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With the development of monochromators for transmission electron microscopes, valence electron-energy-
loss spectroscopy �VEELS� has become a powerful technique to study the band structure of materials with high
spatial resolution. However, artifacts such as Cerenkov radiation pose a limit for interpretation of the low-loss
spectra. In order to reveal the exact band-gap onset using the VEELS method, semiconductors with direct and
indirect band-gap transitions have to be treated differently. For direct semiconductors, spectra acquired at thin
regions can efficiently minimize the Cerenkov effects. Examples of hexagonal GaN �h-GaN� spectra acquired
at different thickness showed that a correct band-gap onset value can be obtained for sample thicknesses up to
0.5 t /�. In addition, �-q maps acquired at different specimen thicknesses confirm the thickness dependency of
Cerenkov losses. For indirect semiconductors, the correct band-gap onset can be obtained in the dark-field
mode when the required momentum transfer for indirect transition is satisfied. Dark-field VEEL spectroscopy
using a star-shaped entrance aperture provides a way of removing Cerenkov effects in diffraction mode.
Examples of Si spectra acquired by displacing the objective aperture revealed the exact indirect transition gap
Eg of 1.1 eV.
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I. INTRODUCTION

Low-loss electron-energy-loss spectroscopy �EELS� in-
vestigates the energy-loss range of less than 50 eV. This en-
ergy range contains a wealth of fundamental material infor-
mation including plasmon excitations and interband and
intraband transitions. One of the most important parameters
for semiconductors, the band-gap value, also occurs in this
energy range. Traditionally, semiconductor band gaps are
measured by optical methods which have high energy reso-
lution ��2 meV� but poor spatial resolution ��0.2 �m�.
This spatial resolution is clearly not sufficient for measuring
band gaps in modern nanostructured devices with structures
in the nanometer range. Hence there is a demand for both
high energy and high spatial resolution techniques for band-
gap measurements.

It is not until recently that the valence electron-energy-
loss spectroscopy has been used for band-gap measurements
of materials with high spatial resolution in transmission elec-
tron microscopes �TEM�. Reasons for this late approach in
comparison to the core-loss EEL spectroscopy are mainly
attributed to the limited energy resolution and the stability of
the electron optics. In a standard TEM, the energy spread of
the electron source, spectrometer aberrations, imperfections
of parallel EELS detectors, and the instabilities of electrical
and mechanical components of the whole TEM/EELS sys-
tem are the major limitations to implement the VEELS
techniques.1

The energy spread of the electron source is one of the
most important aspects to be improved. An electron micro-
scope equipped with a thermally assisted Schottky field-
emission source normally has an energy resolution of about
0.8 eV under normal operation conditions. However, because
of the low intensity of interband transitions the tail in the

zero-loss peak makes it difficult to separate the signal from
the background up to energy losses of 5 eV. Cold field-
emission electron sources provide an energy resolution down
to about 0.3 eV with the zero-loss tail extending to about
3 eV.2 However, the asymmetrical nature of the zero-loss
peak, which is caused by the emission process, complicates
the removal of the zero-loss peak.3,4 Recently, several types
of monochromators were developed and advantages of using
monochromated electron-energy-loss spectroscopy were also
demonstrated.4–13 Despite this technological breakthrough,
there are still restrictions for band-gap measurements using
VEELS in terms of spatial resolution and precise band-gap
value measurements. The ultimate spatial resolution obtain-
able in an energy-filtered image or a STEM spectrum image
is limited by the inelastic delocalization phenomenon, espe-
cially for the energy-loss range close to the semiconductor
band-gap region.14–16 In addition, Cerenkov radiation and
surface effects impose artifacts on band-gap measurements
for a wide range of semiconductors and insulators.17–19

In this paper, semiconductors with direct and indirect
band-gap transitions were treated differently. For direct
band-gap semiconductors, spectra acquired at thin regions
can efficiently minimize the Cerenkov effects. For indirect
band-gap semiconductors, the correct band-gap onset can be
obtained in the dark-field mode by blocking the Cerenkov
losses while maintaining the required momentum transfer.

II. EXPERIMENTAL DETAILS

The h-GaN thin film was grown on �0001� sapphire by
metal-organic chemical vapor deposition �MOCVD�. The to-
tal thickness of GaN was approximately 2 �m. Cross-
sectional GaN and Si TEM specimens were prepared by
double dimpling with final thinning using a precision-ion-
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polishing system �PIPS, Gatan, Pleasanton, CA�. The ion
polish was carried out at 3.8 keV energy without liquid ni-
trogen cooling and followed by a 1.8 keV cleaning process.
For TEM observation, GaN, Si, and diamond specimens
were aligned on �1-100�, �110� and �100� zone axes, respec-
tively.

All spectra within this paper were acquired using a Zeiss
Libra 200FE transmission electron microscope �operated at
an accelerating voltage of 200 keV� equipped with an elec-
trostatic omega-type monochromator �CEOS GmbH�,20 an
in-column corrected 90° energy-filter, and a 2k�2k charge
coupled device �CCD� camera �Gatan, Pleasanton, CA�. The
energy resolution of the microscope is 135 meV under nor-
mal operation conditions �acquisition time �1 s�, whereas
for dark-field spectroscopy �see Sec. III B� the energy reso-
lution degrades to about 0.5 eV because of the long exposure
time of 30 min. All the EEL spectra obtained in image mode
were acquired at a dispersion of 0.032 eV/channel with a
collection angle of 3 mrad. For the �-q maps the specimen
was raised above the eucentric position in image mode
with spot illumination21 and the same dispersion of
0.032 eV/channel was used. Zero-loss deconvolution was ap-
plied for GaN spectra using the Richardson-Lucy method
�DeConvEELS v2.0, HREM-Research, Higashimastuyama,
Japan�.22 During the deconvolution process a smoothing
width of 0.2 eV was used in order to prevent the amplifica-
tion of noise by the deconvolution algorithm. The iteration
cycles were constrained manually to prevent apparent arti-
facts. In the case of the Si spectra, zero-loss extraction was
applied using the reflected-tail model implemented in Digi-
talMicrograph version 3.10.0 �Gatan, Pleasanton, CA�.

III. RESULTS AND DISCUSSIONS

A. Direct semiconductors

The semiconductor band gap refers to the energy differ-
ence between the top of the valence band and the bottom of
the conduction band. A direct band gap means that the mini-
mum of the conduction band lies directly above the maxi-
mum of the valence band in momentum space. Therefore no
momentum transfer is required to launch the electron from
the valence band into the conduction band. Peaks in the
VEEL spectrum are expected at energy losses where the joint
density-of-states �JDOS� exhibits maxima, i.e., at positions
of vanishing slope of the bands of initial and final states in
the energy-momentum diagram.23 In semiconductors with in-
direct band gap, such as silicon or diamond, changes in both
energy and momentum are involved in the excitation process
across the band gap.

h-GaN is a direct band-gap semiconductor for applica-
tions in high-temperature and high-power microelectronics
as well as in light-emitting devices. The optical properties
and the band-gap value of h-GaN have been extensively
studied in the past.24–26 From optical absorption data, the
band gap of h-GaN was determined to be 3.43 eV.27 In this
study, the h-GaN band gap was measured at liquid nitrogen
temperature and the onset value was determined to be 3.3 eV
using the deconvolution method. One possible reason for this
low band-gap value could be attributed to crystal defects

which always shift the onset to lower energies.28 However,
the energy onset for interband transitions may also be influ-
enced by the spectrum processing technique. In the literature
�Refs. 2–4, 10, 26, and 29–33� various techniques were ap-
plied to retrieve the onset energy. We applied these tech-
niques to one of our experimental spectra and the onset en-
ergies are listed in Table I. The values range from
3.3 to 3.5 eV which shows that the systematic error intro-
duced by the data processing is about ±0.1 eV. For consis-
tency of the paper, the following discussions on direct semi-
conductors are all based on the deconvolution method.

The original VEEL spectrum is shown in Fig. 1�a�. Zero-
loss deconvolution was applied to reveal the exact band-gap
onset which is shown in Fig. 1�b�. From this deconvoluted
VEEL spectrum, not only the band-gap onset value, but also
plenty of information concerning interband transitions at
higher energy is obtained with an excellent signal-to-noise
ratio. All peaks presented in Fig. 1�b� can be attributed to
direct interband transitions between states of high density
which are so-called critical points23 �see also Fig. 3 below�.

One of the major limitations for VEELS studies of semi-
conductor band gaps is Cerenkov radiation. Cerenkov radia-
tion is emitted when the electron velocity v exceeds the
speed of light �or more precisely, its phase velocity� in the
medium through which it is moving. The electric field sur-
rounding a moving charged particle displaces and polarizes
the electrons in the atoms of the medium it travels through.
When the polarized medium restores itself after the electron
has passed, virtual photons are emitted. If the beam electron
moves faster than the phase velocity of light in this medium,
i.e., if the real part of the dielectric constant �1�E��c2 /v2,
the emitted photons are left behind by the fast moving elec-
tron, and, for a certain direction of propagation, interfere
constructively, leading to the emission of light at the cost of
energy loss to the beam electron.17,34 From the above crite-
rion, it is obvious that Cerenkov radiation can be avoided by
lowering the speed of the electrons, i.e., by decreasing the
high voltage. Table II gives examples of some typical semi-
conductors with their refractive indices35–41 and the corre-
sponding critical high voltage below which Cerenkov radia-
tion does not occur. For certain semiconductors such as AlN,

TABLE I. Measured band-gap onset values using different spec-
trum processing techniques�ZLP is zero-loss peak�.

Methods

Onset
values
�eV� References

Fourier-log deconvolution
Fit of power-law function to the onset

3.3 10

Fourier-ratio deconvolution 3.3 3

Power-law fit to ZLP
Fit of Lorentzian peaks to first derivative

3.4 29, 30

Visual determination of the changing
slope at the onset

3.4 4

Mirroring left tail of ZLP to the right tail
Subtraction of the mirrored tail
defining the inflection point as the onset

3.5 26
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it may be feasible to reduce the high tension to avoid Ceren-
kov losses, however, at the cost of degrading the microscope
performance. Note that the refractive indices are energy de-
pendent, the critical high voltages for AlN and GaN calcu-
lated in Table II need to be further decreased at higher pho-
ton energies.35,42 For semiconductors with high refractive
index, the required low acceleration voltages are impractical,
therefore alternative methods have to be found.

For specimens which are not too thin, so that the surface
effects can be neglected, the double-differential scattering
cross section for volume losses including Cerenkov radiation
is described as18,43,44

d2	Volume

d
 dE
=

Im�− 1/��
a0m0�2v2na

�2 + �E
2���1v

2/c2 − 1�2 + �2
2v4/c4�

��2 − �E
2��1v

2/c2 − 1��2 + �E
4�2

2v4/c4 ,

�1�

where a0=�0
2 /m0e2�=0.529�10−10 m is the first Bohr ra-
dius, na is the number of atoms per unit volume, and �1 and
�2 are the real and imaginary part of the dielectric function
��=�1+ i�2�. The full equation, including surface effects, was
given by Kröger.44 Since the classical nonrelativistic Lorent-
zian term is replaced by a more complicated function in Eq.
�1�, the denominator can become small at specific scattering
angles, which results in a large cross section even below the
band gap where �2 is very small. From Eq. �1� it can be

derived that d2	Volume

d
dE �D where D is the specimen
thickness.19,44 This means that in the absence of surfaces
both interband transitions �included in Im�−1/��� and Ceren-
kov losses increase with the thickness of the specimen. This
is not true anymore if the specimen thickness is of a similar
magnitude as the wavelength of the emitted Cerenkov light,
which is the case in thin TEM specimens. Under such con-
ditions the surfaces damp the Cerenkov losses. To summa-
rize, in thick specimens the Cerenkov cross section can be of
similar magnitude as the cross section for interband transi-
tions, whereas Cerenkov losses are less prominent in thinner
specimen areas.44 Strong Cerenkov losses can lead to an ap-
parent shift of the band gap towards lower energy.19,44

Two GaN VEEL spectra acquired at different thicknesses
with t /�=0.4 �thin� and 1.6 �thick� are shown in Fig. 2�a�. In
this expression, t is the sample thickness and � is the mean
free path of inelastic scattering. Under the experimental con-
ditions described earlier, the inelastic mean free path for
GaN was estimated to be about 140 nm.45 Since 200 keV
electrons have a speed of about 0.7c, they suffer from Cer-
enkov losses in GaN which has a refractive index of about
2.4 �Ref. 36� �at 532 nm�. The spectrum in Fig. 2�a� from the
thin region shows the correct band-gap value of 3.3 eV. This
shows that for this specimen thickness the damping of the
Cerenkov light is so strong that a measurement of the direct
band-gap onset is possible. A systematic study of the appar-

TABLE II. Refractive indices of some semiconductors and corresponding critical high voltages below
which Cerenkov radiation does not occur.

Semiconductors
Refractive indices

�at 300 K� Remarks
Critical high voltage

�keV�

AlN �wurtzite� 2.1 At �2.1 eV �Ref. 35� 70

h-GaN �wurtzite� 2.4 At �2.3 eV �Ref. 36� 51

Diamond 2.7 At �5.5 eV �Ref. 37� 39

Silicon 3.4 At �1.2 eV �Refs. 38 and 39� 24

GaAs 3.6 At �1.4 eV �Ref. 40� 21

Germanium 4.2 At �0.8 eV �Ref. 41� 15

FIG. 1. Low-loss EELS spectra of h-GaN: �a� raw spectrum and
�b� zero-loss deconvoluted spectrum showing the band-gap onset
and interband transitions. Peaks originate from critical points in the
band structure.
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ent onset of interband transitions for specimen thicknesses
between 0.3 and 1.7 inelastic mean free paths is shown in
Fig. 2�b�. Similar to the results shown in Refs. 19 and 44, a
systematic shift of the onset is found with increasing thick-
ness. The observed band-gap onset shifts from 3.3 to about
2.0 eV. The thickness-dependent onset energies are shown in
Fig. 2�c�. Error bars are based on the energy resolution of the
microscope. It was found that the correct h-GaN band-gap
onset can be obtained for specimen thicknesses up to 0.5 t /�.

Above this value interpretation of VEELS measurements be-
comes increasingly complicated by the Cerenkov losses.

The angular distribution of electrons which have suffered
Cerenkov losses �hereafter called “Cerenkov electrons”� is
not readily visible under normal TEM operation conditions.
This is because those Cerenkov electrons are confined to a
very narrow angular range close to the scattering angle �
=�E��1v2 /c2−1� �see Eq. �1��. Therefore it is necessary to
use fairly large camera lengths.46,47 Figure 3�a� shows the
�-q map of h-GaN acquired at a rather thick region. The
interband transitions and volume plasmon are clearly ob-
served. These interband transitions are supposed to be direct
transitions24 since no momentum transfer q perpendicular to

FIG. 2. �Color� �a� h-GaN VEEL spectra measured at different
specimen thicknesses; �b� systematic shift of the apparent band gap
to lower energies with increasing sample thickness; and �c� plot of
apparent band gap versus sample thickness showing the true band-
gap value below 0.5 t /�.

FIG. 3. �Color� �a� �-q map of h-GaN at a thick region with
strong Cerenkov losses and �b� line profiles extracted at different q
values with a linewidth of about 5 �rad. The energy loss of Ceren-
kov radiation has a narrow angular distribution.
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the direction of the incident beam of electrons is involved. In
the band-gap region, intensive Cerenkov radiation is ob-
served which overlaps with the band-gap transition at
3.3 eV, leading to the described downwards shift of the ap-
parent onset energy. Since most VEELS measurements only
reflect this apparent onset energy which includes both genu-
ine band-gap transitions and artifacts from Cerenkov radia-
tion, it is very important to reduce the specimen thickness for
less Cerenkov losses. Figure 3�b� shows line profiles ex-
tracted from different q values �marked by arrows in Fig.
3�a�� using a linewidth of about 5�rad. The spectral intensi-
ties were normalized in the energy-loss range from
1 to 2 eV. An intensive energy-loss peak due to Cerenkov
radiation is observed. Because of the small angular range of
“Cerenkov electrons” this peak is much stronger close to q
=0 than for �q��0. From Fig. 3�b� h-GaN VEEL spectra
show significant Cerenkov contribution when collected with
a collection aperture of 20 �rad. For larger collection angles
the relative Cerenkov intensity becomes smaller.

�-q maps of h-GaN at different thicknesses are shown in
Fig. 4. Comparison of the spectra shows great similarity for
the plasmon losses as well as for the interband transitions
which were also revealed in Fig. 2�a�. However, the more
intensive Cerenkov losses in thick regions overlap severely
with the band-gap transitions. This clearly confirms that the
apparent shift of the band gap towards lower energies at
increasing thickness is due to Cerenkov losses.

The necessity of using thin specimen areas to obtain true
band-gap values implicates the danger of local nonstoichi-
ometry of the specimen due to specimen preparation arti-
facts. In addition, excitation of surface plasmons can become
important. Although these seemed to be negligible effects in
our measurements, one has to keep in mind their possible
influence.48,49

B. Indirect semiconductors

Indirect band-gap semiconductors do not have the lowest
conduction band energy at the � point. Therefore the fast
electron has to transfer momentum to an electron in the va-
lence band in order to excite it into the conduction band. This
also implies that the cross section for interband transitions is
lower than in the case of direct semiconductors which, in
turn, makes Cerenkov losses more prominent. Examples of
Si VEEL spectra have shown the difficulties in interpreting
the low-loss data due to strong Cerenkov radiation

FIG. 4. �-q maps of h-GaN acquired at different thicknesses.
Cerenkov losses are less pronounced at thin regions.

FIG. 5. Star-shaped filter-entrance aperture used for dark-field
VEEL spectroscopy: �a� Image of the aperture in diffraction mode
and �b� spectrum obtained by using this aperture.
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losses.4,19,50 Therefore alternative ways have to be under-
taken for accurate measurements of the band-gap value.

Since “Cerenkov electrons” have a very narrow angular
distribution, and indirect semiconductors normally require a
large momentum transfer q� for the band-gap transition,51

we suggest “dark-field VEEL spectroscopy” for band-gap
measurements of indirect semiconductors. Figure 5�a� shows
the geometry of a star-shaped filter-entrance aperture which
can efficiently suppress the collection of Cerenkov losses
while permitting the high-angle indirect band-gap transitions.
The corresponding diamond spectrum acquired in diffraction
EELS mode in Fig. 5�b� shows dark contrast along the cen-
tral region of the dispersion axis which is attributed to the
presence of the aperture.

In comparison to other dark-field spectroscopy tech-
niques, this aperture has certain advantages. For instance,
although it is possible to exclude Cerenkov losses from
VEEL spectra by using �-q maps and integrating the high-
angular range, the signal-to-noise ratio can be quite poor
because of the limited dynamic range of the CCD and the
intensive Cerenkov losses at small q. Moreover, displacing
the objective aperture allows selecting the desired momen-
tum transfer, however, the long acquisition time degrades the
energy-resolution of the spectra due to potential microscope
instabilities.

By varying the camera length, the angular range which is
blocked by the aperture can be varied. As the camera length
decreases, the angular width of the central �blocked� region
increases. Figure 6 shows dark-field diamond VEEL spectra
measured at different camera lengths. When the central range
of the aperture is greater than the Cerenkov cone, Cerenkov

losses are blocked by the aperture. In our example this hap-
pens if the blocked angular range exceeds about 320 �rad.
At larger camera lengths an intensive Cerenkov peak is ob-
served. For example, in the case of blocking 40 �rad, the
energy onset of Cerenkov radiation at about 2.5 eV is ob-
served.

To perform dark-field VEEL spectroscopy on indirect
semiconductors it is also possible to use a normal round filter
entrance aperture in diffraction mode �or objective aperture
in image mode�. Since the double-differential cross section
for inelastic scattering is proportional to both JDOS and the
form factor,51,52

d2	

d
dE
� � 	

j=1

N


f �exp�iq · rj��i��2

��E� , �2�

it is important to select an appreciable momentum range q�

covering the desired indirect band-gap transitions. The �-q
map of Si aligned along the �110� zone axis �Fig. 7�a�� shows

FIG. 6. �Color� Low-loss diamond spectra acquired with differ-
ent collection angles showing the blocking of Cerenkov losses.

FIG. 7. �-q map of Si showing Cerenkov losses across the
band-gap region.

FIG. 8. Dark-field VEEL spectrum of Si showing the band-gap
onset at 1.1 eV.
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a significant amount of Cerenkov radiation losses which is
responsible for the apparently thickness-dependent band-gap
data.19 By displacing the entrance aperture in diffraction
mode along the �-X direction to a position approximately at
the Brillouin zone boundary, the correct band-gap value of
about 1.1 eV can be measured. This is shown in Fig. 8. How-
ever, in this mode, information about direct transitions such
as E�1 �3.4 eV� and E�2 �4.2 eV� is lost. In order to reveal
this information, careful removal of relativistic effects is re-
quired, e.g., by quantitative comparison with calculated Cer-
enkov spectra. Another drawback of this technique is the
acquisition time, which requires a stable experimental envi-
ronment both electronically and mechanically. Unfortunately,
at present, this is available only in a few microscopes.

IV. CONCLUSIONS

VEELS band-gap measurements for direct and indirect
semiconductors have been performed using monochromated
electrons. Major limitations for low-loss EELS such as Cer-

enkov radiation losses were discussed and possible circum-
vention methods were proposed. For direct semiconductors,
VEEL spectra acquired at thin regions can efficiently mini-
mize the Cerenkov effects. For indirect semiconductors such
as diamond, dark-field VEEL spectroscopy using a star-
shaped entrance aperture showed restrained Cerenkov losses.
Examples of Si spectra acquired by displacing the objective
aperture revealed the exact indirect transition gap Eg of
1.1 eV. However, limitations of these methods still exist in-
cluding surface effects for very thin specimens and long ac-
quisition time for dark-field spectroscopy.
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