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ABSTRACT

Applications relevant to carbon based nano-materials have been explored using a newly installed JEOL-
2200FS field emission gun (FEG) (scanning) transmission electron microscope (S)TEM which is integrated
with two CEOS aberration correctors for both the TEM image-forming and the STEM probe-forming
lenses. The performance and utility of this newly commission hardware has been reviewed with a par-
ticular focus on operation at an acceleration voltage of 80 kV, thus bringing the primary electron beam
voltage below the knock-on threshold for carbon materials and opening up a range of possibilities for
the study of carbon-based nanostructures in the aberration-corrected electron microscope. The ability
of the microscope to obtain both atomic TEM images and high-quality electron diffraction patterns from
carbon nanotubes was demonstrated. The chiral structure of a double-walled carbon nanotube was deter-
mined from its diffraction pattern. The aberration corrected TEM imaging technique facilitates a unique
approach to accurate determination of single-walled carbon nanotube diameters. On the other hand, the
probe-corrected high angle annular dark field (HAADF) STEM imaging performance allows for the detec-
tion of single gold atoms at 80 kV and was used to study the graphite interlayer spacing in a multi-walled

carbon nanotube.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

With electron-optical spherical aberration correction technol-
ogy reaching maturity, a new generation of aberration-corrected
electron microscopes has become widespread throughout labora-
tories concerned with the physical characterization of materials
across the world (Smith, 2008). A modern electron microscope can
operate either in conventional transmission electron microscope
(TEM) mode where a parallel-beam illuminates the specimen, or
scanning TEM (STEM) mode where the electron beam is focused
to a small probe and scanned across the sample. Correction of
electron optical lens aberrations is achievable through application
of proprietary ‘corrector’ hardware for either imaging (TEM) or
probe forming (STEM) lenses (Haider et al., 1998b; Batson et al.,
2002). Both routinely provide sub-Angstrom resolution imaging
and atomic-level microanalysis (Tanaka, 2008). By incorporating
both probe and image aberration correctors and other analytical
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instrumentation into a single electron optical column, a double
aberration-corrected TEM/STEM has proven a versatile and pow-
erful tool to explore advanced nano-materials on the atomic scale
(Hutchison et al., 2005; Kirkland et al., 2008; Zhu and Wall, 2008).

A JEOL-2200FS FEG (S)TEM fitted with hexapole aberration cor-
rectors (CEOS GmbH) for both imaging and probe-forming lenses,
together with a JEOL in-column omega-type electron energy fil-
ter, has recently been installed in a purpose-built building at the
Nanomicroscopy Center (NMC) in Aalto University, Finland. The
experimental evaluation of similar microscope systems has been
reported previously by several pioneer groups (Allard et al., 2004;
Blom et al., 2006; Hutchison et al., 2005; Kirkland et al., 2008;
Sawada et al., 2005; Zhu and Wall, 2008). In this contribution, our
attention is primarily directed towards the evaluation and early
applications of our microscope, focusing on its performance at a
low operating voltage of 80 kV for the study of carbon based nano-
materials.

2. The microscope and its accommodation in brief

Fig. 1 shows the JEOL-2200FS FEG (S)TEM (Fig. 1a) and its
remote operation room (Fig. 1b) which are accommodated in a
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Fig. 1. (a) A200KkV Cs-corrected TEM/STEM fitted with both probe forming and imaging correctors; (b) the control panel of the microscope in a remote operating room and

(c) a view of the Nanomicroscopy Center at Aalto University.

dedicated building (Fig. 1c) of NMC at Aalto University. The micro-
scope is equipped with a Schottky field emission gun (FEG) and
can be operated at accelerating voltages up to 200kV. It has a
JEOL high-resolution pole piece (HRP)-wider gap (4 mm) objec-
tive lens to facilitate high experimental flexibility in applications
such as electron beam tomography, cryo-TEM, and other dynamic
experiments, all performed at high resolution in the aberration-free
environment. Two CEOS hexapole-type spherical aberration (Cs-)
correctors (Haider et al., 1998a) are seamlessly incorporated into
the design of the electron optical column and may be tuned to gen-
erate negative Cs, thus compensating for the effects of the positive
spherical aberrations inherent in the standard electron objective
lens for both TEM and STEM based imaging. The microscope is also
fitted with a JEOL lithium-drifted silicon (Si-Li) energy dispersive
X-ray spectrometer (EDS) and an in-column Q-type energy filter
facilitating the electron energy loss spectrometry (EELS) and energy
filtered TEM (EFTEM). The system is configured for full remote con-
trol from a separate operating room (Fig. 1b) in order to minimize
human disturbances and to humanize the operation. A Hamamatsu
high frame rate digital camera is used for live image viewing and a
Gatan 4k x 4k UltraScan 4000 CCD camera is employed for digital
recording of TEM images. A high-angle annular dark-field (HAADF)
detector above the Q-filter and a bright-filed (BF) detector under
the filter are mounted for digital STEM imaging. A unique piezo-
driven stage allows fine control of the specimen position in x and y
directions. The microscope also features an entirely oil-free vacuum
system that ensures specimen contamination from any pumping oil
in the system is completely eliminated. Furthermore, the micro-
scope operates with full alignments both at 200 kV and at 80 kV.
To guarantee the best performance of such aberration-corrected
electron microscopes, the local environment around the micro-
scope must be carefully controlled providing a lowest level of floor
vibration, acoustic noise, stray electromagnetic fields, fluctuations
in airflow, humidity and room temperature (Allard et al., 2004;
Zhu and Wall, 2008). The building of the Nanomicroscopy Center
at Aalto University has been designed to minimize external dis-
turbances which might cause interference with the microscopes.

Fig. 2a shows the floor plan of the main instrument section in the
NMC building which contains all the microscope rooms (S1-S3 and
T1-T6). Other rooms for the main power supply, air handling units
and sample preparation are located in a second section (not shown
in Fig. 2a) which is physically separated from the main instrument
section. The room (S2) that houses the JEOL-2200FS is based on a
room-in-room construction, with its column sitting on a fiberglass
block of dimensions 3 m x 5 m x 2 m deep, which itselfis supported
by a 6 m deep concrete block (see Fig. 2b for its cross section pro-
file). The microscope foundation is separated from the rest of the
building by two air gaps to prevent outside disturbance. Vertical
and horizontal vibrations measured from room S2 are well below
0.1 wm/s, and 0.3 wm/s, respectively, in the low frequency region
(<8 Hz), which are generally hard to be damped by the design of the
microscope itself. In addition, stray magnetic field measured from
all three directions in room S2 with all necessary electronic devices
powered on is at a background level around 0.1 nT with the high-
est peak at about 10 nT, well below JEOL's specification of 100 nT.
The fluctuation in room temperature is extremely small, at a rate
of approximately +0.1 °C for months.

3. Performance and applications

The conventional performance tests of the microscope at 200 kV
have resulted in comparable performance to those reported earlier
by other groups with similarly configured microscopes (Allard et al.,
2004; Blom et al., 2006; Hutchison et al., 2005; Kirkland et al., 2008;
Sawada et al., 2005). Here we focus our topics on some early results
that we have achieved on the microscope operating at 80 kV.

3.1. TEM imaging and electron diffraction of carbon nanotube at
80kV

Since their discovery, carbon nanotubes have been extensively
studied due to their unique structure and fascinating properties.
It is known that the size and chiral angle of a nanotube are
two key parameters that determine its properties. High-resolution
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Fig. 2. (a) The floor plan of the main section in the NMC building; (b) the cross section profile of the instrument rooms (S1-S3). Architect Ilkka Paajanen, Architect bureau
Arto Sipinen and structural design Raimo Salminen, Magnus Malmberg Consulting Engineers.

transmission electron microscopy (HRTEM) has been one of the
most widely used tools for structural characterization of carbon
nanotubes. A single walled carbon nanotube (SWCNT) usually
appears in a conventional TEM image as simply a pair of parallel
dark fringes which are regarded as two edges of the nanotube. For
a double-walled carbon nanotube (DWCNT), four separate walls
appear as two pairs of dark lines. It is not until recently that the
ease of using the aberration-corrected TEM enables atomic imaging
of SWCNTs, from which direct structure determination is possi-
ble (Hashimoto et al., 2004; Hirahara et al., 2006; Warner et al.,
2009) but usually challenging with some inherent ambiguity due
to the typical weak contrast and low signal-to-noise level. It is even
worse for a DWCNT, where two tubes are usually incommensu-
rate and the projection of four curved graphitic layers generates
complex Moiré patterns (Zuo et al., 2003). In contrast, electron
diffraction has been proven powerful in structure evaluation of car-
bon nanotubes (Gao et al., 2003; Jiang et al., 2007; Kociak et al.,
2002). Here we demonstrate the ability of using the JEOL-2200FS
microscope to form atomic resolution images and to obtain high-
quality electron diffraction patterns from carbon nanotubes at alow
operating voltage of 80 kV, which is considered to avoid severe elec-
tron beam induced knock-on damage in carbon nanotubes. (Zobelli
etal.,2007). As an example, an 80 kV aberration-corrected high res-
olution TEM lattice image of a DWCNT is shown in Fig. 3a, and a

corresponding electron diffraction pattern is presented in Fig. 3b.
In the TEM image, the Moiré pattern is clearly visible between two
intense dark lines. The FFT pattern (inset) of the image displays a
number of discrete layer lines. However, the definition of both the
image and its FFT pattern are insufficient for unambiguous deter-
mination of the atomic structure of the nanotubes. Fortunately, the
electron diffraction pattern shown in Fig. 3b, which also features
many discrete layer lines, is nearly perfectly defined in terms of
layer lines’ positions and intensity distributions. Careful layer line
distance analysis (Jiang et al., 2008) indicates that, in the upper
half of the pattern, four yellow solid lines originate from diffrac-
tion of one nanotube (Tube A), while four other (red dashed) lines
which are equally spaced correspond to the other nanotube (Tube
B). Further analysis of the layer line intensity profile on the base of
a robust Bessel-function-based method (Jiang et al., 2006) identi-
fies the order of Bessel function for each individual layer line. As
a result, Bessel function orders of two independent layer lines LQ
and L’3\ for Tube A are determined to be 17 and 10, giving the chiral
indices of Tube A as (17, 10). For Tube B, two independent layer
lines LB and LB are recognized having Bessel function orders as 32
and 0, respectively, thus Tube B is a zigzag tube indexed as (32, 0).
The chiral angles of Tube A and Tube B are 21.49° and 0°, and the
diameters of the two nanotubes are 1.85 nm and 2.51 nm, respec-
tively. Apparently, we see that Tube A is the inner tube and Tube B

Fig. 3. (a) An 80KkV aberration-corrected TEM lattice image of a double-walled carbon nanotubes with its FFT pattern as an inset. The C-C zigzag chains in the outer zigzag
nanotube is schematically indicated with arrows. (b) The corresponding electron diffraction pattern of the DWCNT.
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Fig. 4. (a) An aberration-corrected HREM image of a SWCNT; (b-g) a through-focal series of images corresponding to the framed region indicated by the arrow in (a); (h-m)
line profiles plotted from the related images indicating the spacing of the two prime fringes in the images. The nominal instrument focus values (Af) are given in the right
column. (n) The electron diffraction pattern of the investigated SWCNT, from which the chirality of the nanotube is determined to be (22, 8).

is the outer tube, and the interlayer distance between two walls of
the nanotubes is calculated as 0.33 nm. With the carbon nanotube
structure determined, it is understandable that the TEM image con-
trast of the investigated DWCNT is dominated by the modulation
due to the C-C zigzag chains (Hashimoto et al., 2004) in the outer
(32, 0) zigzag tube (indicated schematically by arrows in Fig. 3a)
which is lined up in a repeating period of 0.213 nm along the axial
direction of the nanotube.

3.2. Accurate measurement of carbon nanotube diameters from
aberration-corrected TEM images

Successful applications of single-walled carbon nanotubes relies
largely on accurate determination of their structural parameters.
It is broadly recognized that the diameter of a carbon nanotube
can be measured on its HRTEM images by measuring the spacing
of two related parallel dark fringes. However, the image con-
trast of a SWCNT depends strongly on imaging conditions as
well as the spherical aberration coefficient of the microscope. It
was claimed that the diameter of a SWCNT can hardly be mea-
sured accurately from conventional HRTEM images (Qin and Peng,
2002). However, aberration correction techniques in electron opti-
cal system have led to dramatically increased resolution, sensitivity
and signal to noise in high-resolution microscopy, thus, opening
a new approach to the imaging of SWCNTs with high preci-
sion.

Fig. 4a shows an aberration corrected HRTEM image of a SWCNT
which was taken with the microscope at 80kV. The image dis-
plays a pair of parallel dark fringes surrounded by white fringes.
To evaluate the dependence of the image contrast on the focus-
ing condition, a through-focal series of images was recorded with a
focal step of 1.5 nm. Fig. 4b-g shows images of the same portion of
the nanotube (the framed region indicated by an arrow in Fig. 4a at
nominal instrument focus values (Af) and Fig. 1Th-m shows line
profiles plotted from the corresponding images. Image analysis
indicated that, with the aberration corrected TEM, the measure-
ments of the spacing between the two dark fringes changed little
with the focus condition except for Af> 0 nm where the dimension
is not well defined. The measurement error induced by changing Af
from —1.5nm to —6.0 nm is less than 1%. To correlate the measure-
ment of the dark fringe spacing to the actual nanotube diameter, an
electron diffraction pattern (EDP) shown in Fig. 4n was taken from
the nanotube on the same microscope at 80 kV. By using a unique
calibration-free method based on intrinsic layer line distance anal-
ysis of the EDP (Jiang et al., 2007), the chirality of the SWCNT was
determined to be (22, 8), thus the nanotube diameter is 2.11 nm.

With this value, the microscope can now be calibrated at a certain
focusing condition, e.g. Af=—1.5nm, thereafter, the microscope is
capable of measuring the nanotube diameter with high accuracy.

3.3. HAADF-STEM imaging at 80 kV

High angle annular dark field (HAADF) STEM imaging is well
suited to the observation of heavy metal atom clusters on amor-
phous supporting films of low atomic number materials (Nellist and
Pennycook, 1996; Young et al., 2008). Single atom detection using
the HAADF-STEM technique at 200 kV has been previously reported
(Blom et al., 2006; Tanaka, 2008), and atomic level structural and
chemical analysis is now becoming routine at lower acceleration
voltages (Krivanek et al., 2010). In our test, nano-sized Au clusters
on an amorphous carbon film were used. The Cs-corrected STEM
performance at 80kV was firstly evaluated by using the electron
Ronchigram of an amorphous carbon film as a diagnostic tool for the
residual lens aberrations (Lin and Cowley, 1986). Fig. 5a shows that
the coherent flat phase region of the focused electron Ronchigram
was observed up to 30 mrad semiangle. A condenser lens aperture
of a radius about 20 mrad (indicated by the inner yellow circle in
Fig. 5a) was used while a HAADF image was scanned. Fig. 5b is an
HAADF STEM image of a fivefold axis decahedral Au nano-crystal
surrounded by a number of separated white dots which are believed
to be single gold atoms (indicated by arrows). The intensity profile
crossing one of those spots (circled in Fig. 5b) with a well-defined
shape is shown in Fig. 5¢, giving the full width at half maximum
(FWHM) about 0.101 nm.

Following this successful test we applied the HAADF-STEM
imaging technique to observe multi-walled carbon nanotubes
(MWCNTs) which has relatively low contrast compared to heavy
metal materials. Shown in Fig. 4a and b are a pair of STEM
images of a MWCNT sample (at 80 kV) which were acquired on the
bright-field (BF) detector and subsequently on the HAADF detector.
BF-STEM images are largely produced by coherent elastic scat-
tering and collected over a range of collection angles very close
to the optical axis. Therefore they exhibit many of the phase-
contrastimage properties of a conventional bright-field TEM image.
Fig. 6a presents a high-resolution BF- STEM lattice fringe image of
the carbon nanotube, showing fine structures of dotted features
along the nanotube walls, which typically arise from the coherent
interference between different Bragg beams. On the contrary, the
incoherent HAADF image (Fig. 6b) shows just the bright line fea-
tures with typical graphite interlayer spacing of 0.34 nm. It is noted
that carbon nanotubes are not suitable for testing the HAADF image
resolution due to their lack of high-angle thermal diffuse scattering
for HAADF collection.
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Fig. 5. (a) Electron Ronchigram of the Cs-corrected electron probe focused on a thin amorphous carbon film. The coherent flat phase region (red circle) was observed up to
30 mrad semiangle. HAADF images were scanned by using a condenser lens aperture of a radius about 20 mrad (yellow circle) (b) an HAADF STEM image of a fivefold axis
decahedral Au nano-crystal surrounded by a number of single Au atoms; and (c) an intensity profile crossing the circled atom in (b). (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of the article.)

3.4. Electron energy-filtered TEM (EFTEM) imaging of carbon
nanotubes

The Q-type energy filter installed in the microscope allows
acquisition of elastic zero-loss electronic images (or diffraction pat-
terns) and elemental maps of thin specimens using inelastically
scattered electrons in addition to EELS analysis. EFTEM with an
in-column electron energy filter is as simple to operate as the
conventional TEM due to the unique symmetrical design of the
spectrometer, which compensates automatically for image distor-
tion in the achromatic image plane. The 4k x 4k CCD camera is
effective to provide enough pixel resolution though being binned
up to 8 x under low signal conditions to increase the SNR. Fig. 7 gives
an example of the energy-filtered elemental mapping (at 80kV)
of a single-walled carbon nanotube (SWCNT) sample which was
synthesized in a gas-phase floating catalyst CVD reactor (Anisimov
etal.,2010) where iron nanoparticles derived from ferrocene vapor
decomposition act as catalysts. The sharp elemental map clearly
reveals the carbon distribution, especially its thin coating layer
around the Fe catalysts, which helps understanding the growth
mechanism of carbon nanotubes.

4. Summary

A double-aberration corrected and energy-filtered analyti-
cal JEOL-2200FS TEM/STEM has recently been installed at Aalto
University, in a dedicated building that provides an exception-
ally stable environment for high-resolution electron microscopy.
In addition to its reputable performance at 200kV, the micro-
scope has been demonstrated to show excellent performance
at 80kV with versatility. Both atomic TEM imaging and high-
quality electron diffraction have been proven practical on carbon
nanotube structure determination. Aberration-corrected HAADF-
STEM image of gold atoms embedded in an amorphous carbon
film demonstrates the ability of the microscope for single atom
detection. The graphite interlayer spacing in a multi-walled car-
bon nanotube is resolved in its HAADF image. With the aid
of the aberration correction technique, a feasible method has
been set up for accurate measurement of single-walled carbon
nanotube diameters. The microscope operating at 80 kV makes
it suitable for investigation of beam sensitive materials like
carbon based nanomaterials that suffer easily from knock-on
damage.

Fig. 6. A Cs-corrected STEM bright-field image (a), and a corresponding Cs-corrected STEM dark-field image (b) of a multi-walled carbon nanotube.
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Fig. 7. An energy-filtered elemental mapping (at 80kV) of a single-walled carbon
nanotube sample showing clear elemental distribution of both C (green) and Fe
(red). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)
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