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Summary

Electron tomography enables the study of  complex three-
dimensional objects with nanometre resolution. In materials
science, scanning transmission electron microscopy provides
images with minimal coherent diffraction effects and with
high atomic number contrast that makes them ideal for
electron tomographic reconstruction. In this study, we reviewed
the topic of  scanning transmission electron microscopy-
based tomography and illustrated the power of  the technique
with a number of  examples with critical dimensions at the
nanoscale.

Introduction

The potential of  nanotechnology will only be fully realized if
characterization techniques are available for the study of
structures at the nanometre scale. Many proposed nanoscale
devices are truly three-dimensional (3D) in their design and
high spatial resolution microscopy is required to reveal their
full complexity. Transmission electron microscopy (TEM), be
it in the form of  high-resolution electron microscopy or scan-
ning TEM (STEM), can provide images with extremely high
spatial resolution (sub-Å with aberration-corrected instru-
ments) but all TEM images are only two-dimensional projec-
tions of  a 3D object and as such may be rather misleading. In
structural biology, 3D TEM techniques have been developed
over many years to study cellular structures (e.g. Marsh et al.,
2001). In materials science and engineering, X-ray tomo-
graphy has been used successfully to reconstruct relatively large
3D structures, such as metallic foams (Banhart, 2001), or to
probe the stress in engineering structures (Hirano et al.,
1995). At the other end of  the resolution scale, the atom probe

field ion microscope is able to reconstruct 3D objects with
atomic resolution (Miller, 2000) but the sample needs to be
conducting and to withstand high field stresses. In contrast,
electron tomography allows relatively large structures and
devices, from metals to insulators, to be studied (up to
!500 nm in diameter) but with a 3D resolution of  !1 nm
allowing the intricate detail of  the internal nanostructure to
be seen.

Acquisition and reconstruction

In general, in order to reconstruct a 3D object using an elec-
tron tomographic approach, a series of  images (projections)
must be acquired at angular increments by tilting the speci-
men about the eucentric axis of  the specimen holder rod, from
one extreme of  the tilt range to the other. Each projection in
real space is equivalent to a central slice in Fourier space and
thus, by recording images at successive tilts, the 3D Fourier
space of  the object is built up slice by slice. It is now possible to
fully automate the acquisition process including auto-tracking
and auto-focus schemes (Ziese et al., 2002).

In practice, as illustrated in Fig. 1, reconstruction is
achieved using a back-projection method. By smearing the
original image back into an object space at the angle of  the
original projection, a ‘ray’ is generated that will uniquely
describe an object in the projection direction. Using a suffi-
cient number of  projections, from different angles, the super-
position of  all of  the back-projected ‘rays’ will return the
original object (Crowther et al., 1970; Radermacher, 1992).

Reconstructions by back-projection are always blurred
with an enhancement of  low frequencies and fine spatial detail
reconstructed poorly. This is an effect of  the uneven sampling
of  spatial frequencies in the ensemble of  original projections.
Assuming an even sampling of  Fourier space within each pro-
jection, this will result in a proportionately greater sampling
density near the centre of  Fourier space compared with the
periphery. This leads to an under-sampling of  the high spatial
frequencies of  the object and a ‘blurred’ reconstruction. It is
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straightforward to, at least partially, correct for this in Fourier
space using a weighting filter (a radially linear function in
Fourier space, zero at the centre and a maximum at the edge),
an approach known as weighted back-projection.

Reconstructions using the back-projection method will
always be ‘imperfect’ because of  the limited sampling and poor
signal-to-noise ratio. However, by noting that each projection
is a ‘perfect’ reference, the quality of  the reconstruction can be
improved. If  the (imperfect) reconstruction is reprojected back
along the original projection angles, the reprojections, in gen-
eral, will not be identical to the original projections (images).
The difference between them will be characteristic of  the defi-
ciency of  the reconstruction from the limited dataset. This
difference can be back-projected into reconstruction space,
generating a ‘difference’ reconstruction, which can then be
used to modify the original reconstruction in order to correct
the imperfections in the back-projection. This constrains the
reconstruction to agree with the original projections. As the

‘difference’ is also being back-projected, a single operation will
not fully correct the reconstruction and the comparison oper-
ation must be repeated iteratively until a ‘best’ solution is
reached. This approach has been used with great success in
the tomographic study of  a number of  materials (e.g. Midgley
& Weyland, 2003).

In general, for the single-axis tilt geometry, the spatial reso-
lution of  the reconstruction is anisotropic. Parallel to the tilt
axis, say the x-axis, the resolution, dx, is equal to the original
resolution of  the projections, assuming a perfect tilt series
alignment. The resolution in the other perpendicular direc-
tions is controlled by the number of  projections acquired, N,
and the diameter, D, of  the volume to be reconstructed
(Crowther et al., 1970) and is dy = dz = ("D)/N. In practice, the
limited space between the objective lens pole pieces and the
finite thickness of  the specimen holder limits the tilt range,
giving rise to the ‘missing wedge’ of  information (see Fig. 2).
This missing information leads to the resolution in the
direction parallel to the optic axis, dz, being degraded
further by an ‘elongation factor’, eyz, so that dz = dyeyz which
is related to the maximum tilt angle, # (in radians), by

. Examples are shown
in Fig. 2. To maximize the available tilt range, new tomo-
graphy holders have been introduced with narrower, thinner
profiles, which can easily reach ± 70° tilt (an elongation factor
of  only 1.3), or even higher, without undue shadowing or
problems with the pole piece gap.

Fig. 1. A schematic diagram of  the tomographic reconstruction using the
back-projection method. In (a) a series of  images are recorded at
successive tilts. These images are back-projected in (b) along their original
tilt directions into a three-dimensional object space. The overlap of  all of
the back-projections will define the reconstructed object.

Fig. 2. Representation of  Fourier space sampled in a limited tilt series
showing the relatively small number of  data points at high frequencies,
which results in a blurred reconstruction and the missing wedge of
information that leads to an elongation, e. The angular sampling is $ and
the maximum tilt angle is #.

eyz   (   sin cos )/(   sin cos )= + %# # # # # #
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Scanning transmission electron microscopy HAADF imaging

Any signal used for a tomographic reconstruction must satisfy
the projection requirement, which states that the intensity
recorded in a projection (image) must be a monotonic func-
tion of  an object’s physical property (Hawkes, 1992). In gen-
eral, for most (crystalline) specimens in the physical sciences,
conventional bright-field imaging will depend strongly upon
the diffraction condition of  the crystal and this will not have a
monotonic relationship with the amount of  material through
which the beam passes. Therefore, in general bright-field
images of  crystalline systems cannot be used for tomography
because they are not strictly projections. Further, even if  the
specimen is amorphous or weakly diffracting, the 3D nature of
the specimen coupled with the short depth of  focus in the TEM
ensures that Fresnel contrast will be very apparent [especially
if  using a field emission gun (FEG) instrument] and this again
cannot satisfy the projection requirement. In general, to over-
come the problem of  Fresnel contrast and diffraction effects,
the signals acquired must be predominantly incoherent in
nature. Both STEM HAADF (Z-contrast) imaging (Midgley
et al., 2001) and energy-filtered TEM (Möbus & Inkson, 2001;
Weyland & Midgley, 2003) are, or can be made to be, incoher-
ent in nature and both are chemically sensitive enabling the
3D structure and composition to be mapped simultaneously at
high spatial resolution.

An HAADF STEM image is formed by collecting a signal
using an annular detector whose inner angle is larger than
that of  any significant Bragg reflections (Howie, 1979). If  the
collection angle is large enough, the signal is formed primarily
from unscreened elastic and quasi-elastic phonon-scattered
electrons. The nature of  the scattering and its azimuthal aver-
aging lead to an almost completely incoherent signal, which is
sensitive to changes in specimen thickness and atomic
number, Z, and approximated to a Z2 dependence in the high
angle limit. Figure 3 shows a comparison between a conven-
tional bright-field image of  a multiple quantum well structure,
which is dominated by coherent scattering and bend con-
tours, and a STEM HAADF image, in which the quantum wells
are much more readily visible.

Examples of  scanning transmission electron microscopy 
tomography

The first example of  STEM tomography is used to illustrate the
resolution achievable with this technique and to illustrate
how the 3D distribution of  nanometre-sized particles can be
determined in a porous support. The specimen is a hetero-
geneous catalyst composed of  Ru10Pt2 bimetallic particles (each
with a diameter of  about 1 nm) within a mesoporous silica
support (MCM-41) whose mesopores are hexagonal in cross-
section with a diameter of  about 3 nm (Ozkaya et al., 1999).
This catalyst has proven to be remarkably successful in hydro-
genating trans, trans-muconic acid to adipic acid, the former

derived from glucose and the latter used to make nylon.
Knowledge of  the 3D distribution of  the metal nanoparticles,
and their location at or close to the walls of  the internal pores,
is key to understanding the factors that govern the activity
and selectivity of  the nanocatalysts and their change during
reaction as a possible result of  sintering and coalescence.

Figure 4(a) shows a tomographic reconstruction displayed
as a voxel projection of  the reconstructed 3D catalyst, viewed
parallel to the MCM-41 pore structure. The tomogram was

Fig. 3. A comparison of  (a) a bright-field (BF) image and (b) a scanning
transmission electron microscopy (TEM) HAADF image from an Si/SiGe
quantum well structure.
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constructed from a series of  71 STEM HAADF images taken at
200 kV from +70° to %70° in 2° steps. The nanoparticles are
well resolved within the silica framework structure and it is
evident that the majority of  pores have particles within them.
The 3D data set allows a simple segmentation of  the data into
pores and particles to better reveal the hexagonal arrange-
ment of  the pores (Fig. 4b) and the particle distribution
(Fig. 4c). Further, it is possible to extract individual pores to
determine the number of  particles within a pore (Fig. 4d) and,
knowing the Pt/Ru mass density and the silica area (from
tomogram surface measurements), a catalyst loading can be
estimated, i.e. the weight of  catalyst per unit surface area
(Thomas et al., 2004). Analysis of  the reconstruction reveals
that the mesoporous structure of  the silica has been re-
constructed faithfully with little sign of  beam damage despite
the long acquisition time (!3 h) needed for the series.

Semiconductor quantum dots and similar quantum con-
finement structures have optical and electronic properties
that are dominated by surface and interface states, which may
be combined with high strains and have different properties
from their bulk counterparts. The morphology of  such struc-
tures can be the key to understanding their unique properties.
Figure 5 shows the tomographic reconstruction of  a distribution
of  (predominantly cubic #-) tin quantum dots buried within a
silicon matrix. A representative plan view illustrates the highly
facetted surfaces of  the buried dots, with the {111} surfaces
being the most evident. A cross-sectional view shows how

some of  the dots (arrowed) appear to be shorter in one direc-
tion than the others. This is unlikely to be a reconstruction
artefact as the geometry of  the tilt series (± 70°) would, if  anything,
lead to a small elongation (not reduction) in that direction.

Figure 6 shows a reconstruction using a series of  STEM
HAADF images of  a multiwall nanotube system in which iron
particles, used as a growth catalyst, have been incorporated
into the nanotube’s internal diameter. The inset shows a
phase reconstruction from an electron hologram revealing
the stray magnetic field lines associated with one of  these iron
particles. This relatively low-resolution tomogram illustrates
the snake-like structure of  the nanotube, and the tensile and
compressive surfaces along the tube’s length. In addition, it
illustrates that high-fidelity reconstructions are possible using
STEM HAADF images even from specimens of  low atomic
number such as carbon.

Figure 7(a) shows a series of  STEM HAADF images acquired
at different tilts of  a CdTe ‘tetrapod’, a colloidal quantum dot
that has grown ‘legs’ parallel to four equivalent <111> direc-
tions in the cubic system. As can be seen from this reconstruc-
tion, the legs have been heavily deformed and it appears as
though they may have been attracted to the carbon support
film perhaps through electrostatic forces. Although all of  the
legs are visible they are clearly not symmetrically disposed
about the central ‘core’, as would have been expected. This
relatively high-resolution reconstruction also reveals the rather
bulbous excess growths, particularly at the tetrapod’s ‘foot’.

Fig. 4. (a) Voxel projection of  a tomographic
reconstruction of  a heterogeneous catalyst composed
of  Pt/Ru nanoparticles (red) within an MCM-41
mesoporous silica (white). The two components are
separated in (b) and (c); their insets are power spectra
revealing the hexagonal symmetry. (d) The position of
two nanoparticles within a single mesopore.



NA N O S CA L E  S CA N N I N G  T R A N S M I S S I O N  E L E C T RO N  TO M O G R A P H Y 189

© 2006 The Authors
Journal compilation © 2006 The Royal Microscopical Society, Journal of  Microscopy, 223, 185–190

Conclusions

The ability to use STEM HAADF images for electron tomo-
graphic reconstructions has allowed many specimens to be
examined in three dimensions at nanoscale resolution. It has
been shown that such tomographic reconstructions can be
used to easily differentiate volumes of  material with different
atomic number. Specimens with low atomic number, and thus
low cross-sections for HAADF imaging, can still be recon-
structed in three dimensions with STEM tomography. Individual

Fig. 7. (a) A tilt series of  scanning transmission electron microscopy
HAADF images recorded from a CdTe tetrapod. (b) A surface-rendered
reconstruction of  the tetrapod showing deformation of  the leg geometry
and an attraction to the carbon support.

Fig. 5. Cross-sectional and plan view of  tin quantum dots buried within a
silicon matrix. The dominant {111} facetting of  the cubic #-Sn crystals is
evident. The arrowed crystals appear rather oblate in form.

Fig. 6. A surface-rendered reconstruction of  a multiwall nanotube in
which a number of  magnetic iron particles have been encapsulated. The
ferromagnetic state of  the iron is demonstrated by the holographic phase
image in the inset.
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particles with a diameter of  1 nm can be imaged in three
dimensions and low index facets can be revealed from sub-10-
nm crystals.
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