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A.N. Khlobystov c, P. Hartel d, H. Müller d, M. Haider d, S. Eyhusen e, G. Benner e

a Central Facility of Electron Microscopy, Group of Electron Microscopy of Materials Science, Ulm University, Albert-Einstein-Allee 11, 89081 Ulm, Germany
b University Service Centre for TEM (USTEM), Vienna University of Technology, 1040 Wien, Austria
c School of Chemistry, University of Nottingham, University Park, Nottingham NG7 2RD, United Kingdom
d CEOS GmbH, Englerstraße 28, 69126 Heidelberg, Germany
e Carl Zeiss NTS GmbH, Carl-Zeiss-Strasse 56, 73447 Oberkochen, Germany
a r t i c l e i n f o

Article history:

Received 22 December 2010

Received in revised form

10 March 2011

Accepted 16 March 2011
Available online 1 April 2011

Keywords:

Low-voltage TEM

Beam damage

High resolution

EELS
91/$ - see front matter & 2011 Elsevier B.V. A

016/j.ultramic.2011.03.012

esponding author.

ail address: ute.kaiser@uni-ulm.de (U. Kaiser
a b s t r a c t

The electron optical performance of a transmission electron microscope (TEM) is characterized for

direct spatial imaging and spectroscopy using electrons with energies as low as 20 keV. The highly

stable instrument is equipped with an electrostatic monochromator and a CS-corrector. At 20 kV it

shows high image contrast even for single-layer graphene with a lattice transfer of 213 pm (tilted

illumination). For 4 nm thick Si, the 200 reflections (271.5 pm) were directly transferred (axial

illumination). We show at 20 kV that radiation-sensitive fullerenes (C60) within a carbon nanotube

container withstand an about two orders of magnitude higher electron dose than at 80 kV. In

spectroscopy mode, the monochromated low-energy electron beam enables the acquisition of EELS

spectra up to very high energy losses with exceptionally low background noise. Using Si and Ge, we

show that 20 kV TEM allows the determination of dielectric properties and narrow band gaps, which

were not accessible by TEM so far. These very first results demonstrate that low kV TEM is an exciting

new tool for determination of structural and electronic properties of different types of nano-materials.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

Aberration corrected transmission electron microscopy (TEM)
is currently undergoing revolutionary changes in its ability to
image materials at the atomic level using medium energy elec-
trons [1–4]. However, the resolution in the TEM image is often
limited by radiation damage rather than by the quality of the
instrument [5,6]. The damaging effects include ionization, heat-
ing, chemical etching and knock-on displacement of atoms. While
ionization and heating depend on the beam current applied to the
specimen, knock-on damage depends solely on the energy of the
electrons. Therefore, this damage effect can only be avoided by
reducing the voltage below the knock-on threshold of the objects
under study.

Already in the early days of electron microscopy, more than 45
years ago, attempts were made to visualize biological samples
with high contrast in a TEM operating at voltages as low as
6 kV [7]. However, at this time the performance of the microscope
was very poor due to the large chromatic aberration. In the
following decades, the use of low voltages in TEM was completely
ll rights reserved.

).
abandoned. Recent advances in the design of suitable aberration
correctors [1,2] initiated a revival of low-voltage electron micro-
scopy [6,8] spurring world-wide activity. For example, a double CS

aberration corrected low-voltage TEM operating at accelerating
voltages between 30 and 60 kV is currently being designed at the
National Institute of Advanced Industrial Science and Technology
(AIST), Tsukuba, Japan [9]. Very recently, it has been demon-
strated that also the Nion UltraSTEM is capable of atomic resolu-
tion imaging at 60 kV in STEM mode by virtue of its 3rd-
generation C3/C5 corrector [10]. These examples illustrate a high
level of interest in lower voltage TEM driven by the need to image
increasingly complex and delicate structures.

Within the frame of the Sub-Ångstrom Low-Voltage Electron

microscopy (SALVE) project, we aim at improving the instrumen-

tal resolution by optimizing all components of the SALVE micro-

scope and by integrating a new CC/CS corrector into the final

instrument for electron beam (e-beam) energies down to 20 keV.

Our new approach is intended to enhance the specimen resolu-

tion given by ds ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2

i þðS=NÞ2=DC2
q

[6] of radiation-sensitive

materials by low-voltage operation. The product of tolerable dose

D times contrast C is nearly independent of the voltage. Because

the contrast increases with decreasing voltage and the required

signal-to-noise (S/N) ratio is fixed, we can decrease ds by going to
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lower voltages provided that the instrumental resolution limit di

does not increase [6]. This requirement can be satisfied only by
means of a novel CC/CS corrector, which compensates for chro-
matic and spherical aberrations and provides a wide field of view.

Imaging of predominantly knock-on damage sensitive semi-
conductors, minerals, oxides and organic molecules requires low-
voltage. Low-voltage TEM in turn necessitates very thin objects to
avoid resolution degradation caused by multiple scattering. For
most bulk materials appropriate target preparation methods are
necessary to create self-supporting specimens. Present studies are
limited to very few materials where conventional preparation
techniques can be applied to create electron transparent areas. In
contrast, focused ion beam techniques allow TEM specimens to be
prepared from almost any material. Such a lamella suitable for
high-resolution TEM (HRTEM) observation at 20 kV has to be
prepared much thinner than 10 nm. However, using conventional
lift-out technique [11] and low-kV Ga milling minimum lamella
thicknesses of 20–30 nm are achievable at the best [12]. In
addition, demands for homogeneity and absence of surface con-
tamination are not met by these specimen.

Imaging single molecules requires a supporting conductive
substrate. We intend to employ graphene, a single-layer graphite
[13], as a precisely defined and thinnest possible substrate. More-
over, if its structure is removed from the image by Fourier filtering,
the HRTEM image of the free-standing object is obtained [8,14] if
bonding effects between molecule and substrate can be neglected.
In addition, electrons from the highly conducting substrates might
replace ejected electrons of the molecules before bonds break [37].

Analytical low-voltage TEM combines imaging with peculiarities
of spectroscopy at low voltages. Especially for valence EELS (VEELS)
low e-beam energies are advantageous, as a strong increase in signal
to background ratio is observed. This effect is most probably caused
by a reduction or avoidance of relativistic energy losses, like Cerenkov
losses and light-guided modes [15–17]. Calculations [17] predict the
Cerenkov limit for silicon in a range between 15 and 20 kV. The same
threshold for germanium is below 5 kV. These results suggest that at
20 kV at least silicon can be studied free of relativistic energy losses.
Furthermore, the range of the Coulomb interaction between the
incident electron and the electrons of the sample is also reduced at
20 kV resulting in a decreased delocalization width [16]. Since the
transferred momentum _qE increases for lower electron energies, the
resolution of the ‘‘inelastic’’ image also increases as long as aberra-
tions and/or diffraction are not the limiting factors.

In this study, we report for the first time on specifications and
applications of the prototype SALVE instrument operating at 20 kV
accelerating voltage. Our first example shows the capability of the
instrument to image e-beam-sensitive fullerene C60 molecules.
They have been encapsulated in the thinnest and smallest avail-
able test-tube, a single-walled carbon nanotube. Defect-free
carbon nanotubes are e-beam transparent and structurally stable
for infinite time at or below 80 kV [18,19]. The second example
demonstrates the analytical potential of the prototype SALVE

instrument for insulating and/or semiconducting materials by
using EELS at 20 kV for investigating the low-loss region of Si
and Ge.
2. Experiments

2.1. Instrumental details

The prototype SALVE microscope is a monochromated Libra
200 MC with in-column corrected OMEGA filter and imaging
CEOS CS-corrector (CETCOR). For 20 keV electrons the monochro-
mator [20] creates high image contrast at high spatial frequen-
cies: slit widths of 2.5 and 2 mm result in a full width at half
maximum (FWHM) of 0.17 and 0.15 eV for the incident electron
beam, respectively. The microscope was operated with the
OMEGA filter always turned on during all experiments. In imaging
mode the energy window (5 eV) of the energy selecting slit was
centered around the zero-loss peak. EELS was carried out using a
smaller monochromator slit of 1 mm—resulting in an energy
FWHM o0.1 eV when measured for 1 s in vacuum. In order to
obtain a good signal-to-noise ratio for the EELS data (including
both zero-loss peak and plasmon losses) in each experiment 100
single spectra were acquired with 0.2 s exposure time. The
spectra were then corrected for energy shifts by drift correlation
and subsequently averaged. All images and spectra were recorded
by a Gatan 2k�2k slow scan CCD 16 bit camera, type Ultrascan
1000. The conversion rate of the camera at 20 kV was determined
to be 0.5 CCD counts per electron by Faraday cup measurements.
Since we need a sufficiently large number of electrons in order to
achieve signals above the readout noise of the CCD. the poor
conversion rate requires much more electrons for exciting a
sufficient number of photons than the Z5 counts per electron
for conventional HRTEM in medium voltage operation.

The information limit of the microscope at 20 kV is determined
by the combination of image spread and focus spread [21]. The
focus spread limit, which comprises the effect of the chromatic
aberration and other focus instabilities can be reduced from
0.5 nm without monochromator to 0.25 nm with a reduced
energy width of 0.17 eV. The image spread limit, which includes
all kinds of lateral noise has been determined to be better than
0.18 nm.

The accelerator design and the alignment of the FEG have been
optimized for low-voltage operation. The instrument can cover a
voltage range from 20 to 80 kV (200 kV) without any loss in
brightness (referred to the extraction voltage). We demonstrate
that especially for low beam energies the electrostatic omega
principle for monochromatization and the corrected in-column
technology are beneficial for filtered images with low energy
width and highly resolved spectroscopy.

2.2. Preparation of Si and Ge samples

We used a Zeiss NVision 40 Ar cross-beam microscope
equipped with a SEM column, a Ga FIB column, and a focused
Ar beam. One micrometer thick lamellas were produced from
bulk material by conventional in-situ lift-out technique. They
were planarized and thinned to approximately 0.5 mm thickness
using 30 kV Ga-ions and low Ga-beam currents (down to 10 pA).
Subsequently, a series of rectangular recesses, each about 200 nm
deep, was milled into one side of the lamella. Both sides of the
lamella were then polished in several steps, decreasing Ga beam
voltage (down to 1 kV) to reduce the amorphous layer thickness.
Finally residual Ga contamination was removed by polishing with
the Ar ion source at 500 V. Using this technique, we obtained Si
lamellae with thicknesses down to 4 nm (thickness determined
by EELS measurement). Details of the preparation technique are
described in [22]. For the EELS experiments, the sample thickness
was chosen to be in the range from 0.2 to 0.5 times the mean free
path lengths for inelastic scattered electron. This thickness range
ensures low plural scattering – which can then be subsequently
deconvolved from the spectrum – and a sufficiently high inelastic
scattering cross-section.

2.3. Preparation of graphene and C60 at DWNT

Graphene membranes were prepared by following the CVD
methods for graphene synthesis on nickel substrates [23–25]. The
CVD grown graphene sheets were transferred onto commercial
TEM grids as described previously [15]. Arc-discharge nanotubes
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(NanoCarbLab) were heated in air at 520 1C for 20 min to remove
adsorbed water and to open their termini. The nanotubes were
cooled down to room temperature and without delay combined
with a weight equivalent of crystalline fullerene C60 (99.9% pure,
SES Research). The mixture was sealed in a quartz tube in 10�4 Pa
vacuum and heated at 500 1C for 2 days. The excess of fullerenes
was removed from the surface of the nanotubes by extensive
washing with carbon disulfide (CS2). The resultant sample was
dried in air. A small amount of C60@DWNT powder (�10 mg) was
suspended in 2 ml of methanol using an ultrasonic bath. The
suspension was drop-cast onto a lacey-carbon coated TEM grid.

2.4. EELS analysis

The refractive index has been determined from the dielectric
function by Kramers–Kronig analysis (KKA) after plural scattering
deconvolution. Due to the high dispersion of the spectrometer at
20 kV (0.023 eV/channel), only a small portion of the EELS
spectrum can be recorded on the camera. Consequentially, the
high-energy end of the spectrum is cut-off so that the intensity of
the recorded spectrum does not approach zero. This behavior
causes problems when using the conventional Fourier-log decon-
volution routine, because any Fourier deconvolution requires a
periodic function [26]. A way out of this problem is the matrix
deconvolution [27]. After retrieval of the single scattering dis-
tribution, conventional KKA can be applied yielding the optical
properties.
3. Results

3.1. Characterization of the 20 kV SALVE microscope

The information limit and the axial aberrations of our proto-
type SALVE microscope optimized for 20 kV operation were
measured using thin amorphous carbon foils. The results were
confirmed by crystalline silicon and graphene samples. Spectro-
scopy was performed on silicon and germanium.

3.1.1. Information limit

At an energy E0 of 20 keV, the chromatic aberration coefficient
CC amounts to 1.26 mm (calculation), which is in good agreement
with the measured value of (1.270.1) mm. This value was
determined using CC¼E0/DEyDf, where the change of focus Df

with changed electron energy DE was recorded in several steps of
10 eV.

Therefore, without monochromator (DE¼0.75 eV, FWHM) the
focus spread contribution from the chromatic aberration is limit-
ing the resolution at 0.52 nm (calculated for a contrast of 13.5%),
which is supported by a Young’s fringes measurement shown in
Fig. 1. Diffractograms with Young’s fringes. (a) No monochromator, energy width 0

(c) illumination tilted by 30 mrad, monochromator set as for (b).
Fig. 1a. Operating the monochromator with a slit width of 2.5 mm
(DE¼0.17 eV) extends the range of Young’s fringes (Fig. 1b). In
this case the calculated 13.5%-level is 0.25 nm. Smaller slits at the
monochromator did not improve the attainable resolution in
terms of Young’s fringes because of intensity reasons.

The slightly enhanced visibility of Young’s fringes in compar-
ison to the calculated 13.5%-levels has several reasons: ‘‘visibility’’
in a diffractogram is related to a contrast level of about 1%, which
is at a factor of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:5ln1004
p

� 1:23 times higher spatial frequency
than the 13.5%-level. The scattering amplitude of the specimen
also has to be taken into account, especially at higher spatial
frequencies. Finally, non-linear effects due to specimen thickness
can increase the visibility beyond the limit set by the focus spread
damping envelope [21].

The image spread limit of the instrument was shown to be
better than 0.18 nm by applying an illumination tilt of 30 mrad in
combination with Young’s fringes (Fig. 1c) [21].
3.1.2. Axial aberrations

The only intrinsic axial aberrations up to fifth order for the
current SALVE microscope with hexapole CS-corrector (tuned for a
small CC-contribution) are the six-fold astigmatism A5¼15 mm
and the fifth-order spherical aberration C5¼21 mm (for mini-
mized off-axial coma). The measurements in Table 1 show slightly
higher values than calculated. Most probably this is due to
calibration limits of magnification and tilt on which the values
depend in second and fourth power, respectively.

The intrinsic six-fold astigmatism reaches the p/4-limit at
27 mrad equivalent to 1/0.31 nm. The measured aberration coef-
ficients (for definitions refer to [29]) in Table 1 violate the p/4-
limit from 20 mrad (1/0.43 nm) on. However, higher order aber-
rations can partly be compensated by lower order aberrations of
the same multiplicity (except for n-fold astigmatism). The preci-
sion of the measurement indicates that a well-corrected state
with partial compensation (measured or compensated aberra-
tions below precision) can be achieved for 27 mrad (1/0.32 nm).
Since the second order coma B2 has one-fold symmetry, its
residual phase shift is always partially counterbalanced by a
small image displacement. The allowed budget for residual phase
shift due to axial coma is by a factor of four larger than estimated
by the single-coefficient p/4-limit [29]. Therefore, the precision of
the axial coma measurement as stated in Table 1 is sufficient for a
maximum aperture angle of 27 mrad.

This shows that, in a TEM equipped with a monochromator,
the hexapole CS-corrector can be used for phase contrast imaging
at 20 kV up to the limit set by the intrinsic six-fold astigmatism.

The envisioned new CC/CS-corrector for the final SALVE micro-
scope will have correction tools up to axial aberrations of fourth
order. Intrinsic aberrations of fifth order are by design sufficiently
.75 eV, (b) with monochromator, slit width 2.5 mm, energy width 0.17 eV and



Table 1
Axial aberration coefficients (for definitions refer to [28]), measuring accuracy (95% confidence interval) and p/4 limits for different scattering angles. The maximum phase

shifts are calculated from the modulus of the measured values or from the precision of the measurement in units of p/4. The residual phase shift for each aberration

coefficient is considered independently.

Aberration

coefficient

Measured

value

Maximum phase

shift at 20 mrad (p/4)

Maximum phase

shift at 27 mrad (p/4)

Precision (95%-interval)

at 27 mrad

Precision of phase

shift at 27 mrad (p/4)

A2 405 nm/711 1.01 2.48 100 nm 0.61

B2 128 nm/�71 0.95 2.33 89.7 nm 1.65

C3 �24 mm 0.88 2.93 6.25 mm 0.78

A3 4.8 mm/�1061 0.18 0.60 1.53 mm 0.19

S3 2.9 mm/401 0.44 1.45 588 nm 0.30

A4 404 mm/511 0.24 1.08 46 mm 1.07

D4 183 mm/1241 0.54 2.43 29 mm 0.39

B4 112 mm/1571 0.33 1.50 55 mm 0.74

C5 30 mm 0.30 1.81 6.7 mm 0.41

A5 18.7 mm/

�891

0.19 1.12 1.5 mm 0.09

Fig. 2. (a) and (b) HRTEM images of [1 1 0] Si acquired at 20 kV with the prototype

SALVE instrument, (c) and (d) corresponding FFTs (Fourier transforms). The weak

reflections in (d) were encircled to guide the eye. Image (a) was acquired with the

monochromator using the 2 mm slit (corresponds to 0.15 eV energy width). Image

(b) was acquired with the largest monochromator slit that corresponds to the

intrinsic energy width of 0.7 eV of the FEG. Specimen thickness is 4 nm. Scale bars

are 5 nm.

U. Kaiser et al. / Ultramicroscopy 111 (2011) 1239–12461242
small to allow for phase contrast imaging up to 50 mrad (1/0.17 nm
at 20 kV).

As a consequence of CC-correction, the precision of the aberra-
tion measurement should improve without further measures for
two reasons: with CC-correction no monochromator is needed.
The full current of the electron source can be used which results
in a better signal-to-noise ratio. At the same time larger tilts for
Zemlin tableaus can be used since tilting hardly influences the
information transfer in tilt direction anymore due to the largely
reduced focus spread.

3.1.3. Crystalline specimens

In order to judge the HRTEM imaging performance further at
20 kV, we used Si as a well-known self-supporting standard
sample. Fig. 2 shows a HRTEM images of [1 1 0] Si, where lattice
fringes of 111Si (313.5 pm) and 200Si (271.5 pm) can be clearly
seen. The influence of the monochromator on the envelope is
demonstrated by comparing the monochromated image (Fig. 1a)
with the non-monochromated image (Fig. 2b). Clearly visible
lattice fringes are only present in Fig. 2a. However, they can be
seen (much weaker) in the Fourier transform of the non-mono-
chromated image as well (Fig. 2d). The 222Si (156.7 pm) reflec-
tions can be seen as well in the Fourier transform of Fig. 2c. We
assume that they are caused by dynamic diffraction. The high line
resolution demonstrates the excellent mechanical and electrical
stabilities of the system.

We used single-layer graphene as another test sample for
determining the imaging properties of the microscope. Graphene
produces a weak signal (compared to most test samples) and is,
therefore, visible only if the damping envelopes are reasonably
good. The lattice constant of 213 pm corresponds to a scattering
angle of about 40 mrad at 20 kV. To overcome limitations caused
by chromatic aberrations we employed tilted illumination since
the spherical-aberration corrector allows tilting the illumination
without causing primary coma and field astigmatism [21,30].
Fig. 3a shows an unfiltered individual exposure from a single-
layer graphene membrane, Fig. 3b is corrected for the uneven
illumination by background-subtraction. In this example, beam
tilt (tilting of 30 mrad) and defocus were adjusted such that all six
primary Bragg reflections are present in the Fourier transform
(see inset). Fig. 3c represents another example (same sample area
as in Fig. 3a) where conditions were optimized (by adjusting
defocus and beam tilt azimuth exactly into the direction of one of
the 11̄00 reflection) to maximize transfer in one of the lattice
directions. We have achieved a modulation of 2.5% (of the mean
bright-field intensity) at 20 kV for the graphene lattice. The
presence of strong graphene lattice fringes confirms a sufficient
stability of all components such that a significant portion of the
electrons scattered to 40 mrad contribute to the image contrast.

3.1.4. Spectroscopy

For all spectroscopy experiments the TEM was operated in
diffraction mode. Fig. 4 shows the low-loss spectrum of Si
(collection angle 8.3 mrad, red curve) for VEELS analysis recorded
at 20 keV beam energy on the SALVE instrument (please note the
exceptionary low background noise). The sample thickness was
measured to be 10 nm. Reducing the accelerating voltage and the
monochromatization in VEELS provides two advantages. First, a
strong increase in signal to background ratio is observed by
reducing the accelerating voltage and second, the ZLP narrows
(energy resolution of 0.11 eV width at half maximum (FWHM)),
especially at the full width at one thousandth of the maximum



Fig. 3. HRTEM images of single-layer graphene, observed with SALVE instrument operating at 20 kV. (a) Unfiltered exposure, with beam tilt and defocus adjusted to

transfer all six primary lattice reflections of graphene (corresponding to a 213 pm spacing) with similar intensity. Inset shows Fourier transform of this image.

(b) Background-subtracted section of the image (filtered to remove the uneven illumination). (c) Unfiltered single exposure, with conditions adjusted to maximize transfer

of one of the lattice reflections. Inset shows that a modulation of 2.5% (normalized to the mean intensity) was achieved. (d) Flat-filtered section of image (c). All scale bars

are 1 nm.
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(FWTM) with 1.0 eV. This is important for accurate band gap
determination. Moreover, more spectral details can be observed
which are otherwise smeared out (as can be seen in the spectrum in
the range from app. 2.6 to 7 eV). Therefore, lowering the accelerating
voltage and monochromatization are prerequisite for an accurate
determination of the dielectric function of a material. The strong
broad feature with its maximum at 9 eV is the surface plasmon
followed by the volume plasmon with its maximum at 16.7 eV. The
energy range which can be covered by EELS is much larger
compared to optical methods (see the blue curve in Fig. 4). For
observing weak details in the VEELS spectrum high magnification of
the spectrum was chosen at the spectrometer.

For germanium, the collection angle was 8.3 mrad as well.
Here the sample thickness was determined to 15 nm. Residual
relativistic energy losses were removed off-line by using the
iterative routine described in [18].

3.2. Applications of 20 kV TEM

3.2.1. Imaging fullerenes in carbon nanotubes (CNT)

The benefit of imaging radiation-sensitive materials with
decreased acceleration voltage is demonstrated by comparison
of HRTEM dose series at 80 and 20 kV (Fig. 5) of C60 molecules
encapsulated within double-walled CNTs. Fullerenes consist of
carbon atoms ordered in pentagons and hexagons resulting in



Fig. 5. HRTEM images of C60 fullerenes in double-walled CNT at 80 kV (column a) and 20 kV (column b) accelerating voltages representing a dose series with a line-by-line

increasing cumulative dose (first row refers to the initial state corresponding to a dose of �5�106 e�/nm2). The 80 kV HRTEM experiments serve as a reference showing

radiation damage of fullerenes at a dose as low as �1�107 e�/nm2; whereas the 20 kV HRTEM images show corresponding damage at �1�109 e�/nm2, thus a

considerable improvement in e-beam stability in addition to much higher contrast (images were summed up to increase signal-to-noise ratio; scale bar corresponds to

1 nm).
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much weaker bonds compared to CNTs, where only hexagons are
present. However, the good conductivity of CNTs arising from the
delocalized p-electron system slows down radiation damage of
molecules encapsulated inside them. Nevertheless, after exposing
the C60@DWNT structure to an electron dose of �1�107 e�/nm2

at 80 kV, radiation damage effects arise in the form of coalescence
and polymerization of the fullerenes. After a cumulative dose of
�1�109 e�/nm2, almost all molecules got damaged at 80 kV and
started coalescing to form a third nanotube within the DWNT. In
contrast, at the same dose at 20 kV only very few structural
changes were observable. This indicates that the electron beam
damage is reduced at 20 kV by a factor of approximately 100
times compared to 80 kV. In addition, the images at 20 kV show,
in accordance to theory, much higher contrast. However, at
present the resolution of the atomic lattice of the molecules and
nanotubes is limited by chromatic aberration at such low vol-
tages. In future these limitations will be eliminated by means of
the new CC/CS corrector installed in the final SALVE instrument.

3.3. Valence EELS of Si and Ge

3.3.1. Silicon

We have determined the direct band gap of 2.6 eV for Si after
ZLP and plural scattering removal. This value is in very good
agreement with band structure calculations [31]. Application of
KKA provided the complex dielectric function and the energy loss
dependent refractive index for Si, as depicted in Fig. 6, red curve.
The comparison with optical measurements taken from Ref. [30]
(green crosses) shows a very good agreement with two excep-
tions: the energy range of the broad surface plasmon peak around
9 eV and the sharp feature at 4.5 eV. The reason for the first
discrepancy (around 9 eV) is surface oxidation of the silicon
specimen in our experiment, whereas the optical data was recorded
under ultra-high vacuum conditions preventing surface oxidation.
The reason for the absence of the sharp feature at 4.5 eV in our
experiment is not clear so far. It might be connected to the fact that
the surface plasmon is shifted to lower energies due to the presence
of silicon oxide on the specimen surface. This shift introduces an
error when the KKA routine treats the surface plasmon. The result
represents therefore the mean dielectric function of the non-oxidized
bulk and the oxidized surfaces.

3.3.2. Germanium

Calculations show that in the case of Ge, an electron probe
with only 5 kV would be necessary to avoid relativistic energy
losses [18]. Our experiment demonstrate that an energy of 20 kV
already allows a high signal-to background ratio in the band gap
region of the VEELS, which might be caused by a reduction of
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relativistic losses. An iterative routine [18,32] was employed to
determine this result. Subsequently, we calculated the refraction
index as a function of the energy loss by applying KKA. Note that
the refraction index was derived even for high energy losses,
where optical measurements fail. Fig. 7 shows the single scatter-
ing distribution (SSD) of germanium recorded with the SALVE

instrument at 20 kV. After subtraction of the zero-loss peak, the
direct band gap is measured to be (0.8070.03) eV. This result is
in excellent agreement with those obtained from optical mea-
surements and band structure calculations [33,34].

The obtained refractive index is in excellent agreement with
earlier work [35]. However, the transition strengths are different
compared with those obtained from optical methods [30] and
calculations based on density functional theory. The reason for
this discrepancy is not clear yet and needs more detailed study of
the influence of the collection semi-angle on band bending.
4. Conclusion

We have characterized the new prototype SALVE instrument at
20 kV operation, which is based on the Zeiss-Libra200 platform
including an in-column energy filter and is equipped with an
electrostatic monochromator and a CS-corrector from CEOS. We
have shown that the high stability of the microscope allows high
contrast imaging resolving lattice fringes in 4 nm thin Si lamellae
directly up to 271.5 pm (Si {002}) and in single-layer graphene up
to 213 pm (graphene {11̄00}, tilted illumination) at 20 kV.

In high-resolution imaging mode we showed that at 20 kV
fullerenes encapsulated within carbon nanotubes withstand a 100
times larger electron dose than at 80 kV before any significant
damage in their structures can be noticed. In spectroscopy mode
we show that optical properties can be determined at 20 kV in
nearly all materials. Something that is not possible at higher
voltages because of much lower signal to background in the
VEELS region of the spectra, caused most probably by relativistic
energy losses. We determined, for the first time by means of TEM,
the band gap and the refractive index of Si and Ge as functions of
the energy loss. The obtained results are in very good agreement
with data from optical measurements. We may note that surface
plasmons in the low-loss region of the EELS spectrum may be
increased because the sample thickness must be reduced for
20 kV. Nevertheless, it is now possible to determine optical
properties in a much wider energy loss region than accessible
by optical spectroscopy.

The final SALVE-instrument equipped with CC/CS corrector and
an optimized detector will allow atomic resolution imaging and
spectroscopy of radiation-sensitive objects in the near future.
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