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Abstract. Valence electron energy-loss spectroscopy in a dedicated scanning
transmission electron microscope has been used to obtain the interband transition
strength of bulk a-Al,O3. The interband electronic structure was obtained from
critical point modelling. Comparison to established results from vacuum ultraviolet
spectroscopy was used to improve the analysis of the energy-loss spectra and
guantitative agreement between both methods was obtained. Spatially resolved
measurements of a near-X11 tilt grain boundary in «-Al,O3 were analysed with the
same procedure. This revealed an increase in the electron occupancy of the O 2p
valence band to conduction band transitions which can be associated with an
increased ionic character of the bonding at the grain boundary with respect to the
bulk material. This is consistent with the results of other studies which determined
the atomic structure and then calculated the electronic band structure of the same
near-X11 tilt grain boundary. Quantitative analysis of valence electron energy-loss
spectroscopy can be regarded as a new electronic structure tool for application to
localized structures such as internal interfaces in our quest to better understand
their micro- and macroscopic properties.

1. Introduction (VUV) spectroscopy and spatially resolved valence electron
energy-loss spectroscopy (SR VEELS) we need only to
The optical properties of insulators are a direct probe of improve our KK analysis of the experimental observables.
the interband transitions and valence electronic structure Typically this will require a careful understanding of the
and are therefore currently of great interest. Our nature and properties of the signals, noise and artifacts
work is devoted to understanding the localized electronic present in the data, so as to be alert for analytical anomalies
structure of internal interfaces using both experimental and while processing the information.
theoretical methods. From a basis in interband optical The optical properties are closely related to the
properties it is possible to measure various observables,electronic structure of the material, in particular the
such as the optical reflectance or the electron energy lossjnterband transitions between the occupied valence band
or calculate the imaginary part of the dielectric function. and the empty conduction band. Traditionally the dielectric
Because the real and imaginary parts of the complex function ¢ = &1 + is; is taken as the common optical
optical properties are related to each other by causality property used for comparison between various methods.
relations it is possible to calculate the corresponding However, for quantitative analysis of the electronic
part with the help of a Kramers Kronig (KK) dispersion structure it is desirable to use the interband transition
analysis. It is then possible to deduce any other of the strengthJcy, which is just an energy weighted function
complex optical properties from a knowledge of the real of the dielectric constant (see definition in equation (1)).
or imaginary component of any one optical property [1]. The interband transition strength is preferred because it
Therefore in order to compare the results of different is closely related to the joint density of states, with
measurements and methods, such as vacuum ultraviolethe interband matrix elements considered. The interband
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critical points demonstrate their appropriate topological line quantitative comparison of VEELS results for balkAl ;O3
shapes inJcy, which is not the case for the dielectric with results obtained using VUV spectroscopy from single
constant [2]. crystals. Taking the well established results from VUV as

Reflectivity measurements in VUV spectroscopy have a reference it was possible to optimize the VEELS data
been used recently to obtain the interband transition strengthanalysis to obtaimjuantitative agreement. Then VEELS
of various insulators, in particular-Al,O3 [3-5] and AIN was obtained from a nea&t41 tilt grain boundary (GB) in
[6,7]. With critical point modelling it is then possible to  «-Al,O3. This served as a model GB and was chosen since
obtain quantitative information on the electronic structure it has been extensively studied by other methods. High-
[2]. For example this method has been used to follow the resolution transmission electron microscopy (HRTEM) [13]
effects of the electron phonon interaction in the electronic in conjunction with static lattice calculations of the GB
structure of «-Al,O3 up to the melting point, where structure [14] has provided information on the atomic
strong anharmonicity is observed [5]. Another interesting structure of the GB. Furthermore the electron energy-loss
application in materials science is the calculation of the near-edge structures (ELNES) has been measured from the
van der Waals attraction forces of wetted interfaces directly GB atoms and interpreted with respect to the coordination
from the interband transition strengths of the component and bond length of the atoms at the GB [15]. All this
materials using quantum field theory results [8]. One structural information was found to be mutually consistent.
drawback of the VUV optical method is its limited spatial Based on the structural data there has been recently an
resolution. Measurements are restricted to macroscopiceffort to calculate the electronic band structure [16] and
single crystals or polycrystals. In the latter case the data optical properties [17] of this GB from first principles. The
are automatically averaged over all different orientations. It experimental results presented here will be discussed in
is impossible to obtain information directly from localized relation to these other investigations.
defects in the material such as grain boundaries. It is Some preliminary results have been presented before
generally accepted, however, that in many cases the grain18, 19], but data analysis continues to improve. In this
boundaries are decisive for the macroscopic properties.paper we present our current understanding and analysis
Furthermore in the case of thin intergranular films, such capability for VEELS. This shows that VEELS could be
as present in 9N, for example, VUV spectroscopy a useful method to determine the electronic structure of
cannot determine the Hamaker constant unless a referencénternal interfaces.
material with exactly the same composition as present in
the grain boundary film is provided [9]. It is virtually
impossible to manufacture such a reference material due to
the complicated and incompletely understood segregation
effects occurring during the processing ofI%.

These drawbacks can only be overcome by a methodThe same cross sectional TEM specimen previously
which offers high spatial resolution and therefore the prepared for and examined by HRTEM [13] and the ELNES
direct investigation of interfaces and intergranular films [15] measurements was used in this study. The n&kt-
on a nanometre scale. Such a method is SR VEELS. bicrystal was melt grown using two seed crystals which
The theory of inelastic electron scattering shows that the had been purified by multiple zone refinement [20]. The
electron energy-loss (EEL) spectra are proportional to cation impurity level was less than 38 ppm and the total
Im(—1/¢) whereeg is the dielectric function [10]. Therefore impurity level below 59 ppm as determined by SIMS. The
EEL spectra can be analysed to give the complex optical cross sectional TEM specimens had originally been coated
properties and in particular the interband transition strength with a thin carbon film to avoid charging in the HRTEM
for a material. Then critical point modelling as developed investigation. For the experiments performed here it was
for VUV spectroscopy can be applied. In the past, however, found that this was not necessary and the carbon layer was
only the dielectric functiorz has been calculated from the removed by a short ion beam thinning.
measured EEL spectra and the application was limited to
bulk materials. Dielectric theory has been used to calculate
the expected EEL signal for special geometries and has
shown good agreement with experiment [11,12]. In these The VEELS measurements were acquired with a parallel
cases the spatial resolution available in a dedicated scanninglectron energy-loss spectrometer (PEELS) (Gatan 666)
transmission electron microscope (STEM) has been used tdfitted to a dedicated STEM (Vacuum Generators HB501)
obtain spectra with an electron beam diameter of 1 nm or operating at 100 keV. The spectrometer consists of a
less. However, the possibility of quantitatively analysing magnetic prism, quadrupole lenses and a photodiode array
the EEL spectra to produce detailed electronic structure for parallel recording. The microscope is equipped with a
information in combination with high spatial resolution has high-resolution pole piece and a cold field emission electron
not been attempted. With these same analytical methods itsource. The system has an energy resolution of 0.7 eV,
will also become possible to measure Hamaker constantsdetermined by the full-width-half-maximum of the zero
in situ [9]. loss peak. The beam was focused to give less than 1 nm

This paper shows the development of a new method diameter. The convergence and collection semi-angle were
for bulk material and the application to a model grain both 7 mrad. Spectra were acquired while the beam was
boundary. First we refine our VEELS data analysis by scanning an area of 3 nm 4 nm. An image of the

2. Experiment

2.1. Sample

2.2. Data acquisition
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investigated specimen area was simultaneously observed 55000
in the high-angle annular dark field detector and specimen i
drift was corrected manually with the beam shift coils. This
acquisition mode sacrifices spatial resolution and sensitivity -
to the GB. At the time the experiments were performed it
was not possible to acquire several spectra with different
acquisiton times (see below) from the same area. Only
recent improvements in hardware and software permit this
mode of operation which allows one-dimensional profiles -
across the GB where the irradiated area is identical to the 10000}
profile of the primary electron beam. This will be used in C
future work. Visual inspection of the image before, during 500004+
and after data acquisition did not show any sign of electron
beam irradiation damage of the specimen.

To increase the dynamic range of the detector a set of
three spectra was acquired at each position, with a total
spectral width of 50 eV each. Between the spectra the
acquisition time and the energy range was varied to obtain
unsaturated statistically relevant data for the Al-L edge
(79 eV), the bulk plasmon loss (25 eV) and the zero loss
(0 eV) respectively. Four sets of spectra were taken, two
while the beam was scanning an area centrally located on oo~
the GB and two while scanning over bulk material near Ho 0 10 20 30 40 50
the GB. All spectra were corrected for readout pattern and energy loss (eV)
dark current and then the spectra in each set were splicedrigure 1. Two examples of as-acquired SR VEELS spectra
together to give one continuous spectrum in the energy lossof a-Al,Os, with the zero loss (ZL) and multiple scattering
range—10 to 80 eV. The data acquisition at each area took (MS) present, and the single scattering deconvoluted (SSD)

: results obtained using the Gatan routines. Notice the
about thirty seconds and the whole measurement of ON€4 rtificial shape where the ZL peak is truncated at 5 eV and

50000F
40000F

30000F

intensity (arb. units)

20000fF

40000}
30000[

20000[

intensity (arb. units)

10000

data set was performed in less than two minutes. also the intensity present below the 8.8 eV band gap even
after SSD: the shape of the SSD spectrum determined

2.3. Data analysis using these methods is not asymptotic to zero below the
band gap.

The data acquisition and analysis was performed on
personal computers. The PEELS is controlled by a
Macintosh computer and the dark current and gain
correction, splicing and single scattering deconvolution
were done on this platform under ELi/PThe other analysis
was performed on an IBM compatible 486 PC under
GRAMSY. Various routines have been implemented for
single scattering deconvolution (SSD), Kramers Kronig
(KK) analysis, critical point (CP) modelling and Hamaker
constant calculatior§s

3.1.1. Single scattering deconvolution. Figure 1 shows
the EEL spectrum from bulka-Al,O3 obtained after
splicing.  Multiple scattering was removed from the
recorded VEELS by a Fourier-log deconvolution of the
entire spectrum [10]. The routine employed in the EL/P
software integrates the intensity of the zero loss up to
the first minimum and replaces it with a delta function
[10]. This is a crude approximation and finite intensities
remained in the band-gap region which are not meaningful
and indicate incomplete data correction. It is found
3. Results experimentally that a zero loss recorded through a hole
. (i.e. with no inelastic scattering present in the spectrum)
3.1. Methods of VEELS data analysis has wings which extend to several tens of electronvolts,

The two spectra from the bulk grains were first used to basically over the whole detector array.

optimize the data analysis of the VEELS spectra taking  Currently we try to solve this in two different ways,

the results from VUV spectroscopy as a reference. This with curve fitting of analytical functions (e.g. a Lorentzian)

comparison was performed at all stages of the analysisOr experimental zero loss line shapes (recorded shortly

procedure. before or after the experiment with the same settings of
) » , the microscope and spectrometer while the beam is passing

1 EL/P is a software package for acquiring and processing EEL spectra

from the PEELS system. It is available from Gatan Incorporated, 6678 through a hole in the Spef:'me”) to the right-hand Wl'ng
Owens Drive, Pleasanton, CA 94566, USA. of the zero loss peak within the known band-gap region
1 Grams/386 is a 32-bit PC-based spectroscopy environment which (for a-Al,O3 the band gap is larger than 8.8 eV at room
supplies a vectorized programming language, three-dimensional relationaltemperature [3]). Both methods have wings which extend
databases and is the environment in which the Hamaker.ab program hasover the full spectral range and are therefore suitable. It is
been developed. Grams/386 is available from Galactic Industries, 325 known. however. that the line shape of the zero loss cannot
Main Street, Salem, NH 03079, USA. ! ' nap _ 0 10S8

§ Veels.ab, KKDupont.ab, Critpt.ab and Hamaker.ab are available from 0€ described fully by an analytical function. Likewise the

Spectrum Squared, 755 Snyder Hill Road, Ithaca, NY 14850, USA. experimentally recorded line shape is missing some effects
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3.1.3. Kramers Kronig analysis. The single scattering
distribution is proportional to Ifi-1/¢) where ¢ is the
dielectric function which depends on the energy and the
momentum transfer. The latter is neglected here (see also
discussion in section 4.3) andis taken to depend only on
energy. The real part of this function was obtained by a
FFT-based Kramers Kronig analysis [21]. Knowledge of
Im(—1/¢) at all frequencies is required for KK analysis,
but this is not available experimentally. Therefore the
experimental data are extended using spectral wings. On
| the high-energy side the wing follows an analytical function
[ R e T B B — T A*E~"whereE is the energy loss andwas set to 4. This

6 10 14 18 Enzi (2%) 3 34 38 function was matched to the experimental data in the energy

creyie loss region 50-54 eV and then extended up to 1000 eV.

This procedure completely neglects the influence of the

Units)_,

VUV: Bulk

Energy Loss Function (Arb.

T

12
£ - VUV: Bulk Al-L edge which occurs around 78 eV énrAl,Oz. For the
g 10+ low-energy losses wings are normally added, but since the
- SR-VEELS: Bulk :
z_ ~ energy loss goes to zero at the band-gap energy this was not
2% 8 necessary here. The resulting energy loss function should
g? 6: be on a quantitative scale, but will have an arbitrary scale
-l S because the incident electron beam intensity is not known
'§ 4] &7 SR-VEELS: GB accurately. Here the index sum rule [10] was used for
] absolute scaling with a refractive index of 1.767 at 633 nm
E 2 o determined forx-Al,O3 by optical spectroscopy.

- § I 02
0 O < S
T T T T T T T T 3.1.4. Interband transition strength Jey. From the

6 10 14 18 22 26 30 34 38 ) . ) : .
Energy (eV) real and imaginary parts of the dielectric function the

) ) ) complex interband transition strength is calculated [2]:
Figure 2. (a) Single scattering deconvoluted STEM VEELS
spectra for two locations in Grain 1 and 2 and two locations m2 E2
along the near-x 11 tilt grain boundary compared with VUV Jev(E) = 7_02 —_ie*(E) (1)
EELS spectra and (b) the interband transition strength e2n? 82

(in eV?) determined by Kramers Kronig analysis of these . . ,
VEELS spectra compared with those determined by wheremy is the mass of the electron,is Planck’s constant

Kramers Kronig analysis of VUV reflectance spectra. and E is the electron energy loss or photon energy. The
asterisk denotes complex conjugation, so that the real part
Iof the interband transition strengtli-y is proportional

such as phonon scattering [10] which is present in the actua , ; . Y X
to the imaginary part of the dielectric function For

spectrum but should preferably be removed since it is not . i 2
related to the dielectric function. computational convenience we take the prefaatgsr—2h

At the time the experiment was carried out this WhOSe valuein cgs units isZB9x 10°% g cm* eV-—2 as set
complication had not been realized fuly and no equalzto one. Therefore_ the plottgd, spectra have_ units
experimental line shapes were recorded. Therefore we©f €V*. For the calculation of the sum rule (equation (2))
fitted a power law to the remaining intensities in the the prefactor has to be included and the units/ej are
band-gap region and subtracted it over the entire spectralt’€n g cnt®. The intensity in the/cy data obtained from
range. A remaining constant offset on the spectrum was VUV measurements goes to zero around 40 eV whereas
also removed. Figure @] shows the results of these the VEELS based/cy has a non-zero intensity at this
baseline-subtracted multiple scattering corrected VEEL €nergy. This difference is not fully understood at the
spectra compared to the VEEL spectrum directly calculated Moment and might be due to the processing of either sets of
from VUV data. From the VEEL spectra the absolute data. In order to obtain comparable results, which are also
specimen thickness and the mean free path for inelasticsuitable for further analysis, we have subtracted a linear
scattering can be calculated [10]. For the four data sets thebaseline from the single scattering distribution which was

thickness was 882 nm and the mean free path Ht2 nm. constructed to touch the experimental data at 6 eV and
54 eV. TheJcy obtained in this way from the EELS is

3.1.2.  Convergence and angular correction. The compared to the VUV results in figurets(

effects of finite collection aperture and incident beam

convergence angle influence the measured VEEL spectra3.1.5. Critical point modelling. The similarity in the
The single scattering distribution was corrected for these interband transition strength for both methods indicates
effects with the CONCOR routine of Egerton [10], which that the same critical point model as previously used
was modified to be applicable to the energy loss range fromfor the VUV data [5] (figure 3§)) can be fitted to the

0 to 100 eV and to include the angular correction necessarySR VEELS data. The models were optimized using
before Kramers Kronig analysis [10]. maximum likelihood methods with simulated annealing [2].
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Figure 3. (a) Critical point models of the interband _ Figure 4. Critical point models of the interband transitions
transitions from VUV data of «-Al,03, and (b) partial optical from STEM VEELS data of a-Al,O3, showing the critical
sum rules for the critical point sets corresponding to point set corresponding to the interband transitions from
interband transitions from the O 2p bands, Al=0O hybridized the O 2p bands, Al=O hybridized bands and the O 2s lower
bands and the O 2s lower valence bands to the Al valence bands to the Al conduction bands. The critical
conduction bands [5, 2]. An excitonic transition is resolved point models are fitted to (a) «-Al,O3 bulk grain and (b) the
at the band gap in these VUV measurements. a-Al,O3 near-x11 tilt grain boundary.

For «-Al;05 it has been found that four sets of critical 3.1.6. Oscillator strength sum rule. The oscillator

points appear, one exciton and three related to 3D sets ofstrength orf-sum rule (equation (2)) can be used on the
interband transitions. These correspond to the transitionsexperimental data and on the individual balanced critical
from occupied valence bands into the unoccupied Al 3s point sets to determine the valence electron density of the

and 3p conduction band. The valence bands{Al,O3 material and the electron occupancy of each CP set. The
can be divided into three regions—the O 2s lower valence sum rule

band and two upper valence bands. The latter comprises ~Amtvp (M ey dE 5

the O 2p band, which corresponds to the non-bonding eIl T e /0 E 2)

electrons on oxygen arising from the charge transfer upon
ionic bond formation, and below these lies the AlI=O band

with predominant hybridization of Al and O orbitals which formula unit andJcy is the interband transition strength,

is representative of covalent bondm_g. This mterpretatlon_was applied to the model and the experimental data. The
of the upper valence band character is based on an analysis

. = . effective number of electrons.;s is a dimensionless
of the calculated band structure and site specific density of Lantity which can easilv be verified by combinin
states (DOS) o#-Al,O3 which indicates that the O 2p has 9 y y Y g

. equations (1) and (2). Figure8(shows the partial sum
almost all its DOS on the O atoms, whereas the Al=O has q 1) (@) g .lﬁ( P .
rules for the VUV data while figure 5 compares the partial
roughly the same DOS on Al and O atoms [22]. Tde .
o . . o ) sum rules determined from the VEELS data. These results
Al,Oj3 critical point model is shown in figure &) refined

onto the VUV derivedJcy spectra. In figure 4 the are summarized in table 1.

CP model fit is refined onto the bulk VEELS data and

figure 4p) shows the refined CP model for the GB VEELS 3.1.7. lonicity. The upper valence band can be thought
data. Although only the real part of the interband transition of as representing the character of the bonding. The ionicity
strength is shown the model is fitted simultaneously to real of the bonding can be regarded as the number of electrons
and imaginary part (for details see [2]). in the O 2p valence band with respect to the total number

wherem*my is the effective mass of the electrons*(= 1
is taken in all calculations)y, is the volume of the
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Table 1. Effective number ngs of electrons in the valence
bands for «-Al,03 calculated by the f-sum rule

(equation (2)) from the experimental interband transition
strength and the critical point model fitted to them. The

13+

117 Bulk: (Solid)
- GB: (Dashed)

)
g
&
2 10 interband transition strength was calculated from VUV
2 9 reflectivity measurements of single crystal alumina [5], and
% 8 VEELS for bulk «-Al,O3 and the near-X11 tilt grain
& 77 boundary. The ionicity is taken as the ratio nes
E & (O 2p)(ne (O 2p) + ner (AI=0)). See text for further details.
2 i: Al,O3 has 24 electrons per formula unit.
= 4]
8 4
2 3 VUV VEELS VEELS
A buk buk  »11 GB
75T T T T T Experimental total 12.5 12.3 12.0
0 4 8 12 16 20 24 28 32 36 4 Model total 11.4 109 11.0
Energy (eV) Exciton 09 — —
Figure 5. Partial optical sum rules of the interband 2|:20p Z% ZS 22
transitions of «-Al,O3 fit to STEM VEEL spectra, showing 0 2s 1'2 0'9 0'9
electron occupancies for the critical point sets lonicity 76% 76% 79%

corresponding to the interband transitions from the O 2p
band, Al=0 hybridized band and the O 2s lower valence
band to the Al conduction bands. Partial optical sum rules
are compared for the «-Al,O3 bulk grain and the «-Al,O3
¥11 grain boundary. data analysis and the identification of artifacts resulting

from incorrect data processing. The index sum rule
used for scaling the measured energy-loss spectra requires
an a priori knowledge, which will not be available
for all materials, especially for unknown phases which
are of interest. Another method is needed to achieve
3.2. Grain boundary general applicability of the analysis without aaypriori

The spectra taken from the nemf1 grain boundary were knowledge. The use of an erroneous value for the index
processed and analysed in the same way as described iopf refraction in the index sum rule affects the interband
the bulk spectra above. The single scattering distribution transition strength strongest for low-energy losses [19].

(figure 2&)) of the four spectra (2 GBs and 2 in bulk) Small errors in the correction for multiple scattering do
show differences between the two sets. There are alsonOtinfluence the interband transition strength strongly [19].

some variations within each set, but they are smaller Although the multiple scattering correction makes crude
than the differences between the bulk and GB data sets.2PProximations, the additionally introduced corrections are
These differences in the VEEL spectra transform into thought to render the remaining errors negligible. The

differences in the interband transition strength (figuig)R( subt.ractior-l of a linear baseline frqm the data to reduce
The critical point model is fitted (figure B)) and the the intensity around 40 eV to obtain an analysable result

f-sum rule quantifies the differences (figure 5 and table 1). May be regarded as the largest approximation. The source
The main difference occurs in the energy region of the of_ this ba_selme offset is CL_JrrentIy not fully understood but
Al=0O valence band transitions. The interband transition With the improved analysis currently under development
strength is reduced which leads to a smaller number of N0 corrections will be necessary. The analysis will be
effective electrons in the Al=O covalent valence band. This restricted to insulators with a band gap which is large

translates into a higher ionicity of the atomic bonding in the €nough to allow fitting in an energy-loss spectral region
GB region. which is known not to have any intensity present. Alumina

has a large band gap and is therefore a suitable material as
are a number of other ceramic materials. Semiconductors
and metals on the other hand will pose more severe

problems.

It is well known that the f-sum rule hardly ever
4.1.1. VUV and VEEL spectroscopy. The interband exceeds the valence electron count, and instead usually
transition strength obtained from the VEELS shows the underestimates the electron density [23]. We therefore
same overall structure as the result from VUV spectroscopy. expect to find a total of about 24 electrons, whereas the
The energy resolution is less in the VEEL spectrum and experimental results show roughly half this number. (This
therefore all features are less sharp and appear broadenedesult is in contrast to an earlier publication [3] which
This is reflected in the critical point model in which showed 24 valence electrons for alumina. However, in
the contributions from the different parts of the valence the course of the present study an error was found in
band show less structure. However, the only information the previous calculation yielding results twice as large.)
which is lost is the sharp exciton peak which cannot be This large discrepancy for alumina is currently being
distinguished in the VEELS interband transition strength. investigated further. The calculated partial sum rules
The VUV results aided the development of the VEELS contain an error, arising from the imperfect critical point

in the upper valence band. This yields 76% for the VEELS
data in agreement with the VUV results [5].

4. Discussion

4.1. Data comparison
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models. Currently there are no other results available for the two data sets from the bulk material are attributed to a
the exact number of electrons in the different parts of combination of instabilities and the counting statistics. The
the valence band to check the consistency of our results.variation in the two GB spectra could additionally be due
The ionicity as defined above is nevertheless meaningful to a variation in structure along the grain boundary [13, 14].
and shows the general trend because it is a relative The variations between the two different data sets are more
measure. The analysis method presented for VEEL spectrgporonounced and therefore reflect differences between bulk
allows a detailed comparison with data obtained by optical and GB.
spectroscopy and provides quantitative information about The dynamic range and noise characteristics of the
the optical properties and electronic structure of insulators. photodiode have been slightly improved recently [26],
but it remains essential to acquire spectra with different
4.1.2. Bulk material and grain boundary. The exact integration times and splice them to give one single
results for interband transition strength agfdsum rule ~ SPectrum as was done for this work. A newly developed
depend on the details of the data analysis, which is a computer-controlled system allows the acquisition of two
topic of ongoing development. In the present work on SPectra at the same location, one with a short integration
the nearx11 tilt grain boundary identical data analysis fime to obtain the zero loss peak and one with a long
was applied to all data sets. It is reasonable to assumeacquisition time for optimizing the plasmon region [27].
that the errors present in the analysis are systematic andAn additional advantage of this system is that the specimen
therefore the differences in the original experimental data iS Only exposed to the electron beam while data are acquired
are translated into meaningful differences in the final and electron beam irradiation damage is therefore restricted
result. The differences between the VEELS from the to the actual measurement.
bulk material and the GB appear mostly in the energy-
loss region starting at 14 eV and extending up to the 4.3. Artifacts
plasmon energy (25 eV). This energy range corresponds
to transitions from the covalent Al=O valence band into [N the retrieval of the interband transition strength
the Al 3p conduction band. The analysis shows that the ffom VEELS data several effects have to be kept in
corresponding interband transitions strength is reduced andMind. Because of the difficulties of multiple scattering
the bonding is less covalent (more ionic) at the GB. While Corrections, it is necessary to take VEELS data from
the absolute numbers given for the difference might not be thin specimens. The surfaces of the specimen contribute
reliable and depend on the details of the data analysis, thelnelastic scattering which originates from the electrons
qualitative statement remains valid. In the course of this traversing the solid/vacuum interface. The strength of the
work we have performed the analysis on different data setsSurface loss can be calculated if the dielectric function
many times and we have changed practically all parametersS known [10]. This property has to be determined by
It was always found that the bonding at the interface is more @n iterative process, obtaining a first estimatespfthen
ionic—the opposite was never observed. calculating the surface loss and subtracting it from the
VEELS data, then reobtaining etc. This was not included
in the present analysis as the intensity of the surface
loss for the specimen thickness investigated (80 nm) is
The VEELS data are limited in two respects, one is the negligible. However, an iterative scheme as described
limited energy resolution and the other the statistics. The above could easily be implemented. More complicated
energy resolution of the experimental set-up is determinedis the case where the specimen is coated with a thin
by several factors. The cold field emission source has anlayer of another material. For insulators it is sometimes
intrinsic width of 0.2 eV. This is broadened by instabilities (but not in the present-Al,0; sample) necessary to
in the microscope accelerating voltage and the resolutioncoat the specimen with a thin carbon layer to avoid
of the electron spectrometer. For this work the energy specimen charging during the investigation, since charging
resolution of the whole system was 0.7 eV which is leads to unacceptable microscope instabilities. Sometimes
probably due to stray fields and imperfect spectrometer contamination of the TEM specimen during electron beam
alignment.  Similar systems have reported an energy irradiation occurs due to specimen contamination during
resolution below 0.5 eV [24] and work is in progress to preparation or insufficient vacuum in the microscope. Here
achieve this on the set-up used here. the originally employed carbon coating was removed and
The photodiode array has a limited dynamic range contamination was not observed during the experiment. In
and a detective quantum efficiency which depends on thecases where this is not possible it might be feasible to
exposure [25]. For the quantitative analysis here it is measure the thickness of the carbon layer by quantifying
important to measure not only the strong zero loss intensity the carbon K-edge in an EEL spectrum and calculating the
accurately but also the inelastically scattered intensities; effect on the measured spectrum by assuming a dielectric
even those have a large dynamic range with the relatively function for carbon obtained in an independent experiment.
strong plasmon and the weak intensities at the onset above Electrons undergo some inelastic scattering processes
the band gap. Itis these relatively weak intensities and their which do not occur for photons. If the velocity of the
shape which contain the most important information about primary electron beam is larger than the speed of light in
the interband transition strength and which therefore have tothe medium, Cherenkov radiation occurs [10]. Electrons
be measured accurately. The variations observed betweeraccelerated to 100 keV have a velocity o688 x c,

4.2. Stability, energy resolution and counting statistics
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where ¢ is the speed of light in vacuum. This means 4.4. Spatially resolved information
that Cherenkov radiation occurs in energy loss regions In the past the analysis of VEELS has been limited to

where the refractive index IS Iarggr than _1_'82 OF 1S bulk materials [29, 30] or special geometries [12]. In the
larger than 3.33.  For alumina this condition is almost | 4er case dielectric theory has been used to evaluate the
fulfilled for energies between 5 and 10 eV. For some other yetailed influence of the geometry on the recorded VEEL
ceramic materials with higher values efthis might be spectrum [12]. For example, the presence of internal
true for even larger spectral regions. Cherenkov radiation interfaces or of holes in a specimen of cylindrical geometry
is strongly forward peaked. The cross section for this may give rise to prominent interface plasmons when the
process, integrated over scattering angle, is small comparecproperties of the materials are appropriate [31]. For a
to other processes. This argument also applies to surfaceknown geometry such as a planar interface between two
guided modes, which have been observed in amorphousmedia it is possible to calculate the observed VEELS
alumina [28]. Since the VEELS spectra here were acquiredas a function of the electron probe distance from the
integrating over Scattering angie the contributions from interface Using the dielectric functions of the two materials
Cherenkov radiation and surface guided modes have beer31]- In these cases, for particular values of the material's
neglected. A Cherenkov correction can be developed usingdi€lectric constants, interface plasmons may appear due to

the same iterative approach as discussed for surface Iosseébe gec_)metry_of the sampl_e and no'F due to any dielectric
since its strength can be given analytically properties unique to the interface itself. This suggests

The inelastic scattering of electrons involves a that it is not always possible to interpret the VEELS

fum fer. For 100 keV elect th lenath data locally, but that they can depend on the environment
momentum transter. or eV electrons elwave eng surrounding the electron beam. Therefore the analysis
is 3.7 pm and the wavevectdy = 1697 nm*. The

L A ) . : of such VEELS data would have to proceed in a similar
characteristic scattering angl@; for inelastic scattering way to the possibility indicated above for the correction
for an energy loss of 20 eV is 0.1 mrad and therefore of syrface effects. First the dielectric function of the
much smaller than the scattering angleallowed by the  two bulk materials has to be determined and then the
apertures. The momentum transfgt = k363 + 6% expected VEELS calculated. The comparison of this with
can then be approximated as= kg which amounts to the spatially resolved measurement should then reveal any
11.9 nntt. The optical limit isg = 0. Electron scattering  influence of the interface and the bonding present on the
experiments, however, often uge= 2 nnT? to avoid the dielectric function.
influence of surface effects and Cherenkov radiation. In  In the analysis of the energy-loss near-edge structures
this paper we work in the approximatierig, E) = £(E) (ELNES) of inner shell ionization edges in the EEL spectra
which is typically used in the analysis of data obtained with it has been assumed that the ELNES of all irradiated atoms
transmission electron microscopes. Because we require?dds up linearly. Therefore it is possible to extract the
spatial resolution in our experiments and the acquisition mterfacu_’;tl ELNES by the spa_tlal d|ffere_nce method [32], a
subtraction of the reference signal obtained in bulk material

times have to be short, it is not possible to work with . b .
. . . near the interface. Here this is not possible because of
the small apertures sometimes used with dedicated electror‘ihe complex nature of the low energy-loss signal. Due

scattering aparatus without spatial resolution. As can be to the averaging by rastering the beam over an area of
seen from our results this approximation is valid in the 5 0 4 nm the measured VEELS contains information
case ofx-Al20s. This can be explained from band structure om the bulk material, the GB and also the geometry of
calculations fora-Al,03 [22] which show that the bands  them in the specimen. The inelastic scattering process itself
are flat over large regions and therefore the band dispersiongt these low energy losses of the primary electrons is not
is small. For other materials it is found that a momentum well localized [33] due to the uncertainty principle. It is not
transfer of 10 nm?! significantly changes the shape of the clear how local the information would be even if an electron

dielectric function [29]. beam with the smallest possible diameter (here 0.22 nm)
Electrons also scatter inelastically with phonons. These were used.
energy losses are of the order of a few tens of In the case of a grain boundary, i.e. a homophase

millielectronvolts and can therefore not be resolved with Poundary, the situation is somewhat different. Itis possible
transmission EEL spectroscopy in an electron microscope. {0 regard the interface as a layer of a thickness (which in the
These quasi-elastic scattering processes broaden the zerd:25€ of atom|cailly abrupt mierfaces WO,UId bg of the. order
loss peak on the high-energy side. Since they do not containOf interatomic distances) which has a dielectric functign

. . . . o . which differs from the bulk dielectric functiomz. This
information about the interband transitions it is desirable to . .
would be the case of a sandwich structure for which the

remove .them f“’”? t.he measured spe(?tra. This is aCh'e_vedVEELS can be calculated as a function of electron probe
automatically by fitting the zero-loss line shape assuming position from dielectric theory (analogous to the simple

zero intensity in the band-gap region. However, it is Not qiarface case). We have not employed any correction
clear which shape the phonon scattering process contributesqr this geometry so far, although we may in the future.
at higher energy losses leading to an uncertainty in whetherthe assumption and approximation made in this paper is
it has been removed properly. This might explain some of that the change in the dielectric function is small at the
the discrepancies observed between data from VEEL andinterface. This is experimentally immediately obvious since
VUV spectroscopy. no strong features appear in the interface spectrum. The
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Kramers Kronig analysis is possible and does not presenttransfer was found from the Al to the O atoms at the
any approximation because its foundation is the causality interface. This means that the bonding there is more ionic—
principle which is obeyed. However, the determined in agreement with the results presented here.

functions are Ini—1/¢) and Ré—1/¢) where e is now The nearx11 tilt grain boundary inx-Al,03 has been

an effective dielectric function. Prescriptions have been investigated by all these techniques and many results have
given for constructing such effective dielectric constants been obtained independently by two different techniques.
for various cases, such as Maxwell-Garnett theory and Because of the consistency of all the evidence available
extensions by Howie and Walsh [34]. The determination we believe that the atomistic and electronic structure of
of ¢ from these functions is not easy and has not been this particular GB is now understood. This has of course
attempted here. Rather it is assumed that this interfacialbeen a model study, developing techniques. Because of
region has an effective dielectric functienwhich is then its success many of the methods are now employed for
used in all following analyses. This will lead to an effective investigations of other interfaces. We also believe that
interband transition strength and a critical point model of the analysis of VEELS and determination of the electronic
it. The results given for th&&11 grain boundary describe ~ Structure and bonding from it will be successfully applied
these effective properties of the interfacial region. The to other systems. First, other grain boundaries4Al>O3
result depends on the size of the rastered area and it isWill be investigated, for example a twin boundary with and
therefore not independent of the experiment. This limitation Without Ca segregation which has already been studied by
will be made smaller in the future by recording with the HRTEM [35]. General high-angle GBs without impurities
smallest beam diameter possible. Also, more sophisticatedShould show a stronger effect since the GB energy is larger
analysis procedures should be able to yield the interfacial @"d therefore more pronounced changes in the electronic
¢ independent of the measurement procedure and for allStructure are expected.

possible interfaces. This remains the aim in the long

term of the work presented here but, at present, despite4.6. Future work

the necessary approximations, the analysis shows that iy, w6 fyture the analysis will be developed further in order

?S possible to ob_tain in.formati.on on the inflyence of the 4, take some of the effects into account which have been
interface on the dielectric functionand determine changes  hegjected so far (see discussion above). In particular a case
in the interfacial bonding. The absolute numbers given are gy,,qy of the spatial information present in the VEELS and
probably not correct at the time being, but the trend is 4, jterative calculation of the dielectric function considering
reliable. the geometry will be attempted. First attempts have been
made by recording VEELS data across thél GB and

4.5. Comparison to other studies acquiring spectra with a nominal spacing of 0.1 nm. So far

) ) ) ] ] ] the statistics in the data are not sufficient to analyse them
As mentioned in the introduction this particular near- rejiaply. Modern methods of data analysis such as artificial
%11 tilt grain boundary ina-Al;03 has been studied  peyral networks [36] might be useful for classification of
by a number of techniques and methods. HRTEM these large data sets and could reduce the detailed analysis
[13] has shown an atomically abrupt interface with and modelling to a few standard spectra. Alternatives
periodic structures along the grain boundary.  The to the index sum rule scaling and the subtraction of a

quantitative comparison of the experimental images with |inear baseline will be sought to make the data analysis
image simulations for a structure obtained by static lattice jndependent of priori knowledge.

calculations has given good agreement [14]. These
calculations have found that.thls GB ha; a low energy 5. Conclusions
and that the same structure is obtained independently of

the potential used in the calculations. The interfacial quantitative determination of the interband transition
ELNES has been obtained by the spatial difference methodstrength and the electronic structure from an analysis of
[15]. A detailed analysis has shown that the interfacial Al VEELS yields comparable results to the more established
atoms have a coordination to their neighbouring O atoms vy spectroscopy results. For the spatially resolved
which is reduced from the six-fold coordination present in analysis of a neaB11 tilt grain boundary ina-Al,Os
bulk a-Al,0;. The bond length increases and shows a the differences in the VEELS translate into differences
larger distribution than in the bulk material. A quantitative in the interband transition strength. From critical point
analysis has shown that one monolayer of Al atoms is modelling of the interband transition strength the bonding
affected by the presence of the interface. All these findings at this internal interface is more ionic with respect to bulk
have been obtained by the self-contained analysis of they-Al,0;. This result is in good agreement with other
ELNES data [15]. A comparison to the atomic position experimental and theoretical investigations of the same GB.
from the calculated structure showed good agreement withThe VEELS data analysis is complex and this is believed
all these statements. not to influence the qualitative results, though it may
More recently there has been a first principles have an influence on the quantitative result. Much work
calculation of the electronic structure [16] and the optical remains to be done but the results presented here are very
properties [17] based on the structural model [14]. The encouraging. VEELS analysis represents a new method
density of states with p-symmetry in the conduction band to determine dielectric properties, electronic structure and
agrees well with the experimental ELNES. A charge bonding with high spatial resolution.
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