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Interface and bulk effects in the attenuation of low-energy electrons through Cajthin films
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We have studied for low kinetic electron energies the attenuation of thp 8o&-level photoemission line
through epitaxial Caflayers deposited on Qi11). 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 valu23ok for
kinetic energies above E-+15 eV, whereas the transmission probability has a maximusn a8 eV above
Er . The latter effect is consistent with the presence of a large density ofAbusitates in the conduction band
of CaF, 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.
[S0163-182698)01827-X

INTRODUCTION photoemission with synchrotron radiation. In this way the Si

Large-gap insulators have many different potential appli-ZF_’ core-level S|_gna_l is measured as a fun_ctlon _of_the film
cations in semiconductor technology, especially when usel{lickness and kinetic energy, the latter varied within a cer-
as epitaxial fims in insulator/semiconductor or metal/!@iN range by tuning the photon energy. Using a simple ex-
insulator/semiconductor systems for hot-electron devicesPonential attenuation model and comparing data for different
For this purpose, CaF(Ega,=12.1 €V) is a prime candi- fthlcknesses, we are able tq separate bl_JIk and interface effects
date for a replacement of Sjan metal-oxide-semiconductor in the attgnuatlon of the S|p25|gnal. This allows to extracjc
(MOS) technology, due to its excellent lattice matching to € effective Cafbulk attenuation length and the transmis-
silicon, with only 0.6% mismatch at room temperature. In-Sion probability across the CafSi(111) interface.
deed, the CaffSi(11)) interface attracted considerable inter-
est in the past and now it can be considered as a well-
controlled semiconductor/insulator system. EXPERIMENT

In this paper we concentrate on the scattering of electrons Measurements were performed at the HE-PGM Il beam-
injected from the SiL11) substrate into the CaHayer at line at BESSY(Berlin), using a CLAM-I spectrometer. The
energies around the electron-electron inelastic scatteringhoton energy was varied from 107 eV to 132 eV in order to
threshold, i.e.Ecyciton=11.2 €V above the conduction-band scan the photoelectrof®i 2p) kinetic energy from~ 6 eV
minimum (CBM).? This is obviously very important for a to 31 eV with respect to the CBM of CaFwhich is located
better understanding of the transport properties in this sysat 3.3 eV above thémeasureflbulk Fermi level® A sche-
tem. In this work we analyze the attenuation of low kinetic matic picture of the bulk energy bands for the G/&K111)
energy electrons while traversing a Gdayer. These elec- system is shown in Fig. 1. The experiments were done under
trons are excited from Sif2 states by means of core-level normal emission geometry with a relatively lar@stimated
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FIG. 1. Schematic plot for the relative positions of the bulk o ]
CaF, and n-type Si bands gaps. The -e~ inelastic scattering Evaporation time (min)
threshold is also indicated by the exciton ene(Bef. 2. Shaded

areas correspond to occupied states. VBM stands for valence-band FIG. 2. Variation of the_ relative intensity of the_ SpZ_totaI area
maximum. under the pegkas a function of the CaFevaporation time, at the

indicated kinetic energies abo% . The dashed, inclined lines are
. linear extrapolations to the data points for low exposures, whereas
to be ~+10°) acceptance angle due to the sample bias ofihe horizontal line adjusts the data for 25 min to fit the linear be-
—15 eV. The average resolution is 0.5 eV. n-type  havior.
Si(111) wafers withp=10-20{) cm were outgassed at tem-
peratures of 600 ° C for 12 h, subsequently annealed t@ncovered terraces, as expected from these growth
1100°C, and then cooled down slowly for the preparation ofconditions’ the STM images show that the mode of growth
the 7x7 surface. of our Cak films deviates very little from the ideal layer by
layer, at least up to 15 A. In Fig. 2 we show the logarithmic
FILM PREPARATION intensity _varia_tion of the Si g emissi_on as a function of the_
) evaporation time, measured at different photon energies.
CaF, films were evaporated from a water-cooled Knudsengjyst we can observe a different attenuation between 0 min
cell on top of the Sil11) crystal held at 700 °C with @ znd 3 min for the two photon energy ranges shown. Such a
deposition rate oF~2 A min~*. Such a high-temperature pehavior is due to kinetic-energy-dependent interfacial trans-
deposition is known to produce flat films oriented along themissjon effects, as we will discuss below. On the other hand,
(111) direction, with a low density of bulk and surface for evaporation times between 7.5 min and 25 min there is a
defects: For our purposes, it is also important to determinegjower attenuation of the signal that is observed with all the
the correct thickness and the mode of growth of the LLaFphoton energies. Such an effect could be either due to an
film. On one hand, with the growth temperature used hergycreasing roughness of the growing film or to a partial re-
there is no appreciable reevaporation of the deposited Cakayaporation of the CaF An estimate of the “effective”
at least for coverages up to about 15*AThus the film  thickness is obtained by extrapolating the exponential attenu-
thickness can be calibrated using a quartz microbalance. Oftion between 6 A and 15 A, as indicated by the dashed

the other hand, with a very low deposition rate and a highjnes. We derive an effective coverage of32 A for the
substrate temperature we expect an incomplete wetting of thgnger evaporation time used here.

substrate, with large substrate areas not being covered.
However, we must note that the growth parameters, like the
temperature, appear to be critical in this system, and we must
take care about making direct extrapolations of these param- In Fig. 3 we show the Si R core-level peak measured for
eters since important differences have been observed falifferent photon energies and the three different thicknesses
nominally the same growth conditions. In that sense, usingf the Cak overlayer. The core-level peaks are displayed
the same Si substrate, temperature calibration, and similafter subtraction of the background of secondaries, which is
deposition parameters (4 A mih and 750 °C our scan- obtained from spectra recorded at different photon energies,
ning tunneling microscopySTM) pictures display uniform i.e, without the Si D peak in the kinetic energy region of
CaF, films with monolayer height steps that cover the wholeinterest. The absolute area under the peaks of Fig. 3 is plot-
surface® Although we do not discard the presence of a fewted in Fig. 4. The almost featureless curve for cleail Bi)

ATTENUATION OF THE Si 2 p LINES
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FIG. 3. Si 20 core-level spectra measured at low kinetic ener-
gies from a Si111) substrate covered with epitaxial Galayers of

Si2p
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FIG. 5. Normalized intensity of the Si2peak. The Si p
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contrasts with the intensity variations for Gaklready ob-
served for the thinnest film. The absolute attenuation effect
of the Cak overlayer can be observed in Fig. 5, where we
have plotted the intensity ratio to the barg13il). By nor-
malizing we also remove photon-dependent features, such as
intensity variations of the incoming light and photoionization
cross-section effects. We note that after normalization the
curves still look similar in Figs. 4 and 5. For the 6-A-thick
film, the core level appears less attenuated at very low en-
ergy and around 23 eV, where a peak is observed. For the
thickest film (32 A) we observe a new peak emerging at
~11 eV, whereas the 23-eV feature is still visible. We can
assign interface and bulk “character” to these two features
from their qualitative thickness dependence in Figs. 4 or 5.
The peak around 23 eV is an interface and/or surface effect,
since its relative intensity with respect to the “background”
remains almost constant. For instance, the relajpeak-to-
valley) intensity measured at 23 eV and 29 eV stays constant
at about~1.4 for all coverages. On the other hand, the peak
emerging at 11 eV is clearly a bulk effect, since it grows
with coverage in comparison to the rest of the curve.

DISCUSSION

It should be noted that the two qualitative conclusions
derived from Figs. 4 and 5 are made without assuming any
attenuation model for electrons traversing the Cédyer.
However a model is needed to obtain quantitative results. It
is known that the simple exponential attenuation model is
strictly valid at relatively high kinetic energies, when the
inelastic scattering dominates and the elagiic quasielas-
tic" ) scattering occurs basically in the forward direction. At
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low energies, in contrast, one has to consider the increasing S I M B I A
probability for almost isotropic elastic scattering. This latter ! e~e inelastic scatt. thresh.
leads to a random-walk trajectory of the electron, though this 5
is not affecting the simple exponential attenuation of the
photoemission signal in normal emission geomé&tkyow-
ever, the assumption of the simple exponential attenuation
law is particularly not justified for very thin films, since we
have to take into consideration elastic scattering of electrons
back into the substratélt is obvious that such an effect will
affect critically the exponential attenuation law for very dif-
ferent scattering rates at film and substrate. This is the case
of an insulating thin film deposited on top of a semiconduct-
ing or metallic substrate when we consider electron energies
very close to or below the inelastic scattering threshold of
the insulator. Indeed, electrons that are backscattered into the
substrate may undergo here inelastic scattering and get ther-
malized. Nevertheless, even in the case of both strong elastic
backscattering probability and extremely low inelastic rate
within the insulator, such an additional “substrate” scatter-
ing results in a hyperbolic, i.e., quasiexponential attenuation
of the substrate signal for normal emission geom&ffjus :
we expect minor deviations in the escape depth obtained by T T T
analyzing the substrate signal with the simple exponential 10 15 20 25 30 35
attenuation model or with the more appropiate “two-flux”
approximation, eveg; 1f10r kinetic energies below the inelastic
scattering thresholt:** We can then assume that the expo- ) :
nential a%tenuation model is suitable for the data anal;r/)sis FIG. 6. Attenuation Ie_ngth of the ph_otoglectron_beam In £aF
. . . . Obtained from the analysis of the data in Fig. 4 using the uniform
especially beyond the inelastic scattering threshold of,CaF exponential law(see the text The symbols indicate the curves
at least to obtain a first estimate of affectiveelectron at- obtained for different combinations of data sets of Fig. 4.
tenuation length. Such an effective attenuation length will
include both inelastic and elastic scattering effects at lowg, i attenuation length is obtained by just considering pho-
kinetic energies, and will basically reflect the inelastic scatypemission data for two different values of°
tering length for higher kinetic energies.
In the exponential attenuation model the $i Btensity d,—d,;
from the clean and the Cafeovered Sil1l) substrate is )\*(E):In(l—/l)' (3
given, respectively, by the following expressions: d7hd,

40 .
—o— 32A-15A
—x— 32A-6A
—— 15A-6A
average

Attenuation length (A)
8
]

20

Kinetic Energy rel. to EF (eV)

Using the data from Fig. 4 we obtain the three different
lo(E)=1s(E)Tsi(E), (1)  attenuation-length curves plotted with symbols in Fig. 6. As
we see, the three possible thickness combinations result ba-
sically in the same curve. The thick line represents an aver-
age curve. Here we note that deviations from the correct
. o ) . thickness in Eq(3) lead to uncertainties in the absolute at-
where I5(E) is the photoemission intensity reaching the (gnyation length, shifting the attenuation curve up or down,
Si(111) surface (interface layer, \*(E) the energy- though the energy-dependent qualitative features remain un-
dependent attenuation length in the G&fm along the nor-  changed. The uncertainty in the coverage 20%) is thus
mal direction, d the Cak film thickness, andTs(E),  the main error source for the absolute values obtained from
Tcar,(E), and Tcarzsi(E) represent the energy dependentrig 6 (for the sake of clarity we are omitting the error bars
transmission coefficients across the (13i) and the Therefore it is not necessary to take into account minor ef-
CaR(11)) surfaces, and across the GEFi(111) interface, fects, such as the fluorine monolay&rA thick) sublimating
respectively. Note that these transmission coefficients ade vacuum during interface formatidA.Note that without
count for the intensity change undergone by the photoeleahe proper thickness calibration and correction performed in
tron beam by just crossing the surface and the interface. Thusig. 2, we would obtain an unrealistic quantitative result in
the attenuation of the beam due to the finite thickness of th&ig. 6, i.e., a shifted curve for every thickness combination.
interface is included within the exponential term in EB), = The peak observed in Fig. 6 shows up below the inelastic
i.e., the same attenuation length is assumed through all thexattering threshold, and it is linked to the so-called bulk
Cak, layers. This is justified by the abruptness of thefeature in Fig. 5. It indicates the transition from a dominant
CaFR,/Si(11]) interface, where we have a bulklike geometric elastic scattering at low energy to a more important inelastic
and electronic environment within the Gaflm as soon as scattering at a higher energy. On one hand, a strong elastic
we cross the first Ca “contact” layéf~**It is intuitive that  backscattering probability leads to a significant attenuation
we can eliminate interface and surface effects by comparingf the signal via backscattering into the substrate. Since the
data from different thicknesses. Indeed the energy-dependeatastic scattering rate decreases continuously as a function of

1a(E)=15{(E) Tear,ssi(E) Tear,(E)e VB, (2
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the energy, we get an increasing attenuattion length. Around AL B L B B

the threshold, the elastic scattering rate drops below the in-
elastic one, which in turn increases very quickly from this
point1® Therefore a peak in the attenuation length is ex-
pected when the inelastic scattering takes over, i.e., around

e-e- inelastic scattering threshold

12} ¢

(below or above, depending on the exact scattering yrétes —o—32A-6A
inelastic threshold. Beyond this point we attribute the attenu- —g— ?gﬁ;?

ation length curve entirely to inelastic scattering.

At kinetic energies above 14.5 eV, disregarding minor
features, we find the attenuation length basically constant at
around 23 A. This value is much higher than in other large-
band-gap insulators, such as $j@here the escape length is
~ 6-7 A° The uncertainty in the CaFcoverage or devia-
tions from the ideal layer-by-layer growth cannot explain the
relatively large attenuation length found in GaFhus it is a
real effect that reflects a lower inelastic scattering probabil-
ity. This can be due to a better crystallinity of the Gdifm
or simply to an intrinsically lower bulk inelastic scattering
rate for Cak. This issue is under current investigatitron
the other hand, we should note that by just considering the T T T e
attenuation of the Si 2 signal (Fig. 3 at a fixed energy one 10 15 20 25 30 35
gets a wrong, smaller value for the effective bulk attenuation
length, since in that case interface transmission effects are
not being considered. These are indeed present in our experi-

ment, as deduced from the so-called interface feature at 2? FIG. 7. Effective transmission probability across the Caer-
. - - : . face derived using the exponential attenuation law. The dashed line
eV in Figs. 4 and 5. In Fig. 6 such an interface feature is

indicates the result for the low-energy region, where the exponential
mostly absent, as expected. gyreg P

As given in Eg.(2), the effect of the interface on the attenuation model is less appropriate.
photoelectron beam is treated as a whole within the transmiggppears now as eesonant transmission peait ~ 23 eV,
sion probability function[ Tcar,;si(E)] through the inter-  \hich represents a 25-30 % increase in the [Sirensity.
face. From Eqs(1) and (2) it is easy to derive theotal Indeed, the total transmissivifl,, varies from 0.72 at- 16

0.8}

Transmissivity across the interface
I

Kinetic Energy rel. to EF (eV)

transmission probability as eV to 0.98 at 23 eV and back to 0.68 at 33 eV. If surface
effects are negligible as discussed above, we can interpret
Tear,(E) lg,[ 1q, | 2/%27% Fig. 7 as the photoelectron beam almost completely transmit-
———Tcar.si(E)=—| — (4) ted across the interface at 23 eV while it is partially reflected
Tsi(B) ’ lola, or absorbed otherwise.

o - The bulk density of states within the film affects the pho-

The electron transmission probability across both thegpelectron intensity as soon as the interface is crossed.
CaF, and the Si111) free surfaces should be very similar for Therepy the simplest explanation for the energy-dependent
kinetic energies well abovédr. On one hand, energy- features in theinterface transmission probability curve of
dependent features in the emission probability from the SUrEig. 7 is the availability obulk states within the CafFfilm
face are very unlikely for relatively high electron energies,for electron transport. The peak in Fig. 7 is too sharp to be
since there should not be any remarkable surface density @fue to photoelectron diffraction effects at the interface.
states due to thg _absence of bulk b_angl gaps. However therepNgoreover, due to our large acceptance angle, we expect mi-
a higher probability of electron emission from the Gaféir-  nor photoelectron diffraction contributions. In order to ana-
face due to its lower{ 1.7 eV) electron affinity, though at |yze the influence of the bulk electronic structure of Car
higher kinetic energies the difference in the emission probhaye calculated its band structure using the local-density ap-
ability between both surfaces is negligibfeTherefore, for  proximation (LDA). The details will be given elsewhet®.
energies apove 14.5 eV the first factor on the Ieﬁ-hand sidghe band dispersion along tligl1) direction, i.e., the direc-
of Eq. (4) is expected to be an almost flat function of the tion perpendicular to the film, is displayed in the upper part
energy, very close to unity. Thus the right part is basicallyof Fig. 8. In the lower part we show the total density of states
giving the energy dependent features of the transmissiopQsg) together with the density of; states, which are the
probability ~across the CafSi(111) interface, i.e., states along thél11) direction. The thin line is the average
Tcar,/si(E). In Fig. 7 we plot the total transmission prob- transmission probability curve from Fig. 7. The calculated
ability according to Eq(4) for the three possible combina- CBM has been adjusted to the experimental one following
tions of d; and d,. The behavior at very low energies Fig. 1. In Fig. 8 we observe how the transmission peak,
(dashed linescould be related to the lower electron affinity which is centered at 23 eV, appears at the same energy where
of CaR(111) with respect to S111), as simply deduced the DOS is maximum foA; symmetry. Note that the elec-
from Eq.(4). Nevertheless we prefer to disregard this energytron wave function inA; states has the largest projection
range due to the less applicability of the exponential attenualong the(111) direction, thereby providing the most impor-
ation model. The so-called interface feature in Figs. 4 and %ant conduction channel across the gdifm. This is re-



2238 J. E. ORTEGAet al. PRB 58

r
S
e
o
2 CaF /Si(111)
)
% background of secondaries
=
>
: 2
1 1 I I I q:)
3 i £
s
k7
g transmissivity across 2
) . £
© CaF_/Si(111) interface @
@ 2 Total bulk DOS ke
" 2
87| >
~ Ity AWM\, e N e 15 A
3 —32A(x2)
©
ey
.a 1 - ..
c v K vV srAbreoN 0 w0y r T e
a
PR YU S W AU WU U W AT W [ WY S [ T U T

10 15 20 25 30 35

Kinetic Energy rel. to EF (eV)
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FIG. 8. Top, bulk energy bands for Caklong the(111) direc- metry.
tion. Bottom, total density of states for bulk Gafshaded, given in
states/cell/eyY and density of states fok,; symmetry along(111)
(thick line, given in states/BZ-line/e)V The peak in the transmis-
sion probability curve of Fig. Tthin line) that is coincident with the
high density ofA ; states.

Energy rel. to EF (eV)

states withA ; symmetry. In Fig. 9 we show the spectrum of
secondaries taken for 15-A and 32-A-thick Gafyers.
Both spectra were recorded with-=130 eV, though simi-

lar results are obtained for other photon energies. When com-
_ o _ paring the data for 15 A and 32 A we observe a peak
flected_ in the t_ransmlssmn curve, i.e., the presence of th@merging around 23 eV, i.e., basically coincident with the
very high density ofA, states around 23.5 eV electrons al- jhaximum DOS ofA,; symmetry in the band calculation of
lows the complete transmission of the photoelectrons ingig 817 Thus the secondaries also reflect the high DOS that
jected from the Si11) interface T=0.98). Although other |eads to the transmission peak of Fig. 7. On the other hand,
A, states seem to contribute to the transmission peak, aboRese conduction-band features in the background of second-
and below 23.5 eV, thé\; gap centered around 21.5 eV is aries are typical for large gap insulators, though they are
not giving rise to a corresponding decrease in the transmissommonly observed below the™-e~ inelastic scattering
sivity. This is probably due to the large acceptance angle ofhreshold'® This is explained as due to electrons that fill out
our experiment. For the uppdr; band above 32 eV there is the conduction-band states below the threshold after being
no remarkable contribution to the electron transmission. Orscattered. Since these electrons have lost any information
the other hand, we must recall thAt, states are the final about initial states, the spectrum of secondaries reflects the
photoemission states under normal emission, i\g.states ~ density of final states, with a peaking intensity at local
are preferently detected with our measurement geometrgonduction-band minimé In contrast, the final-state DOS
Thus one might initially think that the transmission curve of P€aK in Fig. 9 is found above the inelastic scattering thresh-
Fig. 7 simply reflects the detection probability of our ana-°ld for Cak. Thus a similar phenomenum might also be

lyzer. However, we note that, if symmetry is preserved dur{2King place in our case, i.e., an extra "filling” of the con-

ing transmission across the interface, the detection probabii:il_JCtion bands beyond the threshold. This is in agreement
ity is the same in both Eqs1) and(2), and it cancels out in with the large attenuation length obtained at this energy

Eq. (4). range(Fig. 6).
Local density-of-states extrema in the conduction band

can also be detected as modulations of the background of

secondaries in angle-resolved photoemission spectra. They

appear at a fixed kinetic energy and, under normal emission In summary we have measured the attenuation length and

from the (111) surface, they correspond to conduction-bandthe interface transmission probability for Gafims around

SUMMARY
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the inelastic scattering threshold. The former is basicallysity of states is detected also in the secondaries of the pho-
constant around 23 A for energies above the inelastic scatoemission spectra.

tering threshold, in contrast to the small value found for

Si0,. This result indicates a still too low inelastic scattering ACKNOWLEDGMENTS

rate beyond the threshold, though the reason for that is not The authors are pleased to acknowledge Professor Kaindl
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