30–33 and experimental11,25,34

work on CaF2 has shown that this electron and the extra Si
dangling-bond orbitals form a bonding/antibonding pair of
states, with a band gap of;2.4 eV, and a possible exciton at
2.2 eV.11 The bonding state at the SrF2/Si interface has simi-
lar character to that at the CaF2/Si interface.

9

We propose that the absence of the cation excitonic loss
peak at the bulk band-gap energy and its replacement by a
loss peak at smaller energy is a consequence of the altered
interface electronic states. We attribute the presence ofI * to
final-state excitations of the extra Ca valence electron; the
detailed interpretation of this model depends on the extent of
the electron’s localization in the presence of the Ca 2p core
hole. In the ‘‘molecular’’ limit, the altered covalent bond
between the Ca 4s/3d and Si 3p valence electrons in the
presence of the core hole dominates the observed satellite
peak. In the ‘‘atomic’’ limit, the multiplet interaction be-
tween the Ca 3d electron and the core hole determine the
satellite structure. We find that the molecular limit appears to
explain the large satellite peaks, while the atomic interac-
tions may account for the observed metalliclike line shapes.
This is discussed further below.

Besides intrinsic excitation, it is possible that the interface
satellite could arise from extrinsic losses altered by the
unique dielectric function of the interface layer~although it
is difficult to distinguish extrinsic from intrinsic for single-
layer films!. We briefly discuss this dielectric response model
here. A dielectric function based on a flat~two-dimensional!
joint density of states from 2.4 to 4.5 eV was found to predict
the observed resonant second-harmonic generation~SHF!
signals near 2.4 eV from this interface;11 we find the same
density of states also predicts a photoemission satellite peak
at about 4.5 eV. This is because the SHG signal is propor-
tional to the magnitude of the complex dielectric function«,
while the inelastic energy loss of electrons is proportional to
Im ~1/«!. These functions emphasize excitations at the mini-
mum and maximum energies in the joint density of states,
respectively. While this model is consistent with both the
observed SHG signal and the observed Ca 2p satellite in
XPS, it leads to the prediction of identical satellites for both
Si 2p and F 1s electrons, which we do not observe. Further-
more, it predicts identical satellites for all core excitations on
the same atom, which is contrary to the differences among
the various Sr levels shown in Fig. 4.

A simple molecular model, which is illustrated in Fig. 5,
is sufficient to explain the observed loss peaks. Our model is
based on the charge-transfer model of de Boeret al.,15 who
used it successfully to model satellites of late-transition-
metal compounds. For clarity, we first discuss this model in
terms of CaF2/Si, but the interactions for SrF2/Si are similar,
and discussed later. The bonding state@Fig. 5~a!# is com-
prised of the interaction of the Si 3p dangling bond and the
Ca 4s/3d singly occupied orbital. The binding energy of the
Ca state relative to the Si state is given by the parameterA
(A.0 means less bound!. The Hamiltonian describing the
mixture of the two states is

H5SAT T
0D , ~1!

whereT is the interaction energy of the two states and the
basis states are the unperturbed Ca 4s/3d and Si 3p states.

The zero of energy is defined at the Si dangling-bond level.
Although we expect thatA;0 due to alignment of charge
neutrality levels, we do not explicitly make this assumption.
However, in any physical modeluAu is restricted to the range
@0, EG#, whereEG is the interface-state band gap.

In the molecular model, the interface-state band gapEG is
equated to the energy difference between the bonding and
antibonding levels,

EG5AA214T2. ~2!

We can approximate this by the band gap measured with
scanning tunneling microscopy34 and optically,11 although
this is only a rough approximation to the actual interfacial
electronic states, which have reasonable dispersion~;0.5 eV
across the Brillouin zone!.25 Given the band gap, we can
solve for the parameterT as a function ofA using Eq.~2!.

After the creation of the Ca 2p core hole@Fig. 5~b!#, the
interaction between the Ca 3d electron and Ca 2p hole
causes the Ca 3d electron to lower its energy by the valueQ.
In Ca, the centrifugal terml ( l11)/r 2 in the electronic
Hamiltonian gives rise to a potential barrier for the 3d elec-
tron, which acts to keep the 3d away from the nucleus. Upon
creation of the core hole, the centrifugal barrier is overcome
by the attraction toward the core hole, and the 3d level falls
in towards the nucleus.35 A Hartree-Fock calculation by
Mansfield36 for atomic Ca gives the valueQ53.75 eV.

After creation of the core hole, the energy difference be-
tween Ca and Si states changes fromA to A2Q, and the
interaction energy changes fromT to Tf . This alters Eqs.~1!
and~2!. The Si 3p level is assumed not to change because of
the screening of the core hole by the semiconducting sub-
strate. The new expression for the gap between bonding and
anti-bonding states is

DEf5A~A2Q!214Tf
2 . ~3!

This is precisely the predicted energy loss for the satellite
peak. The relative amplitudeR of the loss peak may be cal-
culated in a straightforward manner from the interaction am-
plitudes as

R~A,Q,T,Tf !5
z^ f au i b& z2

z^ f bu i b& z2 , ~4!

FIG. 5. Schematic of the CaF/Si interface satellite process. In
the initial state, the Ca 4s/3d and Si dangling-bond state overlap to
form a bonding/antibonding pair. After excitation of the core hole,
the final state may include excitation to the antibonding state. The
satellite energy difference is larger than the optical energy gap due
to the collapse of thed state in the presence of the core hole.
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whereu i b& is the wave function of the initial~bonding! state,
and u f a,b& are the possible antibonding or bonding final
states.

If we assume thatTf5T, then the equations can be re-
written to eliminateT, leaving only two parameters,Q andA.
The measured quantities are the satellite splittingDEf and
the satellite relative magnitudeR. We can use the above
equations to find the unknownsQ and A given these two
experimental observables. Table II shows results forTf5T.
For CaF2 we used the interface state band gapEG52.4 eV as
measured by Heinzet al.11 The solution forQ at the inter-
face, 3.6 eV, is very close to the predicted atomic value
Q53.75 eV due to Mansfield.36 The solution forA, 20.29
eV, is small, as expected.

For SrF2 on Si, the model is similar to CaF2, except that it
is the 5s/4d state which collapses towards the core hole.
Since the band gap before the core-hole creation is unknown,
we have calculated the parametersQ andA for various val-
ues ofEG in Table II. Calculations were performed for the
average values ofDEf andR from Table I.

The parameterA should be independent of core hole,
since it characterizes the initial state. We find that this is
possible forEG;1.0–1.5 eV,A'20.6 to 20.9 eV. This
value of EG implies a relatively weak interaction between
the initial Sr 5s/4d level and the Si dangling bond compared
to CaF2 on Si. The parameterQ characterizes the final state,
and may therefore be different for the different core holes.
We find thatQ is larger~greater collapse of the 4d level! for
the Sr 3p hole than for the Sr 3d hole. This is to be expected
if the deeper Sr 3p hole is more localized than the Sr 3d
hole. Since the Sr 4p hole is the least localized, it is consis-
tent with this theory that there is no satellite peak which can
be resolved from the main 4p peak.

We have also considered the possibility that 0,Tf,T.
This is the case if the overlap of the metald level with the Si
3p state decreases after theD wave function collapses. For
CaF2, we found that the values ofQ(x) and A(x), where
0,x5Tf /T,1, do not take on any unphysical values
throughout the entire range ofx and indeed do not change
drastically withx. For SrF2, we must consider both the un-
known band gap and the unknown value ofx. We found that
althoughA varies somewhat as a function ofx, this variation

is about the same for the Sr 3d and Sr 4p, regardless of the
choice of band gap. Therefore whatever band gap range sat-
isfiesA~Sr 3d)5A~Sr 3p! at x51 satisfies it for all values
of x. We conclude that the molecular model gives reasonable
values for the parametersQ andA for all values ofx5Tf /T
for SrF2.

An assumption in this section has been that the initial
state has only two interacting levels, i.e., that the Ca 4s and
3d ~or Sr 5s and 4d! levels are nearly degenerate. This is a
reasonable assumption considering theoretical calculations
that show the band broadening to overlap these two
levels.23,26 However, it is far from clear whether this is rea-
sonable in the final state, since the 3d level collapses in-
wards much more than the 4s level. A more refined model
would consider interactions of three final states and not two.
This would be invoked if the Si 3p level has little interaction
at all ~i.e.,Tf→0! with the collapsed 3d level and if the final
state consists of transitions just between 3d→4s levels.
Were this the case, however, there would be very little dif-
ference in the mathematics involved—we would still be con-
sidering final-state transitions from a localized 3d to a
~fairly! delocalized orbital.

Atomic interactions may also play a role in inducing sat-
ellite photoemission peaks. It is interesting to compare the
near-edge x-ray absorption fine-structure measurements
~NEXAFS! data reported by Himpselet al.37 with our re-
sults. Himpselet al. observed multiple peaks at the CaL II,III
edge; these peaks, which result from excitations from Ca
2p→Ca 3d states, were different for the bulk and interface
Ca atoms. Interface atoms in particular displayed a strong,
barely resolved feature with intensity;25% of the main ab-
sorption peaks shifted by;1 eV to lower absorption energy.
In their interpretation, the multiplets are determined prima-
rily by the interaction of the valence electron~s! with the core
hole; effects of the rest of the solid are determined by per-
turbing the atomic calculations with a weaker crystal-field
interaction. However, in NEXAFS of interface Ca, the ex-
perimentally observed interface transition is
2p6(3d4s)1→2p5(3d4s)2, while in XPS, the transition is
2p6(3d4s)1→2p5(3d4s)1, leading to a completely differ-
ent final state. Therefore, the strong satellite that they ob-
served should not necessarily be present in our XPS data. It

TABLE II. Theoretical results for the molecular model.

Level

Experiment Band gap Theory

DEf ~eV! R EG ~eV! Q ~eV! A ~eV!

Ca 2p 4.5 0.25 2.4 3.61 20.20

Sr 3p 4.6 0.12 1.0 3.86 20.68
1.5 3.54 20.91
2.0 3.27 21.00
2.5 3.05 20.94
3.0 2.90 20.67

Sr 3d 3.7 0.12 1.0 2.99 20.65
1.5 2.70 20.80
2.0 2.47 20.76
2.5 2.33 20.47
3.0 2.29 10.086
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is possible, however, that the asymmetry observed in the
interface cation peaks is due to these crystal field effects
acting on the initial state. Furthermore, the satellite we ob-
serve at 4.5 eV should not necessarily be reflected in NEX-
AFS data because of the different cross sections for creating
an excitation by a 900 eV electron~l'0.4 Å! vs a soft x-ray
photon~l'35 Å!. As mentioned earlier, the involvement of
atomic multiplet interactions is evident in the Ca 2p emis-
sion by the altered spin-orbit splittings and ratios for inter-
face excitation.

IV. SUMMARY AND CONCLUSIONS

We presented experimental data supporting the existence
of intrinsic satellite peaks at CaF2/Si~111! and SrF2/Si~111!
interfaces that differ from those in the bulk fluorides. We
showed that the chemically resolved x-ray photoelectron dif-
fraction technique can be used to identify the atomic sites of
satellite peaks in addition to core-level shifted peaks. The
alteration of the bulk satellite peaks by interface bonding
supports specific previous models for these excitations. The
fluorine satellites are attributed to excitations from F 2p-
derived valence bands to higher F-derived conduction bands,
which are less sharply defined at the interface than in the
bulk. The cation satellites in the bulk are attributed to band-
to-band transitions induced by F 2p polarization in the pres-
ence of the core hole. Comparison to the optical excitation
energies for both CaF2 and SrF2 indicates thatd states above
thes-derived conduction-band minimum are likely involved,
since the SrF2 satellite energy is larger than the optical en-
ergy gap.

Several models were considered to explain the new inter-
face satellite peaks associated with cation excitation. Key
features to be explained are the reduced energy and increased
strength relative to the bulk satellites, and the different ener-

gies and strengths for excitation of different core holes. The
dielectric response model explains the interface Ca 2p line
shape, but fails to account for the different splittings ob-
served among the Sr core levels. Furthermore, the model
predicts that Si core levels should have the same satellite
feature, since these electrons necessarily pass through the
same interface layer with similar~1150 vs 900 eV! kinetic
energy. Crystal-field and multiplet interactions are likely
contributing to small shifts and broadening in the line shape,
but are not large enough to account for the main interface
satellite. We successfully accounted for the key features of
these satellites by considering the molecular interaction be-
tween interface Ca or Sr orbitals and the Si dangling-bond
orbitals in the presence of a core hole. The difference be-
tween the optical gap and the satellite loss energy is attrib-
uted to the collapse of thed-derived component of the inter-
face bond during core-hole excitation. In bulk transition
metals, this charge-transfer satellite is predicted to occur for
the late-transition metals, while the band-gap exciton model
was used for early transition metals.15 The increased cova-
lency of the interface cation-silicon bond relative to the bulk
cation-fluorine bond may account for this difference within a
single metal species.
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