PHYSICAL REVIEW B VOLUME 53, NUMBER 3 15 JANUARY 1996-I

Altered photoemission satellites at Cak and SrF,-on-Si(111) interfaces
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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 &&afSrk 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. Fos Extitation, the bulk and interface satellites
differ only in width and amplitude; for the cation core excitatid@a 2p, Sr 3p, and Sr 3l), 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 CafSi(111) [SrF,/Si(111)] interface is localized excitation of the interface bond, where
the interface band gap is controlled by the collapse of the €633 4d) level in the presence of the G&r)
core hole.

I. INTRODUCTION Distinct insulator surface satellites have been observed, for
example, at MnO surfacésbut altered satellites at buried
In x-ray photoelectron spectroscopyP9), inelastic scat- interfaces have not previously been reported.
tering of the outgoing photoelectron can distort the observed In this paper, we report observations of distinct interface
line shapes away from simple Lorentzian functions. Theand bulk photoemission satellite structures in thin films of
main XPS emission lines are often accompanied by satellit€aF, and Srk on S(111). The atomic structure of the first
peaks, which are caused by discrete energy losses of tHayer has been previously established to consist of a nonsto-
photoelectron as it scatters within the solid. These scatterinighiometric Si-Ca-F(Refs. 6—8 or Si-Sr-F (Ref. 9 layer,
events can be divided into two categories: intrinsic and exwith an interface bond derived from silicon and cation
trinsic processes, defined by whether or not the scattering isrbitals!®!* Subsequent deposition consists of F-Ca-F or
in the immediate vicinity of the core hole created by theF-Sr-F triple layers(TL's), with each ion in a bulklike
photoelectron excitation. environment#!? Using x-ray photoelectron diffraction
In XPS of thin films, or for surface-sensitive experiments, (XPD) to confirm the assignments of satellite peaks to bulk
the location of the emitting atonfe.g., its proximity to a or interface atoms, we find that electrons emitted from Ca
surface or interfagecan lead to energy shifts of the core- and Sr atoms bonded to Si exhibit satellite peaks that differ
level photoemission peaks. These shifts may arise both frorfrom those characteristic of bulk Ca and Sr emission. For
the altered chemical state of the atom and from local fielcexcitation of F atoms adjacent to the interface, we observe
effects caused by termination of the solid film. The elasticintrinsic satellite peaks at similar energies to those for bulk F
scattering of electrons emitted from these different atomiemission, although the peaks are not as sharp. We discuss the
sites has yielded important information on the local geometintrinsic nature of these peaks, and show that the new inter-
ric structure and morphology of an epitaxial fifrh,and is  face cation satellite is consistent with a simple charge-
especially powerful when these different sites may be distintransfer model.
guished by the energy of the emitted electrdfdduch less Intrinsic  satellites in cation photoemission from
attention, however, has been paid to the altered inelastic scatansition-metal insulators may arise from a number of dif-
tering associated with different structural sites. Since inelasferent interactions. The principal models proposed in the lit-
tic scattering peaks are present simultaneously with coreerature for ions in the & configuration includei) differen-
level shifted peaks, an understanding of the loss features cdial screening of the core hole due to transfer of a ligand
be essential for quantitative interpretation of core-levelelectron into a 8-like (well-screened main lineor 4s-like
shifted peaks. In addition, observations of different satellite(poorly screened satellite final state!* (ii) band-gap
features from geometrically distinguishable atofesy., at  excitationd* or their associated anionfor ligandybased
the interface vs within the bulkwithin the same material excitons'® and (iii) rehybridization of the ligand states with
highlight the different electronic structures near each atomthe cation 8 levels in the presence of the core hole, leading
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ultrahigh-vacuum chamber. Unless otherwise noted, the sub-
strate temperatures were 650—775 °C and the incident flux
was 5-50 A/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 temperattifd? All films in this
study were grown under conditions leading to laminar
s Fi1s growth for their thickness. The base pressure was below
"‘/\F/\J\/\ 10 % torr, and the growth pressure was typically ¥Qorr,
mainly consisting of N outgassed from BN insulators in the
growth cells. The substrates were prepared using either
Shiraki etching and annealing, or repeated sputter/anneal
(© CaFSBSSWL%) . Cazp cycles until the substrates exhibited sharp77low-energy
i & electron-diffractionN LEED) patterns and no measurable oxy-
gen XPS signal.
XPS spectra were acquired with Mg, (hv=1253.6 eV
or synchrotron radiatiothv=135 e\) at Stanford Synchro-
tron Radiation Laborator{SSRL, beamline I-1 In the case
of Mg radiation, x-ray satellite linek , andK 3 , were de-
convolved from the spectra using a Fourier transform tech-
: | ; : | nique. The electron spectrometer _used was a hemispherical
T T S a— analyzer(Leybold EA-1). In addition to angle-integrated
Energy Loss (eV) XPS measurements, we employed angle-resolved x-ray pho-
toelectron diffraction to aid in the assignment of satellite
FIG. 1. Bulk and interface photoemission and associated satepeaks. The technique exploits angular variations of photo-
lite structures(a) Sr 3d and F Is emission from a thick SgFfilm. emission intensity, which are induced by the elastic scatter-
(b) Ca 2p and F s emission from a thick Caffilm. Dashed lineis  ing of photoemitted electrons. Previously, we used XPD to
predicted extrinsic losses given by (bf) convolved with a 1-eV  show how the interface is coveréih a layer-by-layer fash-
Gaussian, derived from results in Ref. 18) Ca 2p and F 5 jon or by bulk islands as a function of kinetic growth
emission from 1 ML CaF/$i11) plus < layer Cal. Ca 2p peak  parameterd: in this study, we use XPD to show that a new
is fitted to a main interface pedk), an interface satellitd*) and a  interface satellite does not arise from bulk Gaffoms.
bulk componentB), as described in the text. Expanded bulk &r 3 Figures 1a) and Xb) illustrate the experimentally ob-
(Ca 2p) curve has had &/, (2py?) component removed assuming served satellites for thick films of SyFand Cak, respec-
spin orbit parameters in the text. The spectra have been shifted tt‘?\/ely. The samples were thick enough so that Bignals
align their main peaks; they were acquired with Mg radiation were negligible, yet thin enough to avoid charging. Figure
(hv=1253.6 eV. 1(c) depicts Ca P and F Is core-level XPS spectra charac-

] teristic of = a single Ca-F layer. This particular sample also
to charge transfef The first model was proposed by Veal contained a partial layer of Cafbove the interface layer,
and Paulika$’ to account for all the 8 transition-metal ®  indicated both by the slight asymmetry in the & pectrum,
satellites, including the CapZsatellite at~11 eV in Cak  \which originates from the core-level shift between buried
[see, e.g., Fig. (b)]. The latter two models are discussed in gnd unburied interface F atorfsand by a weak shoulder
the excitonic process dominates for early transition metalsyhich originates from the core-level shift between interface
including Ca, and the charge-transfer model dominates fogpg overlying Ca atom%’ In the following paragraphs, we
late transition-metal insulators. In this paper, we propose thajst discuss the satellite features observed in the bulk films,
the CaR/Si(111) interface bonding state between a G4 and second we will discuss the changes observed for the thin
level and a Si P level leads to a charge-transfer satellite for fjjm.
the interface Ca @ photoemission and suppresses the exci- The principal peak in Ca2 (Sr 3d) spectra consists of a
tonic satellite present for bulk Calemission; we find that a  gpin-orbit-split doublet with energy splitting 3.55 eiL.8
similar effect occurs at the SifSi(111) interface. eV) and intensity ratio near the statistical value of 0.50
(0.67); the main F & peak is a singlet. The &, (3ds.,)
component has been removed by a Fourier transform tech-
nigue in the expanded spectra. The principal bulk peaks are

CaF, and Srk were deposited from separate graphite orclearly accompanied by satellite peaks, which have been pre-
boron nitride crucibles onto resistively heatgdtype (=1  viously discussed by several authdts>*®
Q cm), on-axis (miscut <0.259 Si(111) wafers in an Figures 1a) and Xb) illustrate the concept of extrinsic vs
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e B e A a loss of~13 eV, and the three Fslpeaks at losses of 22—-30
eV are intrinsic excitations.
Monolayer CaF/Si(111) The Siffluoride interface induces a new satellite peak,

Ca2p which is absent from the bulk spectra. Figc)lshows results
for a Cak film =1 layer thick; cation spectra from films1
layer thick are presented in Figs. 2 and 4 for gaRd Srh,
respectively. At the interface, the three-peaked $-hlilk
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
- e . are replaced by a new, low-energy satellite doublen both
-365 360  -355  -350  -345 CaF, and Srk. _ _ _
Binding Energy (eV) We determined that thié satellite feature in CafSi(111)
films is directly associated with the interface Ca atom as
FIG. 2. Submonolayer CaFI3LL]) Ca 2p photoemission. The follows. Figure 2 shows a curve fitliscussed in detail later
spectrum is an average of results from four films, as described i®f @ Ca P spectrum from a single CaF layer. This spectrum

the text. Metallic line shapes were used to fit the asymmetry in thdS an average of spectra from four different submonolayer
main interface Ca pealt) and its satellitg(l*). films; no bulk peak is apparent, unlike Figcl We verified

that there were no bulklike layers using the x-ray photoelec-

intrinsic scattering. Extrinsic satellites are due to inelastictron diffraction(XPD) technique, where the angular variation
X 9. . : of the total interface Ca j2 photoemission was measured.
scattering of the electron as it traverses the film. The prob.

- L : . The XPD pattern for one of the films included in the aver-
ability of an extrinsic energy I0sAE is proporthnal to Im . aged spectra of Fig. 2 is shown in FigaB Interpretation of
[—1/5(AE)], and the losses should be apparent in both catioRpp gscillations is reviewed in the literatdrand theoretical
and anion emission. These losses should also be apparent in

electron-energy-loséEEL) experiments. The dielectric con-
stante(AE) of CaF; in the range 10-35 eV has been mea- e
sured by Barthetal. with ellipsometry® and inferred (a) CaF single layer Sty oS
through Kramers-Kronig analysis from EEL measurements
by Frandon, Lahaye, and Pradlthe 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 measuredAE), it is seen that the Caf2dou- =)
blets and F & peaks at 17 eV and 36 eV below the main é
peak arise from the dielectric losses; identification of these 7
peaks as extrinsic satellites has also been made by direct& B =1
comparison with electron energy loss spettfar CaF, and
SrF,.18 We note that these satellites and the associated EEL :
peaks are not due to “plasmon” excitatioh?>?'but 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 Srk spectra are likely to arise from a
similar origin, since the band structures of the two materials
are quite simila®®?3and EEL spectra of Sgfexhibit peaks at
these energie®. The extrinsic loss peaks do not appear in the
~ single layer film[Fig. 1(c)], simply because there is al- | | | | | 1 | |
most no bulk fluoride between the interface atoms and the 80 60 40 20 o0 20 20 60 80
detector to cause an energy loss.

In addition to the extrinsic satellites, the cation and anion

emission spectra exhibit intrinsic satellite peaks that are 5 3 ca D x-ray photoelectron diffraction modulation&)
unique to the emitting ion, thus requiring the presence of &,pmonolayer film deposited at 650 tane of the four films aver-
specific core hole. Several models have been proposed f@geq in Fig. 2 Only high-angle, intralayer Ca-F scattering is ob-

the origin. of thesg bulk satellite peaks. As discussed in th@erved.(b) Component-resolved XPD modulations for a 2.4-layer
next section, we find that comparison both between the tw@im deposited at 450 °C. The “bulk” peakB) reflects both the

fluorides and between bulk and interface fluoride enables s&econd and third layers; the main interface péaland its satellite
lection among these models. For the bulk materials, the Ca*) exhibit identical modulations, which differ both from the bulk
2p doublet 10.7 eV below the main peak, the $f 8eak at  and from the uncovered monolayer.

Intensity
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TABLE |. Summary of fit parameters. LW is the Lorentzian full width at half maxim@WwHM), GW
is the Gaussian FWHMy is the Doniach-Sunjic asymmetry. SOS is the spin orbit splitting, SOR is the spin
orbit ratio, AE;=1* to | energy splittingR=1* to | area ratio.

Peak LW(eV) GW (eV) a SOS(eV) SOR AE; (eV) R

Car, Ca2p [ 0.56 0.62 0.24 3.63 0.57 4.47 0.32
Cazp I* 0.94 0.76 0.26 3.80 0.24

SrF, Sr 3p [ 1.52 1.26 0.15 103 0.58 4.82 0.083
Sr3p  I* 152 1.26° 0.19 10.3 0.58
Sr 3d [ 0.38 0.91 0.14 1.7 067 3.83 0.086
Sr3d  I* 0.39 0.9 0.14 1.78 0.67

SrF, Sr3p [ 2.19 0.97 0 103 0.58 4.40 0.15
Sr3p I* 219 0.97 0 10.% 0.58
Sr 3d [ 0.42 1.01 0 175 067 3.60 0.15
srad I* 0.42 1.0 0 1.78 0.67
Sr 4p [ 0.47 0.70 0 1.00 0.50 0.0

aSpin-orbit parameters derived from bulk samples.
bparameters held identical forand1* peaks.

models of this CaF ML profile were recently publishi#t. curve-fitting spectra such as in Fig(cl for a spectrum ac-
The principal result is that the Cgpdntensity is uniform for  quired at each angle to three components, andB. In
emission within/6|<50°. Such uniform emission for the high principle, theB peak can be further resolved into a contribu-
kinetic energy measured here indicates the absence of aiion from middle-layer Ca atoms and surface atdfmgr
dered bulk layers atop the interface Ca atoms, which wouldgimplicity, we have chosen here to Bt to a single, large-
otherwise elastically scatter photoelectrons preferentiallyidth peak. The overall diffraction profiles of thd*, andB
into principal crystal directions. Only grazing-emission scat-peaks are similar, indicating similar nearest-neighbor envi-
tering between Ca and see insetresults in XPD oscilla- ronments, although features specific to atoms buried by two
tions for 6~=*=70°. additional layers of Caf>* including the dip around 60°
Second, we established thidt is not due to any chemi- and the shoulder at25°, are present ihand!l* but not inB.
cally distinct overlying Ca atoms and that it remains evenFurther, the oscillation amplitude &f is identical to that of
after the interface layer is covered. From many intermediaté, which is about twice that oB. The reduction oB arises
thickness(2—8 TL) films, in which both bulklike and inter- because this profile is the incoherent addition of two profiles:
face CA signals were present, the magnitudd*ofvas lin-  the partial third layer plus the uncovered portion of the sec-
early correlated with the intensity of the main interface dou-ond layer whose XPD signal resembles Figa)3and the
blet; there was no apparent correlatiofother than covered portion of the second layer whose XPD signal re-
attenuatioh between the intensity df* and the amount of sembles the lower profile in Fig.(l3. The equal amplitude
additional material deposited after saturation of the firstof | andl* indicates that the Ca atoms contributingtcand
layer. Spectra for 2—8 TL films may all be fitted using thel are equally buried by upper layers. Further, thend I*
monolayer Ca B spectrum in Fig. 2 as an empirical line signals have a similar overall attenuation at large angles,
shape for the interface contribution plus an additional douwhich theB signal does not display, which also indicates that
blet shifted~2.8 eV from the main interface peak for the thel andl* atoms are equally buried.
remaining layers. This is illustrated in Fig(cl, where the Returning to Fig. 2, we show a detailed curve fit of a Ca
relative heights of and!* are the same as those in Fig. 2. 2p spectrum as two doublets, mdih and satellite(l *). We
Finally, we showed using chemically resolved XPD for ahave used the Doniach-Sunjic line shapenvolved with a
thicker Cak film that the atomic site of* is identical tol. Gaussian representing the instrumental linewidtormally
Figure 3b) shows XPD results for a2.4 layer film grown used to account for the many-electron interaction between
at 450 °C, whose morphology is shown schematically in thdree electrons and the core hole in metal XPS spétffable
inset. At 450 °C the interface reaction leading to CaF is nol summarizes the fit parameters. The Doniach-Sunjic line-
complete, and the interface layer has stoichiometry,CaF shape was chosen because the interface fCpezks have a
Reduced diffusion on this layer leads to flatter films after twometalliclike asymmetry to them, which was not observed for
monolayers of deposition compared to higher temperaturesny of the bulk spectra. The interface B &mission also
making it easier to distinguish bulk and interface modulationexhibits a Doniach-Sunjic metallic line shape, although with
intensities>® The I* satellite exhibits the same energy and smaller asymmetry. Valence-band photoemission, however,
intensity in these 450 °C films as in higher-temperature filmsdoes not show the interface to be metaficOne possible
Detailed determination of the structure shown in the inseexplanation is that the interface bands are only pulled below
of Fig. 3(b) was carried out by simultaneous analysis of XPSthe Fermi level in the presence of the core holes. Another is
and XPD amplituded? These profiles were determined by that we have an additional satellite at about 1 eV that cannot
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be resolved with our instrumeffor example, due to crystal- N —————————.
field splitting, as discussed lajerlthough this cannot ac- S

count for the large inelastic tail extending25 eV [see Fig. N
1(0)]. (a)F1s

The fit results also show thepg,, to 2p5, 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 valugs5 eV and
50%). Such differences in spin-orbit parameters at these high
kinetic energies~900 e\) likely arise from multiplet inter-
actions between thehole and the interface bonding elec-
trons.

Finally, we note that an analogous low-energy satellite
peak is absent from both bulk and interface $-spectra and
from bulk Ca 2 spectra; the substrate Sip2peak (not
shown also does not show this satellite, either with kg x
rays (hv=1254 eV}, or with soft x rays from a synchrotron (c) Sr3d
(hv=135 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.

SrF, films, which have a similar interface structure to
CaF, films, show similar satellite structure. Figure 4 shows F (d) Sr 4p
1s, Sr 3p,3d, and 4 spectra for a single Sr-F layer on
Si(112). The Sr 3 peak rides on a relatively broad plasmon
loss peak of the Si @ spectrum; this has been subtracted in LI
Fig. 4. In the Sr ® and Sr 3l spectra, a satellite doublé is -15 -10 5 0 5
present, but it is absent in the Sp 4épectrum; the F 4 again Energy Loss (eV)
shows no such satellite. The small shoulder on the [5is4
attributed to second-layer emissi@he film from which the
Sr 4p was acquired had a partially formed F-Sr-F triple layer

atop the interface laygralthough it cannot be ruled out that 3d emission(hv=1253.6 eV (d) Sr 4p and F 2 emission(hy

et e e o s it for 1154 T C & Gshedpeak k12 oVin it 10 C o
P the sample holder. Id) the dashed Sr@ peak labeled, as well

Sr peaks. Flrst’ we fl.tted the spectra to ‘ji S'.ngle a_symmetrlgs the high-binding-energy shoulder on the & are most likely
doublet!, ,Wh'Ch assigned all the' satellite |'ntenS|ty to an due to a small amount of a second fluoride layer. The spectra have
asymmetric line shape for the main pedk§his procedure p.an shifted to align the main F and Sr peaks.

did not yield a satisfactory fit to any of the Sr spectra. Sec-

ond, we added a satellite doublét, which attributed some ergy splitting using that method was within 0.1 eV of that
of the satellite intensity to asymmetry Inand some to the found in Fig. 2, and the intensity ratio was dependent on the
distinct satellite peak*. Third, we repeated this fit with the properties of the additional Gaussian.

asymmetryea fixed to 0. In the third fit, which is shown in An important experimental result shown in Fig. 4 is that
Fig. 4, it was necessary to include a steplike backgroundhe magnitude and position of the satellite peaks depend on
contribution, which we took to be proportional to the the particular core hole present, regardless of how the back-
background-subtracted spectra. We then compared the rground was treated. The magnitudes range fremh0%
ducedy? and quality of fit(determined by looking for sys- (deeper ,3d core holes to 0% (shallow 4p core hole,
tematic variations in the fit residuglsAccordingly, we de- while the energy loss is largér4.8 vs 3.6 eV for Sr 3p
termined that while the Srptfit is acceptable with neither a than for 3 core holes. While we did not clearly observe a
satellite peak nor an asymmetric line shafie method 3, satellite for Ca ® emission using 135 eV photons, the over-
the Sr P and 3 fit best when a distinct satellite doublé  lap of the F & level with the Ca $ loss region prevents a

is included(fit method 2 or 3. For Sr 31 and 3, the quality  definitive assignment. It is also possible that the lower pho-
of fit was slightly better under methods 3 and 2, respectivelyton energy used to improve the cross section for the main-
We therefore summarize both fitting methods in Table I. Thepeak excitation results in a decreased probability of satellite
main difference between the fits is a decreased amplitudexcitation.

(~50%) of the satellite peaks when the main peaks are as- The observed experimental measurements of satellite en-
sumed to have an asymmetric tail. The positions*ofhow-  ergy splittingsAE and amplitude ratioR for Ca and Sr
ever, are insensitive to the presence of the tail. For completeelectrons are summarized in Table I. For Qa 2vhere the
ness, we also attempted to fit the Cp 8pectrum in Fig. 2 spin-orbit splittings differed for the main and satellite peaks,
using method 3. It was not possible, however, to fit the largave have used the averagée from the main to the satellite
inelastic tail extending out about 20 ¢%ee Fig. {c)] with-  doublets. For Sr electrons, two different curve-fit results are
out adding an additional broad Gaussian. The fittdd en-  shown, which differ by whethe, the Doniach-Sunjic asym-

Intensity

FIG. 4. Monolayer SrF/$111) Sr photoemission(a) F 1s emis-
sion (hv=1253.6 eV; (b) Sr 3p emission(hr=1253.6 eV; (c) Sr
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metry parameter, was free or held fixed at Q@ure  minimum?® Given the similarity of band structure for CaF
Lorentzian/Gaussian line shgp&hese results establish the and SrF, a similar explanation is likely valid for the SyF

existence of an intrinsic satellite excitation localized to theexcitations.
interface Ca or Sr core hole. We next consider various mod- The broadening of the Fslsatellite excitations for mono-

els to explain the observed peaks. layer CaF is quite consistent Wwita F 2p excitation model.
The F 20 and 3p-derived states are not directly involved in
IIl. THEORETICAL RESULTS interface bonding, and thus should not have large changes in

energy from the bulk; however, they should have a different

To understand the observed interface satellite features, Weensity of states than that characteristic of the three-
first review the bulk satellites and their literature assignmentsgjimensional band structure.
for CaF, and Srk. The bulk fluorides have a large band gap
of about 12 eV, wh a F 2p-derived valence band and a Ca
4s/3d (Sr 5s/4d-) derived conduction barf:2*?5Formation
of the solid is through ionic bonds in which the two Ca 4 We next discuss the intrinsic cation Ca 2Sr 3d) satel-
(Sr 5s) electrons are transferred to the two F atoms in thdites at 10.7(13.0 eV in CaFk, (SrF,). The Sr 3 intrinsic
CaF, (SrF,) molecule. Both fluorides have shallow core lev- satellite in Srk is also at about 13 eVnot shown, but
els 10-20 eV below the valence-band maximum, and an adrecise determination of this energy is complicated by the
ditional sp-derived conduction band predicted to be about 1010.2-eV spin-orbit splitting between theg, and 3,,, com-
eV above the conduction-band minimdf?® ponents. These satellites were attributed by Ikensital 18
to unspecified shakeup excitations of the Ca and Sr ions. The
10.7-eV peak in Cafwas interpreted by Veal and Paulikas
as due to the altered final-state screening when a ligang F 2

The F 1s spectra for bulk samples of both Ga&nd Sr;  gectron is not transferred to a collapsed @al&vel 13 How-
exhibit a three-peaked intrinsic satellite structure arounqever, this explanation requires a drop in the Bvel about
25-30 eV. The monolayer Fslspectrum also has structure tnree times the value in the atom, which is difficult to justify.
in this energy range, but the three-peaked structure is broad- | the exciton mode of de Boer, Haas, and Sawatsky,
ened into a single peak. As we will see below, exciton for-intinsic satellites should appear at energies close to optical
r_natlon is the mos_t likely cause for the cation intrinsic Satel'excitations(peaks in Ing), especially those associated with
lites. However, this does not appear to be the case for thRycalized excitons. In the case of cation excitation, the core-
anion satellites. The peak energies for the bulksFsatellites  pgle-induced polarization of the valence-band orbitals
are close to those of core excitons involving the shallow Cégreaﬂy increases the overlap with the cation-derived
3p, Sr4p, and F 3 core levels. However, this neither pro- conduction-band levels, leading to a finite probability of ex-
vides a consistent picture between the CaRd Sri; satel-  cjton creation. We consider this model below, taking into
lites, nor explains the existence of three peaks. The strongegtcount the modifications of these excitations at the fluoride-
of the F Is intrinsic loss features in Cafts at 27.5 eV, close  gjjicon interface.
to the Ca P core exciton enerdy of 27.9 eV. We measure  Comparison with the ellipsometry measurements of Barth
the separation between the Cp @nd F 2 photoemission gt 5119 and reflectivity measurements of RubfSffestab-
peaks to be 3.4 eV, so that the satellite observed 30.8 e\shes the bulk Ca @ intrinsic loss peak(10.7 eV} to be
from the main peak could be Fs2Zexcitation to the same (|gse to the band-gap exciton ener@t.2 e\). The band-
conduction-band state; there is, however, no possible COlgap exciton in Sri was observed optically at 10.6 év:
excitation within the bulk band structure for the observedyile the Sr 21 and P intrinsic satellites are at a slightly
satellite peak at 23.8 eV. In SyFon the other hand, the St pigher energy of 13 eV. The differences between the satellite
4p exciton is expected at abdie2.5 eV(the location of the  energy and the optical exciton may indicate participation of
weaker F & satellite peak in Sij, and F 3 excitations  conduction-band states dflike character that have their en-
would be ~10 eV to higher binding energghigher than  grgies and charge distributions altered locally by the pres-
either additional satellite peak S . ence of the core hole. These states in Qadtmally lie about

A more likely explanation for the Fdintrinsic satellites 1 ey above thes-derived conduction-band minim&hin-
is excitation of F D valence states into higher levels in the yoved in the minimum-energy optical exciton, and are
conduction band, for eﬁglgple, those derived fromFa®id  pigher in Srf than in Cag.2® The absence of the cation-
3d states. Ikemotet al.™" suggested that F[2-3p exci-  jnduced band-gap satellite excitation at the interface indi-
tation is responsible for_ the Fslsatellites they observed in ates that the CaFand Srf valence and conduction bands
this energy range for LiF, NaF, KF, MgFand Cak. lke-  are strongly modified near the interface, particularly those
moto et a|1-8dld not clearly observe these structures for SrF conduction-band states localized primarily near Ca or Sr at-
and Bak,™ and explained this absence by a reduced matriyms, This is not surprising, since the cation sates from which

element. Our observation of peaks with comparable intensityhe conduction-band minima are derived are involved in
in UHV-prepared Caj-and Srk; films indicates that the low ponging to the Si substrate.

SrF, F 1s satellite intensity in Ref. 18 is likely due to re-
duced surface quality in their bulk, atmosphere-exposed
samples. For Caf measurements of lgnin the range 25-30
eV also show considerable structure, which Bagtlal. at- At the fluoride/silicon interface, there is a missing F atom,
tribute to excitations between the valence band and a set @b that an extra CasA3d (or Sr 5s/4d) electron, which
spderived levels well above the conduction-bandwould have been transferred to it, is available for covalent

B. Cation intrinsic satellites

A. Anion intrinsic satellites

C. Interface cation intrinsic satellites
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bonding with Si. Theoreticdl~3® and experiment&t?®34
work on Cak has shown that this electron and the extra Si
dangling-bond orbitals form a bonding/antibonding pair of
states, with a band gap ef2.4 eV, and a possible exciton at
2.2 eV The bonding state at the SfBi interface has simi-
lar character to that at the C#Si interface’

We propose that the absence of the cation excitonic loss
peak at the bulk band-gap energy and its replacement by a Ca2p—@— -O- O~
loss peak at smaller energy is a consequence of the altered
interface electronic states. We attribute the presendé tf @ (b) (©)
final-state excitations of the extra Ca valence electron; the Before Excitation  Satellite Main
detailed interpretation of this model depends on the extent of
the electron’s localization in the presence of the @acdre

FIG. 5. Schematic of the CaF/Si interface satellite process. In
. .o the initial state, the Ca%3d and Si dangling-bond state overlap to
hole. In the “molecular I|m-|t, the altered covalent_ bond form a bonding/antibonding pair. After excitation of the core hole,
between the Casi3d and Si 3 .valence electrons in the the final state may include excitation to the antibonding state. The
presence of the core hole dominates the observed satellit@eyjite energy difference is larger than the optical energy gap due

peak. In the “atomic” limit, the multiplet interaction be- {4 the collapse of thel state in the presence of the core hole.

tween the Ca 8 electron and the core hole determine the

satellite structure. We find that the molecular limit appears torhe zero of energy is defined at the Si dangling-bond level.

explain the large satellite peaks, while the atomic interaca|though we expect thaA~0 due to alignment of charge

tions may account for the observed metalliclike line shapesneytrality levels, we do not explicitly make this assumption.

This is discussed further below.. _ ) However, in any physical modgd| is restricted to the range
Besides intrinsic excitation, it is possible that the interface[g, E ], whereEg is the interface-state band gap.

satellite could arise from extrinsic losses altered by the |nthe molecular model, the interface-state band Bgps

unique dielectric function of the interface layithough it equated to the energy difference between the bonding and
is d|ﬁ|pult to dlstmgwsh extrinsic frpm intrinsic for single- antibonding levels,

layer filmg. We briefly discuss this dielectric response model

here. A dielectric function based on a flaivo-dimensional Eg= VAZ+4T2, (2

joint density of states from 2.4 to 4.5 eV was found to predict _ . .
the observed resonant second-harmonic generd@F) /e can approximate this by the band gap rlneasured with
signals near 2.4 eV from this interfatewe find the same Scanning tunneling microscopyand optically," although
density of states also predicts a photoemission satellite pedRiS iS Only a rough approximation to the actual interfacial
at about 4.5 eV. This is because the SHG signal is propor€!€Ctronic states, which hgg’e reasonable dispesidnS eV
tional to the magnitude of the complex dielectric functign 2cross the Brillouin zone™ Given the band gap, we can
while the inelastic energy loss of electrons is proportional to>°!Ve for the parameteF as a function ofA using Eq.(2).

Im (L/e). These functions emphasize excitations at the mini- _After the creation of the Ca2 core hole[Fig. Sb)], the

mum and maximum energies in the joint density of statesinteraction between the Cad3electron and Ca @ hole

respectively. While this model is consistent with both theCauses the Cadselectron to lower its energy by the valQe
observed SHG signal and the observed Gasatellite in In Ca, the centrifugal term(I+1)/r° in the electronic

XPS, it leads to the prediction of identical satellites for bothHamiltonian gives rise to a potential barrier for the 8lec-
Si 2p and F X electrons, which we do not observe. Further- 70N Which acts to keep thed3away from the nucleus. Upon

more, it predicts identical satellites for all core excitations onCr€ation of the core hole, the centrifugal barrier is overcome

the same atom, which is contrary to the differences amongy the attraction toward the core hole, and thelével falls
the various Sr levels shown in Fig. 4. n towards the nucleu$. A Hartree-Fock calculation by

A simple molecular model, which is illustrated in Fig. 5, Mansfield® for atomic Ca gives the valu@=3.75 eV.
is sufficient to explain the observed loss peaks. Our model is After creation of the core hole, the energy difference be-
based on the charge-transfer model of de Beteal,’> who ~ tWeen Ca and Si states changes frémo A—Q, and the
used it successfully to model satellites of late-transitioniNt€raction energy changes framto T . This alters Eqst1)
metal compounds. For clarity, we first discuss this model ir2nd(2)- The_ Si 3 level is assumed not to cha_lnge bec_ause of
terms of Cag/Si, but the interactions for SgfSi are similar, 1€ Screening of the core hole by the semiconducting sub-
and discussed later. The bonding stféy. 5a)] is com- strate. The new expression for the gap between bonding and

prised of the interaction of the Sip3dangling bond and the 2anti-bonding states is

Ca 4s/3d singly occupied orbital. The binding energy of the _ \/ﬁ
Ca state relative to the Si state is given by the paramfter AE=V(A=Q)"+4T¢ . )

(A>0 means less boundThe Hamiltonian describing the Thjs is precisely the predicted energy loss for the satellite

mixture of the two states is peak. The relative amplitude of the loss peak may be cal-
AT culated in a straightforward manner from the interaction am-
= litudes as
H (T 0), @ P
whereT is the interaction energy of the two states and the R(A,Q,T,T)) = I(falin)] 4

Kfolin)*

basis states are the unperturbed G&d and Si P states.
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TABLE Il. Theoretical results for the molecular model.

Experiment Band gap Theory

Level AE; (eV) R Es (eV) Q (eVv) A (eV)

Ca2p 45 0.25 2.4 3.61 -0.20

Sr3p 4.6 0.12 1.0 3.86 —0.68
15 3.54 -0.91
2.0 3.27 —1.00
25 3.05 -0.94
3.0 2.90 -0.67

Srd 3.7 0.12 1.0 2.99 —0.65
15 2.70 -0.80
2.0 2.47 -0.76
25 2.33 -0.47
3.0 2.29 +0.086

whereli,) is the wave function of the initialbonding state, is about the same for the Sd3and Sr 4, regardless of the
and |f, ) are the possible antibonding or bonding final choice of band gap. Therefore whatever band gap range sat-
states. isfies A(Sr 3d)=A(Sr 3p) at x=1 satisfies it for all values
If we assume tha®;=T, then the equations can be re- of x. We conclude that the molecular model gives reasonable
written to eliminateT, leaving only two parameter andA.  values for the parametefd andA for all values ofx=T¢/T
The measured quantities are the satellite splitthiey and  for SrF,.
the satellite relative magnitudB. We can use the above An assumption in this section has been that the initial
equations to find the unknowr® and A given these two state has only two interacting levels, i.e., that the GaaAd
experimental observables. Table 1l shows resultsTige T. 3d (or Sr 5 and 4d) levels are nearly degenerate. This is a
For Cak we used the interface state band @gp=2.4 eV as reasonable assumption considering theoretical calculations
measured by Heinet al!! The solution forQ at the inter- that show the band broadening to overlap these two
face, 3.6 eV, is very close to the predicted atomic valudevels?>?® However, it is far from clear whether this is rea-
Q=3.75 eV due to Mansfieltf The solution forA, —0.29  sonable in the final state, since the Bevel collapses in-
eV, is small, as expected. wards much more than thes4evel. A more refined model
For Srk on Si, the model is similar to CaFexcept thatit would consider interactions of three final states and not two.
is the 5s/4d state which collapses towards the core hole. This would be invoked if the SiB level has little interaction
Since the band gap before the core-hole creation is unknowat all (i.e., T;—0) with the collapsed 8 level and if the final
we have calculated the paramet&sandA for various val-  state consists of transitions just betweed—34s levels.
ues ofEg in Table II. Calculations were performed for the Were this the case, however, there would be very little dif-
average values diE; andR from Table 1. ference in the mathematics involved—we would still be con-
The parameteA should be independent of core hole, sidering final-state transitions from a localizedl 30 a
since it characterizes the initial state. We find that this ig(fairly) delocalized orbital.
possible forE;~1.0-1.5 eV,A~—0.6 to —0.9 eV. This Atomic interactions may also play a role in inducing sat-
value of Eg implies a relatively weak interaction between ellite photoemission peaks. It is interesting to compare the
the initial Sr 55/4d level and the Si dangling bond compared near-edge x-ray absorption fine-structure measurements
to CaR, on Si. The parametd characterizes the final state, (NEXAFS) data reported by Himpsedt al3” with our re-
and may therefore be different for the different core holessults. Himpsekt al. observed multiple peaks at the Cgq
We find thatQ is larger(greater collapse of theddlevel) for  edge; these peaks, which result from excitations from Ca
the Sr 3 hole than for the Sr @ hole. This is to be expected 2p— Ca 3d states, were different for the bulk and interface
if the deeper Sr B hole is more localized than the Sd3 Ca atoms. Interface atoms in particular displayed a strong,
hole. Since the Sr@ hole is the least localized, it is consis- barely resolved feature with intensity25% of the main ab-
tent with this theory that there is no satellite peak which carsorption peaks shifted by 1 eV to lower absorption energy.
be resolved from the mainpipeak. In their interpretation, the multiplets are determined prima-
We have also considered the possibility that D;<<T. rily by the interaction of the valence elect(snwith the core
This is the case if the overlap of the metHevel with the Si  hole; effects of the rest of the solid are determined by per-
3p state decreases after tbewave function collapses. For turbing the atomic calculations with a weaker crystal-field
CaF,, we found that the values d(x) and A(x), where interaction. However, in NEXAFS of interface Ca, the ex-
0<x=T;/T<1, do not take on any unphysical values perimentally observed interface transition is
throughout the entire range afand indeed do not change 2p®(3d4s)!— 2p®(3d4s)?, while in XPS, the transition is
drastically withx. For Srk, we must consider both the un- 2p8(3d4s)!—2p°(3d4s)?, leading to a completely differ-
known band gap and the unknown valuexofVe found that ent final state. Therefore, the strong satellite that they ob-
althoughA varies somewhat as a functionxfthis variation  served should not necessarily be present in our XPS data. It
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is possible, however, that the asymmetry observed in thgies and strengths for excitation of different core holes. The
interface cation peaks is due to these crystal field effectslielectric response model explains the interface @alige
acting on the initial state. Furthermore, the satellite we obshape, but fails to account for the different splittings ob-
serve at 4.5 eV should not necessarily be reflected in NEXserved among the Sr core levels. Furthermore, the model
AFS data because of the different cross sections for creatingredicts that Si core levels should have the same satellite
an excitation by a 900 eV electrdh~0.4 A) vs a soft x-ray  feature, since these electrons necessarily pass through the
photon(A\~35 A). As mentioned earlier, the involvement of same interface layer with simildf.150 vs 900 eY kinetic
atomic multiplet interactions is evident in the Ca 2mis-  energy. Crystal-field and multiplet interactions are likely
sion by the altered spin-orbit splittings and ratios for inter-contributing to small shifts and broadening in the line shape,
face excitation. 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-
IV. SUMMARY AND CONCLUSIONS tween interface Ca or Sr orbitals and the Si dangling-bond

We presented experimental data supporting the existenc@bitals in the presence of a core hole. The difference be-
of intrinsic satellite peaks at CalSi(111) and Sri/Si(11)  tween the optical gap and the satellite loss energy is attrib-
interfaces that differ from those in the bulk fluorides. We Utéd to the collapse of the-derived component of the inter-
showed that the chemically resolved x-ray photoelectron diffaceé bond during core-hole excitation. In bulk transition
fraction technique can be used to identify the atomic sites of€tals, this charge-transfer satellite is predicted to occur for
satellite peaks in addition to core-level shifted peaks. Thdhe late-transition metals, while the band-gap exciton model
alteration of the bulk satellite peaks by interface bondingvas used for early tranguon_meté?s?l’he increased cova-
supports specific previous models for these excitations. Thi€ncy of the interface cation-silicon bond relative to the bulk
fluorine satellites are attributed to excitations from p-2 cation-fluorine bond may account for this difference within a
derived valence bands to higher F-derived conduction band§ingle metal species.
which are less sharply defined at the interface than in the
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