Figure 1. The Oxford JEM-2200FS.
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based on a JEM-2200FS (Hutchison et al., 2005; Sawada
et al., 2005). The correctors are supplied by CEOS GmbH
based on a design due to Rose and Haider (Haider et al.,
1998a) in which the corrector elements consist of a pair of
strong hexapoles and two round-lens doublets. As detailed
elsewhere (Haider et al., 1998b; Lentzen, 2006), the primary
aberration (a strong threefold astigmatism) of the first
hexapole is compensated by the second hexapole in an
antisymmetric configuration. This long hexapole arrange-
ment generates a combination aberration that compensates
the positive spherical aberration of the objective lens through
suitable hexapole excitation. Additional weak multipole ele-
ments are also included for the adjustment of the beam axis
and correction of parasitic aberrations to third order. The
interpretable resolution is thus extended from 0.19 nm in
the uncorrected state (C, = 0.5 mm) to less than 0.12 nm in
the corrected state (Fig. 2). The resolution is then limited
only by the temporal coherence determined by the chro-
matic aberration and energy spread (AE = 0.7 to 1.0 €V,
Cc = 1.3 mm).

In practice, adjustment of the imaging corrector is
achieved through two or more steps. The coarse twofold
astigmatism is first corrected using an untilted image of a
thin amorphous film and the focus adjusted to a suitable
underfocus (typically between 200 and 400 nm for images
recorded at 300,000 X magnification). Alignment then pro-
ceeds with the acquisition of a Zemlin tableau of diffracto-
grams calculated from images of a thin amorphous foil
recorded at several tilt azimuths with constant tilt magni-
tude (Zemlin et al., 1978; Zemlin, 1979). A tilt value of 18
mrad might typically be used initially for a coarsely aligned
state, and a higher tilt value of 40 mrad is used for final

Figure 2. Power spectra calculated from images of a thin amorphous germanium film decorated with gold particles.
a: C; = 0.5 mm with point resolution limit at 0.19 nm indicated. b: C; = 0.0 Imm with resolution limit at 0.12 nm

indicated.
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correction of the higher order aberrations. These data sets
are used to measure the tilt-induced defocus and twofold
astigmatism, which provide linear estimates for the coeffi-
cients of the wave aberration function. To accomplish the
measurement, Uhlemann and Haider (1998) have devel-
oped a computationally efficient algorithm in which each
experimental diffractogram is compared to a library of
precalculated diffractograms. Finally, the estimated coeffi-
cients of the aberration function are used to automatically
adjust the corrector currents. In practice, the spherical aber-
ration and other aberration coefficients may be set to zero
for pure amplitude contrast, or the spherical aberration
coefficient may be set to a small negative value for optimum
phase contrast (Lentzen et al., 2002; Chang et al., 2003). It is
good practice to record values of the coefficients (including
the error in each) as calculated from the Zemlin tableau
both before and after the acquisition of experimental im-
ages. These values may also subsequently be used in post-
acquisition analysis, as described later.

INDIRECT ABERRATION COMPENSATION

Several methods have been developed for experimental de-
termination of the axial aberration coefficients (e.g., Kirk-
land et al., 2006). All are based on the injection of known
beam tilts and the measurement of one of several possible
observables in the image. Historically, image displacements
as a function of beam tilt have been measured through
standard cross-correlation functions (e.g., Typke & Dierk-
sen, 1995), but the utility of this approach is, in practice,
restricted to coarse alignments. Alternatively, the measure-
ment of diffractograms of thin amorphous materials (Kirk-
land et al., 1995; Coene et al., 1996) reveal the tilt-induced
defocus and astigmatism from which the coefficients may
be calculated.

The final method relies on measurements taken from
image wavefunctions (Meyer et al., 2002, 2004) and is
applicable to crystalline specimens as well as thin amor-
phous materials. Initially, a phase correlation function (PCF)
(Kuglin & Hines, 1975) is used to determine the defocus
difference between neighboring images to high accuracy.
The absolute focus and astigmatism are subsequently mea-
sured from the restored image wavefunction of a reference
image using a phase contrast index (PCI) function.

All of the above indirect methods provide estimates of
the coefficients of the wave aberration function, which can
subsequently be used to recover both the phase and modu-
lus of the specimen exit wavefunction (Saxton, 1988) under
either linear or nonlinear imaging. This provides resolution
enhancement for uncorrected microscopes, but can also
complement direct aberration correction, as described in
the next section.

COMBINING DIRECT AND INDIRECT
METHODS

Direct electron-optical correction offers the advantage that
it may be achieved online in a single image, with no require-
ment for postacquisition processing or acquisition of ex-
tended focal or tilt azimuth series. However, with current
generation optical elements, correction of aberrations ex-
tends to the third order only, and the recorded data com-
prises intensity only.

Indirect correction or compensation of aberrations has
the primary advantage that the complex exit wavefunction
is reconstructed. Correction to any order is theoretically
possible, limited only by the measurement accuracy, and the
process is achieved through relatively simple software. The
disadvantage is that this is necessarily an off-line technique
requiring multiple image data sets, although faster comput-
ers and appropriate adaptation of software should soon
allow reconstructions to be achieved at the microscope in
close to real time.

Indirect and direct approaches have been used in com-
bination (Tillmann et al., 2004) and provide additional
advantages. For a focal-series data set, the elimination of
tilt-induced axial coma relaxes the requirement of using
parallel illumination and enables the illumination to be
converged onto the specimen area of interest. Current den-
sity at the sample may be maintained in this manner while
reducing the emitter current, thereby giving a reduced en-
ergy spread in the illumination (for a Schottky source), and
hence an improved information limit. For a tilt-series data
set, the elimination of tilt-induced axial coma gives rise to
less critical focus conditioning for a given tilt magnitude
(Kirkland et al., 1995) and multiple tilt magnitudes are
possible without any induced focus change. For either geom-
etry, the reduced delocalization of image components in the
electron-optically corrected image is advantageous. The volt-
age center and axial coma-free axis are also coincident, and
hence the temporal coherence envelope is symmetric, and
localized compensation of higher order aberrations up to the
fifth order is also possible. Finally, we note that the beam tilt
coils may be used for precise sample axis alignment about a
limited range because all axes are free of axial coma.

Experimentally, 20-member focal series about Gaussian
focus are typically taken with focal increments of 5-10 nm
with the spherical aberration adjusted to a small negative
value. Images in the focal series are preprocessed to account
for the effects of the camera modulation transfer function
and noise power spectrum (Meyer et al., 2000) prior to
recovery of the specimen exit wavefunction. Figure 3 illus-
trates typical phase plates obtained after initial electron-
optical correction to the third order, and after aberration
refinement to the fifth order using locally determined values
of the aberration coefficients (Kirkland et al., 2006), with
the latter clearly showing a clear improvement in the extent
of transfer within a 77/4 phase limit.
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Figure 3. Phase plates calculated to the fifth order from residual aberrations. a: After direct electron optical correction
to the third order. b: After local refinement of aberrations to the third order using the PCF/PCI method. Black to white
represents a phase shift of 7. Inner and outer circles represent resolution limits of 0.1 and 0.08 nm.
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Figure 4. a: Aberration-corrected image of Pt nanoparticle taken from a series of 20 images (Af = —93 nm, C, = —30

pum). b: Phase of restored specimen exit wavefunction.

APPLICATIONS

Two applications are described illustrating the benefits of
combining direct and indirect aberration correction to
HRTEM.

Figure 4a shows a Pt nanoparticle oriented close to a
(110) direction supported on partially graphitized carbon.
This image forms part of a 20-member focal series acquired
at 200 kV with 5-nm focal steps and with the spherical

aberration adjusted to —30 um (Cervera Gontard et al.,
2007). Restoration of the specimen exit wavefunction re-
veals substantially more structural detail in the restored
phase (Fig. 4b) with surface monatomic steps, adatoms,
and localized rearrangements clearly visible. The graphitic
planes of the support are also resolved in the reconstructed
phase, and a partial epitaxial contact between a graphene
sheet and a {111} facet can be seen, in agreement with
previous studies of Ni{111} surfaces (Eizenberg & Blakely,
1979).
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Figure 5. Moduli of Fourier transforms of the complex specimen exit wavefunctions of (111) orientated SrTiO; using
(a) focal-series data and (b) combined tilt/focal-series data. Circles indicate the limit for which information transfer
drops below 10%, equivalent to a spatial resolution of 0.12 nm for the focal series and 0.08 nm for the tilted data set.
Selected high-order reflections are highlighted to emphasize the presence of additional information in the exit
wavefunction recovered from the tilt/focal-series data compared to the axial focal series data.

In the second example, images of thin crystals of (111)
oriented SrTiO; were examined in order to compare indi-
rect aberration compensation using focal- and tilt-series
data set geometries (Haigh et al., 2006). Experimental focal
series comprised 20 images separated by a focal increment
of 10 nm with the series centered about the Gaussian focus
condition with a typical spherical aberration of —3 um. Tilt
series consisted of six short focal series taken at different
illumination tilt directions using tilt magnitudes of up to
20 mrad.

For both data sets, specimen exit wavefunctions were
restored under the same linear imaging approximation.
Aberrations were initially measured to the fifth order from
diffractograms and electron-optically corrected to the third
order. Subsequently the aberrations were locally refined to
the fifth order for a specimen subregion of interest using
the PCE/PCI approach to an accuracy of <1 nm.

Figure 5 demonstrates the improvement in information
transfer that can be obtained using a tilt-series data set for
exit wavefunction restoration. The exit wavefunction re-
stored from the focal series shows information transfer (at
10%) corresponding to a resolution of 0.12 nm, whereas
the same level of information transfer limit is extended to
0.08 nm in the tilt-series reconstruction.

DouBLE CORRECTION

It is important to note the consequences on microscope
operation of the double corrector arrangement. For experi-

ments in which only HRTEM data are required, the upper
corrector may be switched off and the condenser system of
the JEM-2200FS can then be used as normal. In practice,
a small voltage is applied to one of the hexapoles in the
upper corrector to compensate for a residual threefold
astigmatism arising from the gun lens and any residual field
from the first hexapole. For experiments in which a small
probe is required for analysis or STEM imaging in combina-
tion with HRTEM imaging, it is preferable to leave the
upper hexapoles excited in order to avoid the effects of
hysteresis while the hexapole fields stabilize. To achieve this
arrangement, a small adjustment to transfer lenses in the
upper corrector is possible that allows broad parallel illumi-
nation to be achieved satisfactorily with both upper hexa-
poles strongly excited.

A novel use of double correction is for three-dimensional
imaging and analysis. The depth of focus of a lens is
inversely proportional to the square of its numerical aper-
ture, and aberration correction in TEM can lead to depths
of focus of only a few nanometers. In STEM, this reduced
depth of focus has been used to optically section samples
and to reconstruct three-dimensional images (Van Benthem
et al.,, 2005). In the JEM-2200FS, correction of both pre-
and postfield allows the use of large condenser and objec-
tive aperture sizes and hence the possibility of using the
instrument as a scanning confocal electron microscope (Nel-
list et al.,, 2006). To align the instrument in a confocal
configuration, both the pre- and postfield correctors must
be simultaneously optimized. If the postspecimen optics are
used to form a diffraction pattern, then a Ronchigram is
observed (Lin & Cowley, 1986; Fig. 6), from which the
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Figure 6. a: Ronchigram of amorphous carbon film with radius of 30 mrad marked. b: Kikuchi bands from a thick
silicon crystal in a (110) orientation allowing camera length calibration and measurement of a (noncircular) condenser
aperture size between 56 and 60 mrad diameter. (Reproduced from Appl Phys Lett 89, 124105, copyright 2006, American

Institute of Physics.)

Figure 7. a: Image of a probe formed with the microscope in confocal configuration, with average FWHM of 0.17 nm.
b: Silicon single crystal imaged along (110) direction at the same magnification, which serves as the calibration.
(Reproduced from Appl Phys Lett 89, 124105, copyright 2006, American Institute of Physics.)

probe-forming optics can be tuned. Imaging mode then
allows a magnified image of the probe to be formed (Fig. 7).
If the probe-forming optics are corrected, any distortions in
the image can be described by postfield aberrations and the
postfield corrector tuned by observation of the probe shape.
Hence, with both correctors tuned it is possible to establish
confocal trajectories in the microscope.

FUTurRe DEVELOPMENTS

Aberration correction in HRTEM has brought the point
resolution beyond the 0.1-nm level, limited only by the
chromatic aberration and temporal coherence. If the micro-
scope is sufficiently mechanically stable to allow longer
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exposure times, then the emission may be reduced, with a
consequent reduction in energy spread in the beam from
around 1 eV to 0.5 eV for a Schottky source without
monochromation. For these values, the resolution, mea-
sured as the spacing at which the transfer drops to a 10%
value, improves from 0.12 nm to 0.10 nm at 200 kV. It is
planned to add a double Wien filter monochromator to our
second generation microscope (Mukai et al., 2005), which
will allow the use of energy spreads as low as 0.2 eV for
HRTEM observations. Mechanical improvements, including
an isolating cover for the specimen holder and remote
operation from an adjacent room, are among provisions to
allow longer exposure times and reduced drift of the sample
during the acquisition of focal or tilt series that typically
comprise between 20 and 27 images. To realize the full
benefit of the reduced energy spread, the power supplies for
HT and objective lens have ripples of less than 0.5 ppm,
and a piezo drive for specimen height control will facilitate
the collection of through focal series of images without the
need to alter the objective lens excitation and will be essen-
tial for scanning confocal electron microscopy experiments.
Aberration correction of the objective lens prefield results
in higher beam currents and smaller probes: the acquisition
of the resulting intense probe images on the CCD is hin-
dered by saturation effects. This has been addressed by two
fast piezo shutters (above and below the objective lens) and
by increased magnification of the projector system below
the omega filter.
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