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Interface and bulk effects in the attenuation of low-energy electrons through CaF2 thin films
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We have studied for low kinetic electron energies the attenuation of the Si 2p core-level photoemission line
through epitaxial CaF2 layers deposited on Si~111!. Using an exponential attenuation model we have separated
bulk and interface effects, which are, respectively, comprised within energy-dependent bulk attenuation length
and interface transmission probability. The attenuation length has basically a constant value of; 23 Å for
kinetic energies above;EF115 eV, whereas the transmission probability has a maximum at; 23 eV above
EF . The latter effect is consistent with the presence of a large density of bulkL1 states in the conduction band
of CaF2 around 23.5 eV. Such a large density of states is obtained in a band calculation using the local-density
approximation, and it is also detected in the background of secondaries of the photoemission spectra.
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INTRODUCTION

Large-gap insulators have many different potential ap
cations in semiconductor technology, especially when u
as epitaxial films in insulator/semiconductor or met
insulator/semiconductor systems for hot-electron devic1

For this purpose, CaF2 (Egap512.1 eV) is a prime candi-
date for a replacement of SiO2 in metal-oxide-semiconducto
~MOS! technology, due to its excellent lattice matching
silicon, with only 0.6% mismatch at room temperature.
deed, the CaF2/Si~111! interface attracted considerable inte
est in the past and now it can be considered as a w
controlled semiconductor/insulator system.

In this paper we concentrate on the scattering of electr
injected from the Si~111! substrate into the CaF2 layer at
energies around the electron-electron inelastic scatte
threshold, i.e.,Eexciton511.2 eV above the conduction-ban
minimum ~CBM!.2 This is obviously very important for a
better understanding of the transport properties in this s
tem. In this work we analyze the attenuation of low kine
energy electrons while traversing a CaF2 layer. These elec-
trons are excited from Si 2p states by means of core-lev
PRB 580163-1829/98/58~4!/2233~7!/$15.00
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photoemission with synchrotron radiation. In this way the
2p core-level signal is measured as a function of the fi
thickness and kinetic energy, the latter varied within a c
tain range by tuning the photon energy. Using a simple
ponential attenuation model and comparing data for differ
thicknesses, we are able to separate bulk and interface ef
in the attenuation of the Si 2p signal. This allows to extrac
the effective CaF2 bulk attenuation length and the transmi
sion probability across the CaF2/Si~111! interface.

EXPERIMENT

Measurements were performed at the HE-PGM II bea
line at BESSY~Berlin!, using a CLAM-I spectrometer. The
photon energy was varied from 107 eV to 132 eV in order
scan the photoelectron~Si 2p) kinetic energy from; 6 eV
to 31 eV with respect to the CBM of CaF2, which is located
at 3.3 eV above the~measured! bulk Fermi level.3 A sche-
matic picture of the bulk energy bands for the CaF2/Si~111!
system is shown in Fig. 1. The experiments were done un
normal emission geometry with a relatively large~estimated
2233 © 1998 The American Physical Society
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2234 PRB 58J. E. ORTEGAet al.
to be;610°) acceptance angle due to the sample bias
215 eV. The average resolution is; 0.5 eV. n-type
Si~111! wafers withr510–20V cm were outgassed at tem
peratures of 600 ° C for 12 h, subsequently annealed
1100 °C, and then cooled down slowly for the preparation
the 737 surface.

FILM PREPARATION

CaF2 films were evaporated from a water-cooled Knuds
cell on top of the Si~111! crystal held at 700 °C with a
deposition rate of;2 Å min21. Such a high-temperatur
deposition is known to produce flat films oriented along
~111! direction, with a low density of bulk and surfac
defects.4 For our purposes, it is also important to determi
the correct thickness and the mode of growth of the C2
film. On one hand, with the growth temperature used h
there is no appreciable reevaporation of the deposited C2
at least for coverages up to about 15 Å.5,6 Thus the film
thickness can be calibrated using a quartz microbalance
the other hand, with a very low deposition rate and a h
substrate temperature we expect an incomplete wetting o
substrate, with large substrate areas not being cove7

However, we must note that the growth parameters, like
temperature, appear to be critical in this system, and we m
take care about making direct extrapolations of these par
eters since important differences have been observed
nominally the same growth conditions. In that sense, us
the same Si substrate, temperature calibration, and sim
deposition parameters (4 Å min21 and 750 °C! our scan-
ning tunneling microscopy~STM! pictures display uniform
CaF2 films with monolayer height steps that cover the who
surface.3 Although we do not discard the presence of a f

FIG. 1. Schematic plot for the relative positions of the bu
CaF2 and n-type Si bands gaps. Thee2-e2 inelastic scattering
threshold is also indicated by the exciton energy~Ref. 2!. Shaded
areas correspond to occupied states. VBM stands for valence-
maximum.
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uncovered terraces, as expected from these gro
conditions,7 the STM images show that the mode of grow
of our CaF2 films deviates very little from the ideal layer b
layer, at least up to 15 Å. In Fig. 2 we show the logarithm
intensity variation of the Si 2p emission as a function of the
evaporation time, measured at different photon energ
First we can observe a different attenuation between 0
and 3 min for the two photon energy ranges shown. Suc
behavior is due to kinetic-energy-dependent interfacial tra
mission effects, as we will discuss below. On the other ha
for evaporation times between 7.5 min and 25 min there
slower attenuation of the signal that is observed with all
photon energies. Such an effect could be either due to
increasing roughness of the growing film or to a partial
evaporation of the CaF2. An estimate of the ‘‘effective’’
thickness is obtained by extrapolating the exponential atte
ation between 6 Å and 15 Å, as indicated by the dash
lines. We derive an effective coverage of;32 Å for the
longer evaporation time used here.

ATTENUATION OF THE Si 2 p LINES

In Fig. 3 we show the Si 2p core-level peak measured fo
different photon energies and the three different thicknes
of the CaF2 overlayer. The core-level peaks are display
after subtraction of the background of secondaries, whic
obtained from spectra recorded at different photon energ
i.e, without the Si 2p peak in the kinetic energy region o
interest. The absolute area under the peaks of Fig. 3 is p
ted in Fig. 4. The almost featureless curve for clean Si~111!

nd FIG. 2. Variation of the relative intensity of the Si 2p ~total area
under the peak! as a function of the CaF2 evaporation time, at the
indicated kinetic energies aboveEF . The dashed, inclined lines ar
linear extrapolations to the data points for low exposures, whe
the horizontal line adjusts the data for 25 min to fit the linear b
havior.
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FIG. 3. Si 2p core-level spectra measured at low kinetic en
gies from a Si~111! substrate covered with epitaxial CaF2 layers of
different thicknesses. The secondary electron background has
removed.

FIG. 4. Intensity of the Si 2p peaks shown in Fig. 3, i.e., tota
area under the peaks.
contrasts with the intensity variations for CaF2, already ob-
served for the thinnest film. The absolute attenuation eff
of the CaF2 overlayer can be observed in Fig. 5, where w
have plotted the intensity ratio to the bare Si~111!. By nor-
malizing we also remove photon-dependent features, suc
intensity variations of the incoming light and photoionizatio
cross-section effects. We note that after normalization
curves still look similar in Figs. 4 and 5. For the 6-Å-thic
film, the core level appears less attenuated at very low
ergy and around 23 eV, where a peak is observed. For
thickest film ~32 Å! we observe a new peak emerging
;11 eV, whereas the 23-eV feature is still visible. We c
assign interface and bulk ‘‘character’’ to these two featu
from their qualitative thickness dependence in Figs. 4 or
The peak around 23 eV is an interface and/or surface eff
since its relative intensity with respect to the ‘‘background
remains almost constant. For instance, the relative~peak-to-
valley! intensity measured at 23 eV and 29 eV stays cons
at about;1.4 for all coverages. On the other hand, the pe
emerging at 11 eV is clearly a bulk effect, since it grow
with coverage in comparison to the rest of the curve.

DISCUSSION

It should be noted that the two qualitative conclusio
derived from Figs. 4 and 5 are made without assuming
attenuation model for electrons traversing the CaF2 layer.
However a model is needed to obtain quantitative results
is known that the simple exponential attenuation mode
strictly valid at relatively high kinetic energies, when th
inelastic scattering dominates and the elastic~or ‘‘quasielas-
tic’’ ! scattering occurs basically in the forward direction.

-

en
FIG. 5. Normalized intensity of the Si 2p peak. The Si 2p

signal from the bare substrate in Fig. 4 has been used as a no
izing curve.
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2236 PRB 58J. E. ORTEGAet al.
low energies, in contrast, one has to consider the increa
probability for almost isotropic elastic scattering. This lat
leads to a random-walk trajectory of the electron, though
is not affecting the simple exponential attenuation of
photoemission signal in normal emission geometry.8 How-
ever, the assumption of the simple exponential attenua
law is particularly not justified for very thin films, since w
have to take into consideration elastic scattering of electr
back into the substrate.9 It is obvious that such an effect wil
affect critically the exponential attenuation law for very d
ferent scattering rates at film and substrate. This is the c
of an insulating thin film deposited on top of a semicondu
ing or metallic substrate when we consider electron ener
very close to or below the inelastic scattering threshold
the insulator. Indeed, electrons that are backscattered into
substrate may undergo here inelastic scattering and get
malized. Nevertheless, even in the case of both strong el
backscattering probability and extremely low inelastic r
within the insulator, such an additional ‘‘substrate’’ scatte
ing results in a hyperbolic, i.e., quasiexponential attenua
of the substrate signal for normal emission geometry.9 Thus
we expect minor deviations in the escape depth obtained
analyzing the substrate signal with the simple exponen
attenuation model or with the more appropiate ‘‘two-flux
approximation, even for kinetic energies below the inelas
scattering threshold.10,11 We can then assume that the exp
nential attenuation model is suitable for the data analy
especially beyond the inelastic scattering threshold of Ca2,
at least to obtain a first estimate of aneffectiveelectron at-
tenuation length. Such an effective attenuation length w
include both inelastic and elastic scattering effects at
kinetic energies, and will basically reflect the inelastic sc
tering length for higher kinetic energies.

In the exponential attenuation model the Si 2p intensity
from the clean and the CaF2-covered Si~111! substrate is
given, respectively, by the following expressions:

I 0~E!5I Si~E!TSi~E!, ~1!

I d~E!5I Si~E!TCaF2 /Si~E!TCaF2
~E!e2d/l* ~E!, ~2!

where I Si(E) is the photoemission intensity reaching t
Si~111! surface ~interface! layer, l* (E) the energy-
dependent attenuation length in the CaF2 film along the nor-
mal direction, d the CaF2 film thickness, andTSi(E),
TCaF2

(E), and TCaF2/Si(E) represent the energy depende
transmission coefficients across the Si~111! and the
CaF2~111! surfaces, and across the CaF2/Si~111! interface,
respectively. Note that these transmission coefficients
count for the intensity change undergone by the photoe
tron beam by just crossing the surface and the interface. T
the attenuation of the beam due to the finite thickness of
interface is included within the exponential term in Eq.~2!,
i.e., the same attenuation length is assumed through al
CaF2 layers. This is justified by the abruptness of t
CaF2/Si~111! interface, where we have a bulklike geomet
and electronic environment within the CaF2 film as soon as
we cross the first Ca ‘‘contact’’ layer.12–14 It is intuitive that
we can eliminate interface and surface effects by compa
data from different thicknesses. Indeed the energy-depen
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bulk attenuation length is obtained by just considering p
toemission data for two different values ofd,10

l* ~E!5
d22d1

ln~ I d1
/I d2

!
. ~3!

Using the data from Fig. 4 we obtain the three differe
attenuation-length curves plotted with symbols in Fig. 6.
we see, the three possible thickness combinations resul
sically in the same curve. The thick line represents an av
age curve. Here we note that deviations from the corr
thickness in Eq.~3! lead to uncertainties in the absolute a
tenuation length, shifting the attenuation curve up or dow
though the energy-dependent qualitative features remain
changed. The uncertainty in the coverage (; 20%! is thus
the main error source for the absolute values obtained f
Fig. 6 ~for the sake of clarity we are omitting the error bars!.
Therefore it is not necessary to take into account minor
fects, such as the fluorine monolayer~1 Å thick! sublimating
to vacuum during interface formation.12 Note that without
the proper thickness calibration and correction performed
Fig. 2, we would obtain an unrealistic quantitative result
Fig. 6, i.e., a shifted curve for every thickness combinati
The peak observed in Fig. 6 shows up below the inela
scattering threshold, and it is linked to the so-called b
feature in Fig. 5. It indicates the transition from a domina
elastic scattering at low energy to a more important inela
scattering at a higher energy. On one hand, a strong ela
backscattering probability leads to a significant attenuat
of the signal via backscattering into the substrate. Since
elastic scattering rate decreases continuously as a functio

FIG. 6. Attenuation length of the photoelectron beam in Ca2

obtained from the analysis of the data in Fig. 4 using the unifo
exponential law~see the text!. The symbols indicate the curve
obtained for different combinations of data sets of Fig. 4.
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the energy, we get an increasing attenuattion length. Aro
the threshold, the elastic scattering rate drops below the
elastic one, which in turn increases very quickly from th
point.10 Therefore a peak in the attenuation length is e
pected when the inelastic scattering takes over, i.e., aro
~below or above, depending on the exact scattering rates! the
inelastic threshold. Beyond this point we attribute the atte
ation length curve entirely to inelastic scattering.

At kinetic energies above 14.5 eV, disregarding min
features, we find the attenuation length basically constan
around 23 Å. This value is much higher than in other larg
band-gap insulators, such as SiO2, where the escape length
; 6–7 Å.10 The uncertainty in the CaF2 coverage or devia-
tions from the ideal layer-by-layer growth cannot explain t
relatively large attenuation length found in CaF2. Thus it is a
real effect that reflects a lower inelastic scattering proba
ity. This can be due to a better crystallinity of the CaF2 film
or simply to an intrinsically lower bulk inelastic scatterin
rate for CaF2. This issue is under current investigation.15 On
the other hand, we should note that by just considering
attenuation of the Si 2p signal~Fig. 3! at a fixed energy one
gets a wrong, smaller value for the effective bulk attenuat
length, since in that case interface transmission effects
not being considered. These are indeed present in our ex
ment, as deduced from the so-called interface feature a
eV in Figs. 4 and 5. In Fig. 6 such an interface feature
mostly absent, as expected.

As given in Eq. ~2!, the effect of the interface on th
photoelectron beam is treated as a whole within the trans
sion probability function@TCaF2 /Si(E)# through the inter-
face. From Eqs.~1! and ~2! it is easy to derive thetotal
transmission probability as

TCaF2
~E!

TSi~E!
TCaF2 /Si~E!5

I d2

I 0
S I d1

I d2

D ~d2 /d22d1!

. ~4!

The electron transmission probability across both
CaF2 and the Si~111! free surfaces should be very similar fo
kinetic energies well aboveEF . On one hand, energy
dependent features in the emission probability from the s
face are very unlikely for relatively high electron energie
since there should not be any remarkable surface densi
states due to the absence of bulk band gaps. However the
a higher probability of electron emission from the CaF2 sur-
face due to its lower (;1.7 eV! electron affinity, though at
higher kinetic energies the difference in the emission pr
ability between both surfaces is negligible.16 Therefore, for
energies above 14.5 eV the first factor on the left-hand s
of Eq. ~4! is expected to be an almost flat function of t
energy, very close to unity. Thus the right part is basica
giving the energy dependent features of the transmis
probability across the CaF2/Si~111! interface, i.e.,
TCaF2 /Si(E). In Fig. 7 we plot the total transmission prob
ability according to Eq.~4! for the three possible combina
tions of d1 and d2. The behavior at very low energie
~dashed lines! could be related to the lower electron affini
of CaF2~111! with respect to Si~111!, as simply deduced
from Eq.~4!. Nevertheless we prefer to disregard this ene
range due to the less applicability of the exponential atte
ation model. The so-called interface feature in Figs. 4 an
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appears now as aresonant transmission peakat ; 23 eV,
which represents a 25–30 % increase in the Si 2p intensity.
Indeed, the total transmissivityTint varies from 0.72 at; 16
eV to 0.98 at 23 eV and back to 0.68 at 33 eV. If surfa
effects are negligible as discussed above, we can inter
Fig. 7 as the photoelectron beam almost completely trans
ted across the interface at 23 eV while it is partially reflec
or absorbed otherwise.

The bulk density of states within the film affects the ph
toelectron intensity as soon as the interface is cross
Thereby the simplest explanation for the energy-depend
features in theinterface transmission probability curve o
Fig. 7 is the availability ofbulk states within the CaF2 film
for electron transport. The peak in Fig. 7 is too sharp to
due to photoelectron diffraction effects at the interfac
Moreover, due to our large acceptance angle, we expect
nor photoelectron diffraction contributions. In order to an
lyze the influence of the bulk electronic structure of CaF2 we
have calculated its band structure using the local-density
proximation ~LDA !. The details will be given elsewhere.15

The band dispersion along the~111! direction, i.e., the direc-
tion perpendicular to the film, is displayed in the upper p
of Fig. 8. In the lower part we show the total density of sta
~DOS! together with the density ofL1 states, which are the
states along the~111! direction. The thin line is the averag
transmission probability curve from Fig. 7. The calculat
CBM has been adjusted to the experimental one follow
Fig. 1. In Fig. 8 we observe how the transmission pe
which is centered at 23 eV, appears at the same energy w
the DOS is maximum forL1 symmetry. Note that the elec
tron wave function inL1 states has the largest projectio
along the~111! direction, thereby providing the most impo
tant conduction channel across the CaF2 film. This is re-

FIG. 7. Effective transmission probability across the CaF2 inter-
face derived using the exponential attenuation law. The dashed
indicates the result for the low-energy region, where the exponen
attenuation model is less appropriate.
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2238 PRB 58J. E. ORTEGAet al.
flected in the transmission curve, i.e., the presence of
very high density ofL1 states around 23.5 eV electrons a
lows the complete transmission of the photoelectrons
jected from the Si~111! interface (T50.98). Although other
L1 states seem to contribute to the transmission peak, ab
and below 23.5 eV, theL1 gap centered around 21.5 eV
not giving rise to a corresponding decrease in the transm
sivity. This is probably due to the large acceptance angle
our experiment. For the upperL1 band above 32 eV there i
no remarkable contribution to the electron transmission.
the other hand, we must recall thatL1 states are the fina
photoemission states under normal emission, i.e.,L1 states
are preferently detected with our measurement geome
Thus one might initially think that the transmission curve
Fig. 7 simply reflects the detection probability of our an
lyzer. However, we note that, if symmetry is preserved d
ing transmission across the interface, the detection proba
ity is the same in both Eqs.~1! and~2!, and it cancels out in
Eq. ~4!.

Local density-of-states extrema in the conduction ba
can also be detected as modulations of the backgroun
secondaries in angle-resolved photoemission spectra. T
appear at a fixed kinetic energy and, under normal emis
from the ~111! surface, they correspond to conduction-ba

FIG. 8. Top, bulk energy bands for CaF2 along the~111! direc-
tion. Bottom, total density of states for bulk CaF2 ~shaded, given in
states/cell/eV! and density of states forL1 symmetry along~111!
~thick line, given in states/BZ-line/eV!. The peak in the transmis
sion probability curve of Fig. 7~thin line! that is coincident with the
high density ofL1 states.
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states withL1 symmetry. In Fig. 9 we show the spectrum
secondaries taken for 15-Å and 32-Å-thick CaF2 layers.
Both spectra were recorded withhn5130 eV, though simi-
lar results are obtained for other photon energies. When c
paring the data for 15 Å and 32 Å we observe a pe
emerging around 23 eV, i.e., basically coincident with t
maximum DOS ofL1 symmetry in the band calculation o
Fig. 8.17 Thus the secondaries also reflect the high DOS t
leads to the transmission peak of Fig. 7. On the other ha
these conduction-band features in the background of sec
aries are typical for large gap insulators, though they
commonly observed below thee2-e2 inelastic scattering
threshold.18 This is explained as due to electrons that fill o
the conduction-band states below the threshold after be
scattered. Since these electrons have lost any informa
about initial states, the spectrum of secondaries reflects
density of final states, with a peaking intensity at loc
conduction-band minima.18 In contrast, the final-state DOS
peak in Fig. 9 is found above the inelastic scattering thre
old for CaF2. Thus a similar phenomenum might also b
taking place in our case, i.e., an extra ‘‘filling’’ of the con
duction bands beyond the threshold. This is in agreem
with the large attenuation length obtained at this ene
range~Fig. 6!.

SUMMARY

In summary we have measured the attenuation length
the interface transmission probability for CaF2 films around

FIG. 9. Background of secondaries of the photoemission spe
for 15 Å ~dashed line! and 32 Å ~solid line! around 23 eV. The
spectra have been taken under normal emission and hn 5 130 eV.
The peak is related to the CaF2 bulk density of states ofL1 sym-
metry.
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the inelastic scattering threshold. The former is basica
constant around 23 Å for energies above the inelastic s
tering threshold, in contrast to the small value found
SiO2. This result indicates a still too low inelastic scatteri
rate beyond the threshold, though the reason for that is
clear. The transmission probability displays a resonant p
around 23 eV, coincident with a high density of bulk Ca2
states projected along the normal direction. Such a high d
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sity of states is detected also in the secondaries of the p
toemission spectra.
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the two-flux approximation, which considers the backscatter
into the substrate, has been done by MacFeelyet al. in SiO2.10

For kinetic energies just below the inelastic scattering thresh
it is found an underestimation of the correct escape depth of
than 20% if the simple exponential attenuation model is us
For CaF2 we expect an even smaller deviation, since the kine
energy for the threshold is larger and the elastic scattering
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