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Abstract

The inelastic scattering of fast electrons transmitting thin foils of silicon (Si), silicon nitride (Si3Ny), gallium arsenide (GaAs), gallium
nitride (GaN) and cadmium selenide (CdSe) was analyzed using dielectric theory. In particular, the impact of surface and bulk
retardation losses on valence electron energy-loss spectroscopy (VEELS) was studied as a function of the foil thickness. It is shown that
for the materials analyzed, surface and retardation losses can cause a systematic, thickness-dependent modulation of the dielectric
volume losses, which can hamper the determination of the bulk dielectric data as well as the identification of band-gap and interband
transition energies by VEELS. For Si and GaAs, where the dielectric function is strongly peaked with high absolute values, retardation
losses lead to additional intensity maxima in the spectrum. For thin films of these materials (below ~100 nm), the additional intensity
maxima are related to retardation effects due to the finite size of the sample leading to the excitation of guided light modes. For thicker
films, exceeding about 200 nm, the intensity maxima are caused by bulk retardation losses, i.e., Cerenkov losses. Although thickness-
dependent modulations were observed for Si;Ny4, GaN and CdSe, the form of the dielectric functions and their lower maxima, means that
for TEM samples <100 nm thick, the band-gap energies of these materials can be accurately identified by VEELS. Guidelines are given

that allow for forecasting the impact of surface and retardation losses on VEELS.
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1. Introduction

For a variety of different materials, valence electron
energy-loss spectroscopy (VEELS) carried out in (scanning)
transmission electron microscopy has been used for measur-
ing band structure information and in particular for
identifying band-gap energies (see, e.g., [1-5]). In most cases
band structure information extracted from VEEL spectra
coincides with information obtained by other techniques like,
e.g., by vacuum ultraviolet spectroscopy or by spectroscopic
ellipsometry (see, e.g., [6]). Compared to other methods, the
advantage of performing band structure measurements by
VEELS in a (scanning) transmission electron microscope is
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the spatial resolution; band-gap measurements with a spatial
resolution down to ~1nm are feasible [7]. Furthermore, the
recent implementation of monochromated (scanning) trans-
mission electron microscopes has made VEELS an easily
applicable tool to locally study the band structure of complex
semiconductor architectures. The improved energy resolu-
tion of monochromated instruments (<200meV) signifi-
cantly simplifies the interpretation of VEELS data [8-10].
However, although VEELS has successfully been applied for
many years, the relative importance of surface and retarda-
tion losses [11-13] over bulk dielectric losses, has not been
resolved.

Thin foils of materials, typically below 100nm in
thickness, are used for electron energy-loss spectroscopy
in (scanning) transmission electron microscopy (S/TEM).
If a charged particles moves from one dielectric medium to
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another, it can excite collective oscillations of surface (or
interface) electrons. Surface (or interface) plasmons are
longitudinal waves of the surface (or interface) charge
density that run along the boundary. For a thin foil
transmitted by fast electrons, the excitation of the upper
and the lower surface can be coupled. This leads to
thickness-dependent excitation modes of surface electrons
and to the corresponding energy losses in the transmitted
electron beam [14]. Therefore, the impact of surface losses
in the pre-plasmon spectral region is not a priori negligible.

Secondly, a fast electron interacting with a solid can be
impacted by retardation effects. The retardation of the
electron essentially alters the scattering distribution in the
(E, 0)-plane, where 0 is the scattering angle and E is the
energy loss [15,16]. For materials with a high dielectric
constant (real part &), retardation of the incident electrons
can lead to the emission of Cerenkov radiation and to the
corresponding energy losses in the transmitted beam.
Generally, Cerenkov radiation can be emitted, if a charged
particle moves faster inside a medium than the light inside
this medium, i.e., if v>c¢/+/&(E) is fulfilled. The relativistic
speed of the charged particle (the electron) is v, ¢ is the
speed of light in vacuum, E is the energy (loss) and &(E) is
the real part of the dielectric function. This condition
defines for a given value of ¢; a critical electron energy eV,
above which Cerenkov losses become feasible. For many
semiconductor materials &, is large enough such that
Cerenkov radiation can in principle be emitted at accel-
eration voltages common in (S)TEM. In these cases, the
potential impact of Cerenkov losses on dielectric absorp-
tion features in VEELS has to be considered. The
probability of the emission of Cerenkov radiation increases
with increasing &;. Hence, Cerenkov losses are typically
peaked on the energy-loss axis where the real part of the
dielectric function &; is maximal [17]. Cerenkov absorption
features thus fall exactly in the spectral region where band
structure and band gap information is contained.

The thickness of the thin films commonly used in (S)TEM
limits however the emission of Cerenkov radiation and the
appearance of Cerenkov losses in VEELS. In the case of very
thin foils, the Cerenkov light cone cannot be built up and no
Cerenkov radiation can be emitted—even if the bulk
condition for the emission of Cerenkov radiation given above
is fulfilled [12,17]. As a rule of thumb; if the thickness of the
foil is smaller than the wavelength of the Cerenkov radiation,
the emission of Cerenkov radiation is inhibited and Cerenkov
losses are absent in VEELS. Although the thickness
restriction is not strictly formulated here (for a detailed
treatment see [12,17]), it shows that the probability of
Cerenkov losses for typical TEM foils (<100nm) is small.
Similar to small particles, very thin TEM foils do not show
bulk Cerenkov losses in VEELS [12].

Surface, interface and finite-size effects, potentially related
to the retardation of the electron, can be important in the
case of thin films. Which excitation modes are feasible,
depends on the magnitude of the real part &; of the material’s
dielectric function. If an electron passes through a metal

whose dielectric function &; goes through zero, radiative
surface plasmons can be excited. Energy losses caused by the
excitation of a radiative surface plasmon are superimposed
on the volume plasmon loss, show however a different 6
dependency. The energy losses related to the radiative surface
plasmons are equal or larger than the energy losses caused by
the excitation of the volume plasmon [18]. Radiative surface
plasmons decay by emitting light. Non-radiative surface
plasmons can be excited by transmitting electrons, if the
material’s dielectric function & becomes smaller than —1.
The corresponding energy losses show a characteristic
dispersion; the energy losses are smaller than the losses
related to the actual surface plasmon mode Eg(6), approach-
ing however Eg for large 6 [14]. If the real part & of the
material’s dielectric function becomes larger than 1, retarda-
tion effects can occur. If the primary electron energy is large
enough, electrons can then excite radiative or non-radiative
guided light modes [19]. In the present case where the low-
loss scattering of materials of high dielectric constants is
analyzed (silicon (Si), silicon nitride (SizNy), gallium arsenide
(GaAs), gallium nitride (GaN) and cadmium selenide
(CdSe)), non-radiative guided light modes have to be
considered. A surface (or interface) plasmon corresponds
to an excitation mode of the surface charge density, leading
to a longitudinal electromagnetic wave that propagates with
a given phase velocity parallel to the boundary. The
maximum amplitude of the electromagnetic wave associated
with a surface plasmon is located at the surface. Compared
to a surface plasmon, a guided light mode involves collective
excitations of electrons inside the foil. The component
parallel to the foil normal of the electromagnetic field
associated with a guided light mode is a standing wave that
shows one (or more) amplitude maximum (maxima) within
the foil, whereas at the boundary of the material the
amplitude is small. The electromagnetic wave propagates
with a given phase velocity parallel to the foil [14]. A surface
(or interface) plasmon is determined by the boundary
configuration, whereas a guided light mode is essentially
determined by the finite thickness (or finite size) of the
sample. If the condition for total internal reflection is not
fulfilled, a guided light mode can decay by emitting light.
Similar to a radiative surface plasmon, a guided light mode is
then called radiative.

Guided modes can also be excited through coupling to
Cerenkov radiation. If the opening angle of the Cerenkov
light cone is larger than the angle of total internal
reflection, no Cerenkov radiation can be emitted. In such
cases, the retardation radiation is confined within the
sample at guided mode frequencies [12].

From the analysis of VEELS data recorded in (S)TEM,
band-gap energies, interband transition energies and the
dielectric function can be determined. Such analyses are
usually done under the assumption that the VEELS data
contain solely bulk dielectric data and that potential
contributions of surface and retardation losses are negli-
gible (see, e.g., [1,2,5,6,10,20,21]). In the present work, it is
assumed that the dielectric function of the material is



86 R. Erni, N.D. Browning | Ultramicroscopy 108 (2008) 84-99

known. On the basis of the dielectric theory, VEEL spectra
of Si, Si3sN4, GaAs, GaN and CdSe are calculated as a
function of the foil thickness taking into account energy
losses that are due to retardation, finite size and surface
effects. Knowing the bulk dielectric function and its
intrinsic contribution to the low loss scattering, the impact
of retardation, finite size and surface effects on VEEL
spectra can be revealed. It is shown that although all the
materials investigated potentially show retardation effects,
careful differentiation is necessary. Practical guidelines are
given that allow for estimating the impact of retardation,
finite size and surface effects on VEELS data. These
guidelines can be used either to forecast the impact of these
contributions or to estimate a posteriori their “hidden”
impact on dielectric data determined by VEELS.

2. Inelastic electron scattering by thin films

This section summarizes the formalism used to calculate
the low-loss inelastic electron scattering probability on the
basis of the dielectric theory. More detailed information
about this concept can be found in, e.g., Refs. [14,15,17,22].
It is assumed that the electrons penetrate the foils parallel
to the foil normal and, that inelastically scattered electrons
are detected in forward direction within a given opening
angle determined by the spectrometer’s collection angle Oc.
For the small scattering angles considered, the 0-depen-
dency of the dielectric function is not taken into account;
the dispersion of the volume plasmon and any other bulk
dielectric property are neglected.

2.1. Loss probability: non-retarded volume and surface

effects

In this sub-section, two expressions are given which
describe the inelastic scattering probability of fast electrons
interacting with thin films. The first expression gives the
loss probability due to the volume of the foil, the second
expression takes volume and surface contributions into
account. Retardation effects are not considered, i.e., f = v/
¢ is set equal zero.

On the basis of the dielectric function of a solid, Ritchie
[23] derived a semi-classical expression that describes the
inelastic scattering of a fast electron interacting with a thin
foil. The probability Py, that an electron is inelastically
scattered by transmitting a thin foil of thickness ¢ can be
expressed as [17,23,24]

(EG)—( ¢ )Im(l) ! 1)
T \dmdhPegr? {E)) 0* + 0125.

This expression describes the double-differential scatter-
ing probability P, due to volume interactions in units of
1/(eV srad) where E is the energy loss and Q2 the solid angle.
In Eq. (1), &(E) is the complex conjugate of the dielectric
function of the material; ¢ = & — ie;, where ¢; and ¢, are
the real and the imaginary part of the complex dielectric
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function ¢, and O is the characteristic scattering angle for
an energy loss E. Eq. (1), describing the bulk dielectric
losses, is the fundamental relation on which most VEEL
spectra have been analyzed (see, e.g., [3,4,10,21,25]).

Including surface contributions, the double-differential
scattering probability becomes [17,23]
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The complex conjugate of the dielectric function of the
surrounding medium is #(E), m. is the rest mass of the
electron and
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Eq. (2) describes the probability that an electron is
inelastically scattered on transmitting a thin foil including
finite size effects and the interaction with the surface of the
foil. The conditions |L*(6,E)| = Min. and |L™(0,E)| =
Min. describe the dispersion relations of the surface
excitation. As mentioned above, since retardation effects
are not taken into account within this subsection, f is set
equal zero. Depending on the choice of the complex
dielectric function of the surrounding medium #, either a
surface, or an interface can be analyzed. Analogous to &, 5
is in general a function of complex value; for the case that
the foil is in vacuum n(E) =5 = 1.

2.2. Loss probability: volume, surface and retardation

effects

Taking retardation effects into account (f#0), the
volume contribution given in Eq. (1) becomes [15,17,24]
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Eq. (3) describes the probability that an electron is
inelastically scattered on transmitting a thin foil of

)
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thickness ¢ including retardation effects ignoring, however,
any interaction with the surface of the foil. For the non-
retarded case, i.e., f—0, Eq. (3) becomes equal to Eq. (1).
If volume and surface contributions are taken into account,
the differential scattering probability becomes [15,17]
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The Kroger formula, Eq. (4), describes the (single-
scattering) energy-loss function in transmission electron
energy-loss spectroscopy for the case that volume, surface
and retardation effects are taken into account. In order to
calculate VEEL spectra, the double-differential scattering
probability is integrated over the detection area

0c A2 p.
S—Z(E) =2 ; %(E, 0)sin 0 d 0. 5)

Eq. (5) gives the single scattering contribution of VEEL
spectra assuming parallel illumination. The probability
function P; on the right side of Eq. (5) is either taken from

Egs. (1)—(3), or (4).
3. Experimental details

Low-loss electron energy-loss spectra were recorded on
transmission electron microscopes equipped with a Wien-
filter type electron monochromator (see, e.g., Ref. [10] and
references therein). The spectra of SizNy, GaN and GaAs
were recorded using a monochromated FEI Tecnai F20
microscope operated at 200kV in diffraction mode using a
collection angle of 2.1mrad and a probe semi-conver-
gence angle of ~20mrad (National Center for Electron

Microscopy, Lawrence Berkeley National Laboratory,
California, USA). The Si data were recorded on a
monochromated FEI Titan 80-300 equipped with an
illumination Cg corrector operated at 300 kV in diffraction
mode using a collection angle of 3.8 mrad and a probe
semi-convergence angle of 19 mrad (Ernst-Ruska Center,
Forschungszentrum Jiilich, Germany). The Tecnai micro-
scope operated at 200kV allowed for an energy resolution
of 200 meV, the Titan microscope operated at 300kV was
setup in order to achieve an energy resolution of 160 meV.
The contribution of the zero-loss peak was removed by
locally fitting a power-law function in front of the first
absorption feature. This background correction is ade-
quate for identifying the dominant absorption features, but
does not guarantee accurate quantification of the low-loss
scattering. Furthermore, low and very smoothly modulated
retardation contributions in front of a distinct band-gap
signal might not be properly considered with this back-
ground removal technique.

The scattering probabilities and VEEL spectra were
calculated within the dielectric formalism summarized in
Section 2. The (optical) dielectric data of Si, SisN, and
GaAs were taken from Palik [26]. The dielectric data of
GaN is based on spectroscopic ellipsometry measured
perpendicular to the [000 1] axis taken from Kawashima
et al. [27]. The same geometry was employed to record the
experimental VEELS data of GaN. The dielectric data of
wurtzite CdSe, parallel to the [00 0 1] axis, were taken from
[28]. All spectra shown are normalized such that the
maximum intensity is equal 1 within the area of interest.

VEEL spectra were calculated for a collection angle of
2.1 mrad. The effective collection angles of the experiments
performed are clearly larger. However, for the geometrical
setup described in Section 2, the inelastic electron scatter-
ing dominating the low-loss signal can be found at small
scattering angles, below ~0.1 mrad. This circumstance
reasons why the calculations can be compared with
experimental data that were recorded using significantly
larger (effective) collection angles.

4. Results
4.1. Si

Fig. 1 shows calculated scattering probabilities in the
(E, 0)-plane of 300 keV electrons transmitting a 50 nm thick
foil of Si. The scattering probability Py, of the non-
retarded volume contribution according to Eq. (1) is
depicted in Fig. 1(a). Fig. 1(b) shows the volume scattering
probability P, including retardation effects according to
Eq. (3) and the scattering probability P considering
volume, surface and retardation effects according to
Eq. (4) is given in Fig. 1(c). The schematics in Fig. 1(d)
identifies some of the absorption features; the broad peak
around 16.5¢V is caused by the excitation of the volume
plasmon, and the features at £ = 3.4 and 4.2¢V can be
attributed to interband transitions. As the dielectric data
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Fig. 1. Calculated scattering probabilities in the (E, 0)-plane of 300keV electrons transmitting a Si film of 50 nm thickness. Plot (a) shows the volume
contribution according to Eq. (1), (b) shows the volume contribution including retardation effects (Eq. (3)), and (c) shows volume, surface and retardation
contributions according to Eq. (4). The plot in (d) schematically identifies the individual absorption features.

used are based on optical spectroscopy [26], the indirect
band-gap signal (~1.1¢eV) is not contained in the plots of
Fig. 1. The solid line given by E = ¢ 0 (with ¢ = m.vc)
runs along the main dispersion direction of the surface
excitation, the individual branches along this light line are
determined by the dispersion relations |L*(6, E)| = Min.
and |L™(0, E)| = Min. The actual surface plasmon loss as
observed in the calculated VEEL spectra can be found
around 11eV.

Fig. 2 shows the scattering probability P according to
Eq. (4) for 200keV electrons interacting with Si foils of

10 nm (a), 50 nm (b), 100 nm (c) and 1000 nm (d) thickness.
Comparing Fig. 1(c) (50nm Si, 300keV) with Fig. 2(b)
(50nm Si, 200keV) shows that a change of the electron
energy from 300 to 200 keV mainly affects the scattering
angle of the individual absorption features; due to the
change of v, the slope of the light line £ = ¢ 0 changes. In
Fig. 3 the scattering probability of 200keV electrons
interacting with Si is shown for a fixed energy loss of
3eV as a function of the scattering angle 6; curve
(a) corresponds to Py, according to Eq. (1) calculated
for 100 nm Si, curve (b) corresponds to Py, according to
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0.10 0.15
) [mrad]

Fig. 2. Thickness dependency of the scattering probability. Calculated scattering probability in the (E, 0)-plane of 200 keV electrons transmitting a Si film
of (a) 10nm, (b) 50 nm, (c) 100 nm and (d) 1000 nm thickness. The scattering probability was calculated according to Eq. (4).

Eq. (3) calculated for 100 nm Si and, the other curves show
P according to Eq. (4) calculated for the foil thickness
indicated in each case.

Fig. 4 shows calculated and experimental VEEL spectra
of Si. The thickness series of VEEL spectra in Fig. 4(a) was
calculated according to Eq. (4). The collection angle used
in the calculations was 2.1mrad. Fig. 4(b) shows a
thickness series of experimental VEEL spectra of Si
recorded at 300kV, the thickness is given in units of the
inelastic mean free path 4;,. Considering an effective
collection angle for a physical collection angle of 3.8 mrad

and a probe semi-convergence angle of 19mrad, the
inelastic mean free path 4;, is ~130 nm.

4.2. Si;Ny

Fig. 5 shows calculated scattering probabilities in the
(E, 0)-plane of 200 keV electrons transmitting a 50 nm thick
foil of SisN4, analogous to Fig. 1. The scattering
probability Py, of the non-retarded volume contribution
according to Eq. (1) is depicted in Fig. 5(a). Fig. 5(b) shows
the volume-scattering probability P, according to Eq. (3),
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Fig. 3. Calculated scattering probabilities for a fixed energy loss E of 3eV
as a function of the scattering angle 0 for 200 keV electrons transmitting a
Si film. Curve (a) shows the volume contribution of a 100 nm thick film
according to Eq. (1). Curve (b) shows the volume contribution of a 100 nm
thick film according to Eq. (3). The other curves were calculated according
to Eq. (4). The foil thickness is indicated in each case. The numbers
running from +3.0 to —4.5 indicate the shifts on the y-axis.

and the scattering probability P according to Eq. (4) is
plotted in Fig. 5(c). The schematics in Fig. 5(d) identifies
the main absorption features; the broad peak around
22.8 eV is caused by the excitation of the volume plasmon,
the retardation peak can be found around 6.5 ¢V, where the
real part of the dielectric function peaks. The surface
excitation runs along the light line indicated in Fig. 5(d).

Fig. 6(a) shows a thickness series of calculated VEEL
spectra of SizNy. The spectra in Fig. 6(a) are based on Eq.
(4) calculated for the thickness indicated in each case. In
Fig. 6(b), an experimental spectrum of an amorphous
Si3sN4 film with a nominal thickness of about 25nm is
compared with a spectrum that was calculated according to
Eq. (1). Since surface and retardation effects are not taken
into account in the calculated spectrum of Fig. 6(b), the
smooth intensity onset of this spectrum can unambiguously
be identified as the band-gap signal.

4.3. GaAs

Fig. 7(a) shows a thickness series of calculated VEEL
spectra of GaAs. Owing to the limited availability of
dielectric data of GaAs, the spectra only cover an energy-
loss range from ~0.5 to 6eV. The volume plasmon and
surface plasmon peaks, to be expected at ~16 and ~11eV
energy loss, are not contained in the spectra. In Fig. 7(b), a

a
L) I L} l L) I T l T I T I T l L} I L) l T I T
Si, 300 keV, calc.
1000 nm
250 nm
100 nm
50 nm
\,\/—_\-’—//

>

@ | 25 nm

c -

L

£

o

9]

N

g 10 nm

S

b4
5nm
1nm _]
'} I '}

0 2 4 6 8 10 12 14 16 18 20 22
Energy loss E [eV]
b

LI L L L L L L L L L I L B
Si, 300 keV, exp.

A,

| AU AU HN A NPUN NNPU U PR PR PR PR P I B
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Energy loss E [eV]

Normalized intensity

Fig. 4. VEEL spectra of Si (300keV). (a) Series of spectra calculated
according to Eq. (4) for the foil thickness indicated in each case. (b) Series
of experimental spectra of Si recorded at 300kV using a probe semi-
convergence angle of 19 mrad and a collection angle of 3.8 mrad. The foil
thickness is given in units of the inelastic mean free path 4;,; 0.2, 0.5, 1.7,
2.2. All spectra are normalized and for clarity shifted along the y-axis.

calculated spectrum of a 50nm thick foil is compared
with an experimental spectrum of a GaAs foil recorded in
(110> zone-axis orientation. The main absorption
features of the calculated spectrum match with the
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Fig. 5. Calculated scattering probabilities in the (E, 0)-plane of 200 keV electrons transmitting a SizNy4 film of 50nm thickness. (a) Shows the volume
contribution according to Eq. (1), (b) shows the volume contribution according to Eq. (3), and (c) shows the scattering probability according to Eq. (4).

The plot in (d) schematically identifies the individual contributions.

experimental one. Owing to the limited energy resolution
(~200meV) and the noise present in the experimental
spectrum, the detailed fine structure of the calculated
spectrum cannot be compared with the experimental
spectrum. The inset in Fig. 7(b) shows the entire experi-
mental GaAs spectrum. A specimen thickness of 0.51 in
units of the inelastic mean free path 4;, can be deduced.
Considering an effective collection angle for a physical
collection angle of 2.1 mrad and a probe semi-convergence
angle of ~20mrad, the inelastic mean free path 4;, is
~87nm. All calculated spectra in Fig. 7 are based on Eq. (4).

4.4. GaN

Fig. 8(a) shows calculated VEEL spectra of GaN.
Spectrum (a) was calculated according to Eq. (1) and
spectrum (b) was calculated according to Eq. (3). All other
spectra in Fig. 8(a) were calculated according to Eq. (4).
Fig. 8(b) compares an experimental spectrum of GaN
with a spectrum calculated for a foil thickness of
50nm according to Eq. (4). The experimental spectrum
in Fig. 8(b) is taken from a GaN film with a thickness
of 0.42 in units of the inelastic mean free path J;,.
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Fig. 6. VEEL spectra of Si;Ny4 (200keV). (a) Series of spectra calculated
according to Eq. (4) for the foil thickness indicated in each case. (b) An
experimental spectrum of an amorphous SisNy film with a nominal
thickness of 25nm is compared with a spectrum that is calculated
according to Eq. (1). All spectra are normalized and for clarity shifted
along the y-axis.

Considering an effective collection angle for a physical
collection angle of 2.1 mrad and a probe semi-convergence
angle of ~20mrad, the ineclastic mean free path 4;, is
~101 nm.
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Fig. 7. VEEL spectra of GaAs (200keV). (a) Series of spectra calculated
according to Eq. (4) for the foil thickness indicated in each case. (b) An
experimental spectrum of a GaAs film (0.51 /;,) is compared with the
spectrum calculated for a foil thickness of 50nm. All spectra are
normalized and for clarity shifted along the y-axis.

4.5. CdSe

Fig. 9 shows calculated VEEL spectra of wurtzite CdSe.
Spectrum (a) was calculated according to Eq. (1) and
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Fig. 8. VEEL spectra of GaN (200keV). (a) Spectrum (a) is calculated
according to Eq. (1) and spectrum (b) is calculated according to Eq. (3).
The other spectra were calculated according to Eq. (4) for the foil
thickness indicated in each case. (b) An experimental spectrum of a GaN
film (0.42 Z;,) is compared with the spectrum calculated for a foil thickness
of 50nm. All spectra are normalized and for clarity shifted along the
y-axis.

spectrum (b) was calculated according to Eq. (3). The other
spectra in Fig. 9 were calculated according to Eq. (4) for
the foil thickness indicated in each case.

5. Discussion

On the basis of the dielectric theory, the inelastic electron
scattering of thin foils of Si, SizNy4, GaAs, GaN and CdSe
was analyzed. For a series of different foil thicknesses, low-
loss scattering probabilities and VEEL spectra were
calculated under the assumption that the dielectric function
is known. Provided that low-loss EEL spectra solely
contain bulk contributions, including bulk retardation
losses, the intensity of any absorption feature in a single-
scattering VEEL spectrum should linearly increase with the
thickness of the sample, see Egs. (1) and (3). Any deviation
from this behavior must be explainable by the finite size of
the sample, particularly by surface effects. For all materials
investigated, calculated single-scattering low-loss EEL
spectra show a non-linear thickness dependency.

5.1. Si

The real part of the dielectric function of Si is sharply
peaked at 3.3eV with a value exceeding 43 [26]. The
condition for the emission of Cerenkov radiation is thus
fulfilled for electrons with an energy exceeding eV .~ 5keV.
Comparing Figs. 1(a) with 1(b), the impact of the
retardation of the electron on the scattering distribution

T T T T T T T T T T
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250 nm
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Normalized intensity
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Fig. 9. Series of VEEL spectra of wurtzite CdSe (200 keV). Spectrum (a) is
calculated according to Eq. (1) and spectrum (b) is calculated according to
Eq. (3). The other spectra were calculated according to Eq. (4) for the foil
thickness indicated in each case. All spectra are normalized and for clarity
shifted along the y-axis.
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in the (E, 0)-plane becomes apparent; the retardation leads
to an arc-shaped intensity maximum between about 1 and
4¢V. For the non-retarded case the scattering probability is
maximal at 6 = 0, whereas for the case retardation is taken
into account, the maximum is shifted to finite values of 0,
see also curves (a) and (b) in Fig. 3. Hence, the arc-shaped
feature below 4eV in Fig. 1(b) can be identified as a
Cerenkov-loss peak.

Fig. 1(c) contains a similar absorption feature; an arc-
shaped intensity maximum branched with the light line
around 2eV. The absorption feature in Fig. 1(c) is,
however, different from the Cerenkov-loss peak in Fig.
1(b). The feature in Fig. 1(c) can be associated with the
excitation of a guided light mode that is determined by the
dispersion condition |L*| = Min. The actual bulk Ceren-
kov-loss signature cannot be seen in Fig. 1(c). This means
that if surface effects are taken into account (Fig. 1(c)), the
volume retardation loss becomes negligible for a Si foil of
50nm. The thickness series of E—6 plots in Fig. 2 shows
that the arc-shaped absorption features in Figs. 1(b) and
1(c) have indeed different origins; for a foil thickness of
50nm the absorption feature related to the excitation of
guided light modes is dominant (see Fig. 2(b)), at a
thickness of 100 nm both features—guided light mode and
Cerenkov-loss feature—are equally present (Fig. 2(c)),
whereas at 1000nm the Cerenkov-loss peak has solely
remained (Fig. 2(d)). The thickness series of calculated
scattering probabilities for an energy loss of 3¢V in Fig. 3
illustrates in more detail the thickness dependency of these
two absorption features. Apart from a surface mode
observable below 0.01 mrad, labeled A, two maxima, B
and C, can be identified. The relative intensity of
absorption feature B decreases with increasing foil thick-
ness. Furthermore, it moves to lower 6 values. The position
of feature C remains unchanged. The relative intensity of
peak C increases with increasing foil thickness. Peak B can
be associated with the guided light mode discussed above,
whereas the invariant feature C corresponds to the
Cerenkov-loss peak. This peak is not visible for foil
thicknesses below ~100 nm. The invariant bulk retardation
peak C is also reproduced in curve (b) of Fig. 3 where the
scattering probability without considering surface effects
P,y is plotted.

Fig. 4 illustrates how the Cerenkov losses and the energy
losses that are due to the excitation of the guided light
modes impact VEEL spectra. For foil thicknesses exceed-
ing ~25nm, the spectra in Fig. 4(a) reveal a broad
absorption feature between 1.5 and 4.5eV. Except for the
Si spectrum of 0.2 J;, thickness, this spectral signature is
also observable in the experimental spectra shown in Fig. 4(b).
For very thin foils, there seems to be a mismatch be-
tween calculated and experimental spectra of Si. This
mismatch is likely caused by the oxidized surface of the Si
sample used for the measurements. The calculated as well
as the experimental series of spectra in Fig. 4, give the
impression that the low-loss retardation absorption feature
below ~5eV moves towards lower energy losses with

increasing foil thickness. This behavior was shown by a
thickness series of experimental VEEL spectra of Si by
Stoger-Pollach et al. [29]. However, from the discussion
above it is clear that it is not the Cerenkov-loss peak that
moves towards lower energies. For foil thicknesses smaller
than 250nm, the absorption feature below 5eV is
dominated by energy losses that are due to the excitation
of the guided light mode. Only for foil thicknesses above
250 nm, the Cerenkov-loss peak becomes dominant. The
low-loss absorption feature remains then stationary. The
seeming move of the Cerenkov-loss peak from higher to
lower energies between 50 and 250 nm foil thickness [29], is
in fact a transition between two different retardation
absorption features; the guided light mode and the actual
Cerenkov-loss peak.

The series of spectra in Fig. 4(a) reveals that for Si foils
thinner than 25 nm, surface effects dominate the low-loss
scattering. These surface effects cause an apparent,
thickness-dependent modulation of some of the spectral
signatures. Although these modulations cannot be ob-
served at foil thicknesses exceeding 25nm, a small
contribution that is due to the excitation of the surface
plasmon at ~11eV energy loss can still be found at a foil
thickness of 50 nm.

It can be summarized that in the case of Si, retardation
effects (guided light mode and Cerenkov losses) signifi-
cantly alter the low-loss electron scattering for foil
thicknesses between 25 and 1000nm. For foils thinner
than 25nm, surface contributions dominate the VEELS
signal.

5.2. SizNy

Silicon nitride has a direct band-gap with a transition
energy of about 5eV [30]. The real part of the dielectric
function of SisNy is peaked at 6.5e¢V with a maximum
value of 7.3. The condition for the emission of Cerenkov
radiation is thus fulfilled for electrons exceeding eV, .=
40 keV. However, since the dielectric function of SisN4 runs
smoother than the one of Si, a different behavior is
expected. Comparing Fig. 1 with Fig. 5 reveals that these
two materials indeed show clearly different scattering
behaviors. Due to the different characteristics of the
dielectric function, particularly because of the lower
maximum value of & compared to Si, the appearance of
distinctive energy losses related to retardation effects is
suppressed, see Fig. 5. Comparing the experimental
spectrum shown in Fig. 6(b) with the spectrum calculated
according to Eq. (1), reveals that for Si;N4 bulk retardation
effects and finite-sample effects hardly alter the main
spectral characteristic.

However, retardation and surface effects are also present
in the case of SizNy. The series of spectra in Fig. 6(a) shows
that for foils thinner than ~25nm, surface contributions
are dominant. Furthermore, for foils exceeding ~100 nm in
thickness, the onset of the intensity is altered by retardation
effects. Owing to the increasing contribution of volume



R. Erni, N.D. Browning | Ultramicroscopy 108 (2008) 84-99 95

retardation losses, the main intensity onset moves to lower
energies with increasing foil thickness. For foil thicknesses
exceeding ~250 nm, the onset becomes stationary, i.e., the
bulk retardation loss is the dominant feature causing a
sharp step at 4.5eV. Hence, if the finite size of the foil and
retardation effects are taken into account, the intensity
onset does not properly reproduce the band-gap signal for
foils exceeding ~100nm in thickness. Analyzing the
intensity onset in terms of measuring the band-gap energy,
would result in a thickness-dependent gap energy. Yet,
below about 4 eV energy loss, no extra intensity maxima or
distinct intensity modulations due to potential surface or
retardation effects can be observed.

It can be summarized that in the case of Si3Ny,
retardation, surface and finite sample effects are less
pronounced than in the case of Si. However, for foils
thinner than 25nm, surface contributions dominate the
low-loss scattering. And for foils exceeding ~100nm in
thickness, the increasing contribution of the bulk retarda-
tion loss leads to a thickness-dependent intensity onset.
Hence, for this thickness regime, the intensity onset cannot
be identified with the band-gap signal.

5.3. GaAs

The dielectric functions of Si and GaAs look qualita-
tively and quantitatively very similar. The real part of the
dielectric function of GaAs is sharply peaked at 2.85eV
with a maximum value of 24.2 and it becomes negative at
4.7¢V. As mentioned above, the real part of the dielectric
function of Si peaks at 3.3eV with a value above 40 and it
becomes negative at 4.2eV. The condition for the emission
of Cerenkov radiation is in Si fulfilled for electrons with an
energy exceeding eV.x5keV. For GaAs, the critical
electron energy is about 10keV. Although the absolute
values of the maxima and minima have lower values in
GaAs than in Si, the fact that both functions behave
similarly leads to the expectation that their low-loss
electron scattering should be similar as well. The main
qualitative difference between GaAs and Si is that the band
gap of GaAs at 1.4¢eV is direct, whereas the band gap of Si
at 1.1eV is indirect.

Plots of the scattering probability in the (E, 0)-plane of
GaAs (not shown) confirm this expectation. For the case
that surface contributions are not taken into account, the
dominant absorption feature is the volume retardation
peak. However, if the finite size of the sample is taken into
account the low-loss scattering between 1.5 and 3.5eV of
foils thinner than ~100 nm is dominated by losses due to
the excitation of a guided light mode. Analogous to Si,
there is a transition between guided light mode and bulk
retardation peak. In case of GaAs, this transition is more
complex than in Si. However, similar to Si, the transition
between guided light mode and Cerenkov-loss peak causes
a seeming shift of the main low-loss feature. This seeming
shift is documented in the thickness series of VEEL spectra
in Fig. 7(a). The thickness series of spectra reveals that for

foils thinner than ~25nm, peak A moves to higher energy
losses with increasing sample thickness. For foils exceeding
25 nm in thickness, peak A becomes stationary. Apart from
this surface effect, the transition between guided light mode
and volume retardation peak leads to a thickness-
dependent absorption feature that is located between 1.5
and 3.5eV energy loss, similar to the case of Si. There is a
transition from peak B to C. However, for foils thinner
than ~250nm, the band-gap-induced intensity onset at
~1.4eV, labeled with D, is hardly affected by these
retardation effects, namely by the guided light modes and
by the Cerenkov-loss peak. However, the slope in front of
the intensity onset D changes with the thickness of the
sample. In Fig. 7(b), an experimental spectrum of GaAs
recorded at 200 kV is compared with a spectrum calculated
for a thickness of 50nm according to Eq. (4). Although
retardation effects alter the spectral region in front of the
band gap, the band gap of ~1.4eV (peak C) can clearly be
identified.

In summary, if the foil thickness is below ~25nm,
surface effects alter the bulk contribution of GaAs. Finite-
sample effects (guided light mode) and bulk retardation
effects significantly impact the low-loss electron scattering
of GaAs for foil thicknesses between 25 and 1000 nm.
Although these retardation effects impact VEEL spectra of
GaAs at energy loss that are above the band-gap energy,
the band-gap signal can clearly be identified. It is therefore
possible to extract the correct band-gap energy of GaAs
from VEEL spectra provided that the thickness of the foil
is below ~250 nm.

5.4. GaN

The real part of the dielectric function of GaN is peaked
at 3.3eV with a value of 7.3. Hence, similar to Si3Ny,
elV.~40keV. For 200keV electrons, the condition for the
emission of Cerenkov radiation is fulfilled for energy losses
smaller than 6.8 eV. The band-gap energy of GaN has been
measured by VEELS independently by several groups
using different data analysis methods [4,7,8,31,32]. The
known band-gap energy of GaN has been identified in all
of these cases. The intensity onset C in spectrum (a) of Fig.
8(a), which contains non-retarded volume contributions
only, reflects the band-gap signal of GaN. This kind of
behavior is presumed if the band-gap energy is measured
by analyzing experimental VEELS data on the basis of Eq.
(1). Including bulk retardation, see curve (b) in Fig. 8(a),
the intensity onset is shifted towards lower energies.
However, if apart from the bulk retardation surface
contributions are taken into account as well, see the
spectra in Fig. 8(a), the impact of the volume retardation
on the band-gap signal becomes negligible for foil
thicknesses smaller than 100nm. The spectra 1-50 nm
reveal the proper band-gap signal, comparable to the
“volume-only” case shown in curve (a). Only for foil
thicknesses exceeding 100 nm, bulk retardation starts to
interfere with the band-gap signal. Hence, it can be stated
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that provided that the thickness of the foil is below
~100 nm, retardation effects do not alter the band-gap
signal as observed in VEEL spectra of GaN.

However, retardation effects not only alter the intensity
onset C for foils exceeding 100 nm in thickness, they also
impact the spectral area between the peaks C and B. With
increasing foil thickness the intensity between 3.5 and 7eV
increases, clearly deviating from the ‘““volume-only” case
shown in curve (a). The spectra calculated for 25 and 50 nm
foil thickness show the closest similarity to the “volume-
only” spectrum (a).

Apart from the retardation effects, surface effects
modulate VEEL spectra of GaN for foils thinner than
~25nm; peak A disappears and peak B moves to higher
energy losses with increasing foil thickness. For foils
exceeding ~25nm in thickness, peak A and B represent
the bulk absorption feature as observable in the “volume-
only” spectrum of curve (a).

It can be concluded that a correct value for the band-gap
energy of GaN can be extracted from low-loss EEL
spectra, provided that the sample thickness does not exceed
100 nm. This finding is in agreement with various experi-
mental results based on the analysis of VEEL spectra
[4,7,8,31,32]. However, only for foil thicknesses between 25
and 50 nm, a Kramers-Kronig analysis on the basis of Eq.
(1) of a VEEL spectrum would give a reasonable measure
for the dielectric function. For foils thinner than ~25nm,
surface effects result in a thickness dependent modulation
of the bulk absorption feature.

5.5. CdSe

The real part of the dielectric function of CdSe in[000 1]
direction is maximal at 1.85e¢V with a value of ~10 (at
15K). This very distinct maximum is associated with an
exciton that results in peak A of the calculated VEEL
spectra in Fig. 9 [28]. Similar to peak A, peak B at 2.25eV
is also caused by an exciton [28]. Although the relative
intensities of the excitonic peaks A and B depend on the
foil thickness, their positions do not depend on the foil
thickness. The intensity onset, dominated in all spectra of
Fig. 9 by peak A, is invariant. In contrast to the excitonic
peaks A and B, peak C, which is due to interband
transitions [28], moves to higher energies with increasing
foil thickness, approaching the bulk position at a foil
thickness of ~25nm.

Comparing spectrum (a) in Fig. 9 with spectrum (b), the
impact of the retardation becomes apparent. Retardation
leads to an increase of the spectral intensity between 2 and
~5¢eV energy loss. Although the positions of peaks A and B
are invariant, the intensity between the peaks A, B and C
increases with increasing foil thickness above 100 nm. Apart
from this retardation contribution and the shift of peak C
with increasing foil thickness for foils thinner than 25 nm, no
surface, finite sample or retardation effects are observable.

From all the materials investigated, the VEEL spectra of
CdSe show the least thickness dependency. The presence of

an excitonic peak likely explains the invariant intensity
onset. However, Fig. 9 reveals that bulk retardation
contributions lead to an increase of the scattering intensity
between ~2 and 5eV for foils exceeding 100nm in
thickness. For foils thinner than 25nm, surface effects
alter the position of a bulk absorption feature.

5.6. Trends

The results presented in Section 4 and discussed above
indicate that the materials investigated can be split into two
groups. Although all five materials potentially show bulk
retardation effects, the impact of retardation -effects,
namely energy losses due to the excitation of guided light
modes and Cerenkov radiation, is clearly different for Si
and GaAs on the one hand and Siz;N,4, GaN and CdSe on
the other hand.

For all foil thicknesses investigated, VEEL spectra of Si
and GaAs contain distinct absorption features that are
caused by retardation effects. For foil thicknesses below
~100 nm, the retardation absorption feature is dominated
by energy losses due to the excitation of guided light
modes. And for foil thicknesses exceeding ~250nm in
thickness, the retardation absorption feature is dominated
by Cerenkov losses. The transition from the guided light
mode to the Cerenkov loss leads to a seeming shift of the
dominant low-loss absorption feature. In addition to these
retardation absorption features, surface effects are ob-
servable. For samples thinner than 25 nm, VEEL spectra of
Si and GaAs are impacted by surface effects. These surface
effects result in thickness dependent shifts of the actual
bulk absorption feature above the band-gap signal. The
origin of these shifts is not clear. Since for all thicknesses
the same dielectric function was used, it can be ruled out
that the shifts are related to electronic states that emerge
due to confinement. It seems likely that the shifts emerge
from superposing the bulk absorption features on specific
surface modulations of the VEEL spectra. With increasing
thickness the impact of surface modulation on the bulk
absorption feature decreases, explaining the thickness-
dependent shifts.

Owing to surface and retardation effects, analyzing
VEEL spectra of Si and GaAs on the basis of Eq. (1) would
result in misleading dielectric data. There is no thickness
regime where both types of effects, surface and retardation,
can be neglected.

For the other materials investigated, Siz;N, GaN and
CdSe, where the dielectric function runs smoother, the
impact of surface and retardation losses is less pronounced.
No extra intensity maxima due to retardation effects are
observable. However, for foils exceeding 100nm in
thickness, bulk retardation effects lead to a gradual
increase of the low-loss spectral intensity with increasing
foil thickness. For foils thinner than 25 nm, surface effects
lead to thickness dependent modulation of the dielectric
bulk absorption features. For foils with a thickness
between 25 and 100nm, surface and retardation effects
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are very small and do not significantly alter the di-
electric bulk absorption features. For this thickness
regime, correct band-gap energies can be extracted from
VEEL spectra and a Kramers-Kronig analysis of the
low-loss spectrum could result in correct transition
energies and qualitatively correct band-structure models.
It must, however, be mentioned that even for foils between
25 and 100nm, additional intensity in front of the
known band-gap signal can be observed (see Figs. 6 and
8). Since the imaginary part of the dielectric function in
front of the band gap is zero, this smooth, spurious
contribution must be related to retardation -effects.
Although this additional intensity is hardly modulated, it
certainly complicates the background removal of the zero-
loss peak contribution.

Comparing the first group of materials (Si and GaAs),
with the second group (SizN4, GaN, and CdSe), shows that
the impact of retardation effects (Cerenkov losses and
guided light modes) on VEELS depends on the character-
istics of the dielectric function of the material. It is, in
particular, the maximum of the real part of the dielectric
function that is crucial. Although for all materials
investigated the bulk condition for the emission of
Cerenkov radiation is fulfilled, the observable retardation
effects differ a lot. Retardation effects are maximal where
the real part of the dielectric function is maximal. Peaks
due to the excitation of guided light modes or Cerenkov
losses roughly coincide with maxima of the dielectric
function (Si and GaAs). If these maxima are less
pronounced, no additional absorption peaks are observa-
ble (SizNy4, GaN, and CdSe). In the cases of Si and GaAs,
retardation peaks impact VEEL spectra for all foil
thicknesses investigated. In the cases of SizN4, GaN, and
CdSe, distinct retardation effects can only be observed for
foil thicknesses exceeding 100 nm.

Surface effects depend less on the characteristic
of the dielectric function. For all materials investi-
gated, surface effects can lead to thickness dependent
modulations of bulk absorption features. For foils thinner
than 25nm, all five materials investigated show thick-
ness dependent modulation of bulk dielectric absorption
features.

It is suggested that the impact of retardation effects on
VEEL spectra of thin foils can be estimated by analyzing
the probability of the emission of Cerenkov radiation of
the corresponding bulk materials. Even though the present
study showed that thin foils of materials (<100 nm) hardly
show bulk Cerenkov effects, the probability of the emission
of Cerenkov radiation of the bulk material gives an
estimation of the impact of retardation effects, including
retardation effects related to the finite size of the sample,
like guided light modes. The number of Cerenkov photons
emitted by a unit charge per unit of path length in a bulk
material is given by

1 1

Pcerenkov = — — 55—
2 vlg

(6)

This number, Pcerenkov> depends on the speed of the
charged particle v (on the primary electron energy Ey) and on
the real part of the dielectric function &;. If Pcerenkoy 18
normalized by 1/¢% a function P" is obtained that describes
the probability of the emission of bulk Cerenkov photons in
respect to the maximal emission rate, i.e., P = P" (Ey, ¢;). The
contour plot in Fig. 10 depicts this normalized emission rate
P" as a function of Ey and &,. If P" is smaller or equal zero, no
bulk Cerenkov radiation is emitted and no retardation effects
are expected. This corresponds to the condition mentioned in
the introduction; only if v> ¢/, /e, Cerenkov losses become
feasible. The solid bold line in Fig. 10 marks this condition;
for pairs of E, and & that lic on the left and below this line,
retardation does not occur. With increasing E, and ¢;, the
emission probability P* increases. On grounds of the above
analysis, it is postulated that the impact of retardation effects,
such as guided light modes or Cerenkov losses, on low-loss
EEL spectra increases with increasing P*. Hence, correlating
experimental and theoretical data with values of P*, makes it
feasible to qualitatively forecast the impact of retardation
losses on low-loss EEL spectra.

The maximum values of ¢; of the materials investigated
are 43.3 for Si, 24.2 for GaAs, 7.3 for SizNy, 7.3 for GaN,
and 10.0 for CdSe. For each pair of variates of Ey and ¢, a
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Fig. 10. Contour plot of P"(e;, E), for details see text. The bold solid line
corresponds to the condition for the emission of Cerenkov radiation; for
pairs of E, and ¢; that are on the left or below this line, retardation effects
are not possible. The open circles indicate measurements where strong
retardation effects were observed, whereas the full circles indicate
measurements where retardation effects were marginal. Points (a), (b)
and (c) are based on results of Si from Refs. [29,33] and from the present
work; point (d) is based on GaAs from Ref. [29] and the present work,
point (e) is based on results of SrTiO; [6], point (f) is based on results of
AIN [21], point (g) is based on CdSe from the present work, point (h) is
based on InN [7], and point (i) is based on GaN and SizN4 from the
present work. The transition between strong and weak retardation effects
is in the range of P* = 0.9.
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value of P” can be found in the contour plot of Fig. 10, see
points ¢, d, g, and i. Si (300keV) and GaAs (200keV)
showed strong retardation effects for typical STEM/TEM
foil thicknesses, the corresponding values of P* exceed 0.9
(points ¢ and d). For Si;N4, GaN and CdSe, P" is between
0.7 and 0.8 (points g and 1). SisN4, GaN and CdSe revealed
weak retardation effects for typical STEM/TEM foil
thicknesses. Using the contour plot in Fig. 10 to
qualitatively estimate the impact of retardation effects on
VEEL spectra, it can be summarized that for measure-
ments that fall into areas where P" is between zero and
~0.8, negligible or very weak retardation effects are
expected for foils thinner than 100nm, whereas for
measurements that fall into the area where P" is above
~0.9, strong retardation effects are expected independent
of the foil thickness (either guided light modes or Cerenkov
losses). Yet for all values of P* non-retarded surface effects
could potentially alter the low-loss electron scattering. It is
clear that these guidelines are based on a very limited
number of data points. However, experimental data
obtained at electron energies between 100 and 200keV
from various publications and different materials support
this guideline [1,6,7,21,29,33].

The analysis of the thickness dependency of the VEELS
signal of all materials investigated shows that for foils
thinner than 25nm, the position of peaks associated with
interband transitions can move to higher energies with
increasing sample thickness (see Figs. 7-9). This effect must
be surface related. The position of these peaks becomes,
however, stationary for foils exceeding 25 nm in thickness,
approaching the position which is obtained if only volume
contributions are considered in the calculation. Surface-
plasmon peaks can, however, be present even in samples
that exceed ~25nm in thickness, see Fig. 4(a). Mkhoyan
et al. [33] recently proposed a method to separate invariant
surface contributions from dielectric bulk contributions in
VEEL spectra.

Whether retardation and surface effects impact a VEEL
spectrum or not, could be tested by analyzing the
experimental VEEL spectrum by a Kramers-Kronig
analysis (see, e.g., [21]). Such an analysis on the basis of
Eq. (1) would yield a first-guess dielectric function of the
material. In a second step, this dielectric function could be
used to calculate the VEEL spectrum using, however,
Eq. (4) instead of Eq. (1). If the calculated spectrum does
not match the experimental one, it is clear that surface
and/or retardation effects significantly contribute to the
experimental spectrum.

The impact of surface and retardation losses on VEEL
spectra could be reduced if an experimental setup could be
found that allows for blocking low-loss scattering at very
small scattering angles. Although the scattering angles
increase with decreasing primary electron energy, Figs. 1-3
and 5 reveal that the low-loss scattering due to surface
excitations, bulk retardation and guided light modes is
typically below 0.1 mrad (at 200 or 300kV). Blocking the
low-angle inelastic scattering would allow for recording

VEEL spectra that are not affected by retardation and/or
surface losses. The scattering intensity on the detector
would strongly be reduced though. Furthermore, the
realization of such a geometrical setup is complicated by
the fact that typical semi-convergence angles of electron
probes used in STEM are in the range of 10 mrad or larger.

6. Conclusions

On grounds of the analysis of the low-loss inelastic
electron scattering of thin films of Si, Si3N4, GaN, GaAs
and CdSe the following practical conclusions can be
drawn:

e For foils thinner than 25 nm, surface effects can lead to
shifts of bulk absorption features (see Figs. 7-9). Hence,
using TEM foils thicker than 25nm in VEELS, reduces
the risk of having surface effects interfering with the
actual bulk dielectric losses. However, even for samples
exceeding 25nm, the contribution of the surface
plasmon peak can still be significant.

® The analysis of Si and GaAs showed that for experi-
ments that have a P° value exceeding 0.9, strong
retardation effects are expected—independent of the
actual foil thickness (see Fig. 10). For thin foils
(<100 nm), losses due to the excitation of guided light
modes dominate the retardation-loss peak. And for
samples exceeding 250nm, losses due to Cerenkov
radiation dominate the retardation-loss peak. The
retardation peaks can be found close to where the real
part of the dielectric function peaks.

e The analysis of SisN4, GaN and CdSe showed that for
experiments that have a P~ value between 0.0 and 0.8,
retardation effects are very small or negligible for foils
thinner than 100nm. For foils exceeding 100 nm in
thickness, retardation effects can lead to a shift of the
spectral intensity onset towards lower energies.

Considering both, surface and retardation effects, the
most suitable specimen thickness for measuring bulk
properties by VEELS of materials similar to the ones
discussed in this article is above 25 nm, but below 100 nm,
with P*<~0.9.
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