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Abstract 
 

Modern TEM enables the investigation of nanostructures at the atomic scale. However, TEM 

images are only two-dimensional (2D) projections of a three-dimensional (3D) object. Electron 

tomography can overcome this limitation. The technique is increasingly focused towards 

quantitative measurements and reaching atomic resolution in 3D has been the ultimate goal for 

many years. Therefore, one needs to optimize the acquisition of the data, the 3D reconstruction 

techniques as well as the quantification methods. Here, we will review a broad range of 

methodologies and examples. Finally, we will provide an outlook and will describe future 

challenges in the field of electron tomography. 
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L’évolution récente des MET permet d’explorer les nanostructures à l’échelle de l’atome. 

Cependant, les images obtenues ne sont que des projections bidimensionnelles d’objets 3D. La 

tomographie électronique permet de pallier à cette limitation et se concentre de plus en plus sur 

les mesures quantitatives. De plus, la résolution atomique en 3D représentait depuis longtemps le 

but ultime en tomographie. Il est donc nécessaire d’optimiser l’acquisition des données, les 

techniques de reconstruction 3D ainsi que les méthodes de quantifications. Nous allons passer en 

revue différentes méthodologies et exemples. Nous discuterons ensuite des perspectives et des 

nouveaux défis à relever dans ce domaine. 
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1. Introduction 

 

Modern transmission electron microscopy (TEM) is the ideal technique for the characterisation of 

(nano)materials. However, it is important to point out that TEM images are only two-dimensional 

(2D) projections of three-dimensional (3D) objects. To overcome this problem, 3D electron 

microscopy or so-called "electron tomography" was developed. This technique has been used 

successfully in the field of biology for several decades [1, 2], but the resolution is limited to the 

nanometer range because of several parameters such as beam damage, the thickness of the sample 

and the sample preparation [3]. Also the use of highly defocused images in order to improve 

phase contrast will form a limiting factor [4]. For inorganic materials, beam damage might be a 

bottleneck for some samples, but there are more important problems to overcome. Conventional 

bright field TEM images of crystalline materials are often dominated by Bragg scattering and for 

certain orientations, the interaction is non-linear. This violates the so-called "projection 

requirement", which states that each image of a tilt series for electron tomography should be a 

monotonic projection of a physical property of the sample under investigation [5]. In the field of 

materials science, electron tomography was therefore initially only used for polymers [6] and 

porous materials [7]. After the combination of high angle annular dark field scanning 

transmission electron microscopy (HAADF STEM) and electron tomography, which was 

demonstrated by Midgley et al. [8], electron tomography became a standard method to 

characterize inorganic materials as well. 

Over the  years, a broad range of electron microscopy techniques such as bright field TEM (BF 

TEM), HAADF STEM, annular dark field TEM, electron holography and energy filtered TEM 

(EFTEM) and energy dispersive X-ray spectroscopy (EDX) have all been extended to 3D, 

providing a world of new information on structure function relationships across a broad range of 

samples and applications [9-17]. In addition to the demand for quantitative electron tomography, 
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the ultimate goal has been to achieve electron tomography with atomic resolution. Although this 

is not yet a standard possibility for all structures, significant progress has recently been achieved.  

 

2. Conventional Electron Tomography 

When using conventional electron tomography (see Figure 1), also referred to as "continuous 

electron tomography", a tilt series of TEM images is acquired by tilting the sample over a large 

tilt range, with an increment of typically 1 or 2º. After alignment of the projection images, using 

e.g. cross-correlation, the tilt series is combined into a 3D reconstruction of the original object 

through a mathematical algorithm. When applying for example "direct back projection" [2, 18], 

the images of the tilt series are back projected along the original acquisition angles. In order to 

correct for an uneven sampling of the spatial frequencies, a weighting filter is often used. This 

technique is referred to as "weighted back projection" and is the most commonly used 

reconstruction algorithm. With the increase of computing power, iterative reconstruction 

techniques such as e.g. the simultaneous iterative reconstruction technique (SIRT) became widely 

used [19]. These algorithms improve the quality of the reconstruction in an iterative manner by 

minimizing the difference between the original projection images and forward projections of the 

intermediate reconstructions.  
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Figure 1: A schematic illustration of a continuous electron tomography experiment, 

including the acquisition of a tilt series (a and b) and back projection of the images along 

their original acquisition directions (c). 

 

Using the conventional approach, the quality of such a reconstruction is predominantly 

determined by the number of projections. Unfortunately, it is mostly impossible to tilt the sample 

over the full 360°, since there is only limited spacing for the sample holder in between the 

objective pole pieces of the microscope or because of shadowing effects that occur at higher tilt 

angles. When using a dedicated, single tilt tomography holder, a tilt range of typically ±80º can 
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be covered. The consequent lack of projection images for a certain range of angles leads to a so-

called "missing wedge" of information [8]. Missing wedge artefacts will heavily influence the 

quality and resolution of the reconstruction. This loss of resolution can be particularly observed 

along the axes perpendicular to the tilt axis. In addition to missing wedge artefacts, it can be 

expected that a limited sampling and slight misalignments will also negatively influence the 

quality of the reconstruction. Boundaries between areas with a different composition will be 

blurred and this may hamper a reliable qualitative visualisation as well as an accurate 

quantification of the reconstructed object.  

 

3. Quantitative electron tomography 

3.1 Acquisition 

The demand in the field of electron tomography is increasingly focused towards quantitative 

measurements of morphologies, chemical compositions or even properties. In order to reach these 

goals, one needs to optimize the acquisition of the data, the 3D reconstruction techniques 

(including the alignment procedures) as well as the post processing and the quantification 

methods.  

Due to the missing wedge, the resolution is anisotropic and inferior along the direction where the 

information is missing. In order to improve the quality and the resolution of a 3D reconstruction, 

based on continuous electron tomography, it is therefore necessary to overcome missing wedge 

artefacts as much as possible. Therefore, new types of tomography sample holders were 

developed and subsequent acquisition schemes were proposed. For example, "dual-axis tilt 

electron tomography" is an approach in which a second tilt series is acquired along a tilt axis, 

perpendicular to the tilt axis of the first series. In this manner, the missing wedge is reduced to a 

missing pyramid, which leads to an improvement of the quality of the 3D reconstruction [20, 21]. 
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An alternative is so-called "on-axis tilt tomography", which is based on the use of a needle-

shaped sample that is prepared by focussed ion beam (FIB) milling. The needle, having a 

diameter of approximately 100-300 nm, is attached to a dedicated holder and enables one to 

rotate the needle over a tilt range of 360° eliminating missing wedge artefacts [22-24]. An 

example of a study in which on-axis tilt tomography is used, is presented in Figure 2. In this 

study, a porous La2Zr2O7 layer was investigated [23, 25]. Orthoslices through a 3D reconstruction 

based on a full tilt series acquired using a needle-like sample show that missing wedge effects are 

absent.  The effect of the missing wedge is furthermore illustrated in Figure 2, where 3D 

reconstructions are presented that are obtained by eliminating a range of projections from the 

original tilt series. The approach is directly applicable to samples for which a needle shaped 

sample can be prepared (e.g. by FIB). In addition, there have been studies in which the technique 

was also applied to image nanoparticles in 3D. For such experiments, one needs to alter the 

rotation stub of the tomography holder [26]. 

Although the missing wedge is completely eliminated when using on-axis tilt tomography, 

quantification is still far from straightforward and it is furthermore unlikely that the approach 

might lead to atomic resolution in 3D in a straightforward manner. One important bottleneck is 

the thickness of the needle: when decreasing the diameter, required to obtain high resolution 

(S)TEM projection images, the stability of the sample during the tilt series will be a limiting 

factor.  

 

 

 



 8 

 

 

 

 

 

 

 

 

 

Figure 2: top left: 2D projection image of a needle-shaped pillar, obtained for a porous 

layer of La2Zr2O7. The visualisation of the 3D reconstruction is shown at the right. 

Orthoslices through the reconstruction are also presented as a function of increasing 

missing wedge. The reconstructions are based on a SIRT reconstruction (top) and a discrete 

tomography reconstruction as explained in section 3.2 (bottom). 

 

Although it is clear that approaches in which the missing wedge is minimized can be thought of 

as a crucial step towards quantification in 3D [23], there are still only a limited number of 

examples of quantitative analysis performed in the field of electron tomography [23, 27-29]. One 

of the remaining challenges is that a segmentation step is required to determine the 

correspondence between different greyscales in the reconstruction and different compositions (or 

features) in the original structure. Segmentation is often performed manually but this approach is 

clearly very time consuming and can be subjective. Segmentation is heavily influenced by 

artefacts related to the missing wedge and it was found that samples need to be tilted over a range 

of at least ±80° in order to obtain reliable quantitative measurements [22, 23]. However, even if 
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projection images could be acquired for a full range of angles, several other minor reconstruction 

artefacts such as the effect of a limited sampling and slight misalignments [8] might still be 

present and will hamper the segmentation step. Recent progress concerning alignment procedures 

was made by using the contrast observed in the tomogram as a criterion to iteratively optimize 

the alignment of the tilt series [30].  

Another bottleneck on the route to quantitative electron tomography might be the so-called 

cupping artefact, which corresponds to an underestimation of the intensities at the interior of a 

HAADF-STEM reconstruction [31]. This artefact is due to the non-linearity of the HAADF-

STEM signal and is especially apparent for samples having a large thickness such as nanoparticle 

assemblies [32]. Novel segmentation procedures have recently been proposed [33], but in 

general, a quantitative interpretation based on the conventional reconstruction algorithms remains 

difficult. 

3.2 Reconstruction 

None of the algorithms described above uses additional information on the system that one wants 

to reconstruct. By implementing a priori knowledge, the quality of a reconstruction can be 

drastically improved and very often, such additional information on the sample is indeed 

available or can be obtained using other (TEM) techniques. One approach to incorporate a priori 

knowledge is by using "discrete tomography" as implemented in the discrete algebraic 

reconstruction algorithm (DART). DART is an iterative algorithm that alternates between steps 

of the SIRT algorithm from continuous tomography and certain discretisation steps [34, 35]. Both 

for BF TEM and HAADF STEM tomography it was shown that missing wedge artefacts are 

significantly reduced [34, 36]. Another advantage is that segmentation of the 3D dataset is carried 

out during the reconstruction in a reliable and objective manner [23]. This is illustrated in Figure 

2 where the quality of the SIRT reconstruction rapidly decreases with increasing missing wedge, 
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but the discrete tomography reconstruction, obtained using DART, still shows a good 

(qualitative) agreement with the results obtained for a full tilt range. These results furthermore 

showed that it is possible to obtain reliable and quantitative results using the DART algorithm, 

even for a tilt range as limited as ±60˚ [23].  

A different kind of prior knowledge is exploited when using compressive sensing based 

reconstruction algorithms [37-39]. A specific variant of this approach is “Total Variation 

Minimization” (TVM), where it is assumed that the object that needs to be reconstructed has a 

sparse gradient at the nanometer scale. For objects at the nanoscale, it is indeed often a good 

assumption that boundaries between different compounds are sharp, leading to a sparse gradient 

of the object. TVM again has the advantage that the resulting 3D reconstructions suffer less from 

the missing wedge. In a recent study, a combination of TVM and discrete tomography was 

proposed. The threshold intensities from a TVM reconstruction hereby serve as the grey values 

that are requested for a discrete reconstruction [40].  

Clearly both DART and TVM are very promising algorithms when quantitative measurements in 

3D are aimed at. Recently, it was also demonstrated that it is possible to incorporate prior 

knowledge on the geometry of the sample, such as convexity and homogeneity, during the 3D 

reconstruction [41]. In the majority of the studies where these advanced reconstruction algorithms 

have been applied so far, a resolution in the nanometer range was obtained. Nevertheless, it is 

clear that these algorithms will also play a key role when atomic resolution in 3D is the final goal.  

 

4. Seeing atoms in 3 dimensions 

Despite all of the progress that was made towards improving the ability to obtain quantitative 

results, atomic resolution in 3D remained the ultimate goal in the field of electron tomography for 

many years [12, 42]. The underlying theory for atomic resolution tomography has been well-
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understood [42, 43], but nevertheless, experimental results were lacking until recently, when 

significant progress, pushing the resolution in 3D to the atomic level, was achieved using 

different methodologies [44-47].  

A first approach is based on the acquisition of a limited number of HAADF STEM images that 

are acquired along different zone axes. As shown in Figure 3, a 3D reconstruction at the atomic 

scale could be obtained for a Ag nanoparticle with a diameter of approximately 3 nm, embedded 

in an Al matrix [44]. The reconstruction was based on only 2 HAADF STEM images obtained 

when viewing the same particle along the ]110[  and the [100] zone-axes (see Figures 3.a and 3.d, 

respectively). Using advanced statistical parameter estimation theory, the parameters of an 

empirical physics-based model have been estimated in the least squares sense. The refined 

models are shown in Figures 3.b and 3.e for the particles shown in the white boxed regions of 

Figures 3.a and 3.d. The estimated parameters could be exploited to count the number of atoms in 

a column with single atom precision [44, 48]. The resulting counting results are shown in Figures 

3.c and 3.f and have been used as an input for discrete tomography. In contrast to the approach 

explained in section 3.2, we will not use the number of expected grey levels in the final 

reconstruction as an input for 3D reconstruction. For reconstructions at the atomic scale, the 

following prior knowledge is incorporated: (i) all of the atoms lie on a face-centered-cubic (fcc) 

grid; (ii) the particle is connected and contains no holes; (iii) the number of edges should be 

minimized. The computed 3D reconstruction of the Ag nanocluster viewed along three different 

directions is shown in Figure 3.g. An excellent match was found when comparing the 3D 

reconstruction with additional projection images that were acquired along additional zone axes.  
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Figure 3: a) Experimental HAADF STEM image of nanosized Ag clusters embedded in an 

Al matrix in ]110[  zone-axis orientation. b) Refined parameterized model of the boxed 
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region of figure a. c) Number of Ag atoms per column. d) Experimental image in [100] 

zone-axis orientation. e) Refined model of the boxed region of figure d. f) Number of Ag 

atoms per column. g) Computed 3D reconstruction of the Ag nanocluster viewed along 

three different directions. 

 

Although the technique was experimentally first applied to nanocrystals present in a stabilizing 

matrix, the approach is definitely more generally applicable and can also be used to study free-

standing nanocrystals. Figure 4, for example, illustrates the result of a study that was performed 

for colloidal core-shell semiconductor nanocrystals [45]. Using the atom counting procedure, the 

number of Pb atoms in the core could be quantified for [110], [100], and [010] zone axes 

projections. Next, discrete tomography is used to reconstruct the occupancies of the Pb positions 

in 3D. The resulting reconstruction is presented along different viewing directions in Figure 4.b. 

The symmetry of the core is clearly different from what could be expected based on a single 2D 

image.  

The discrete approach explained above assumes that the atoms are positioned on a (fixed) face-

centred-cubic lattice and that the particle contains no holes. These assumptions provide an 

excellent start for the investigations described above, but deviations from a fixed grid, caused by 

defects, strain or lattice relaxation might be important parameters that determine the physical 

properties of nanomaterials. One may therefore wonder if continuous tomography can lead to 

visualisation of individual atoms in case the projection images yield atomic resolution. Fullerene-

like nanostructures were investigated with a sub-nanometer spatial resolution (0.3*0.6*0.6) nm³ 

by Sadan and co-workers [12]. In this work, a tilt series was recorded with a tilt range of ±60º 

and a fixed 3º increment. The series was acquired in BF TEM mode using a microscope aligned 
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at negative Cs imaging conditions. The tomographic reconstruction, which was obtained for 

MoS2 octahedral nanoparticles could indeed be interpreted in terms of the atomic structure.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: a) 2D HAADF STEM image of a PbSe-CdSe core-shell structure. b) Different 

viewing directions of the 3D reconstruction of the Pb lattice forming the core of the 

nanorod. 

More recently, Scott et al. reported to have obtained a 3D reconstruction at a resolution of 0.24 

nm. A icosahedral multiply twinned Au nanoparticle with a diameter of ~10nm was hereby 

investigated [46]. Although not all atoms could be located in this reconstruction, the authors 

conclude that individual atoms could be observed in some parts of the nanoparticle. The 

reconstruction was obtained without using any prior information and was based on the so-called 

equally-sloped tomography approach [49]. This means that rather than using a tilt series based on 

an equal tilt increment, increments in the acquired series are based on angles having equal slopes. 
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In total 69 images were required to obtain this 3D reconstruction. Using the methodology 

reported by Scott et al. [46], no prior knowledge is assumed, but a relatively large number of 

images is necessary and not all atoms in the nanoparticle could be visualised. This might be 

related to the presence of the missing wedge, which will also play an important role for 

reconstructions at the atomic scale. More recently, the technique was also applied to platinum 

nanoparticles in which dislocations are present [50].  

An alternative approach, based on compressive sensing was recently reported [51]. The 

advantages compressive sensing for electron tomography with nanoscale resolution are 

summarised elsewhere in this paper [37, 38], but the technique also holds great promise for 3D 

reconstructions at the atomic scale. For such reconstructions, one possibility is to exploit the 

sparsity of the object since only a limited number of voxels in the reconstruction are expected to 

contain an atom and most voxels will correspond to vacuum [51]. An important advantage of this 

approach is that the actual positions of the atoms can be revealed without using any assumptions 

concerning the crystal lattice. Another benefit is that because of the incorporation of sparsity 

during the reconstruction, a limited number of projections is sufficient to create a faithful 

reconstruction of the atomic lattice.  

Mathematically, a tomographic reconstruction corresponds to reconstructing an object x starting 

from its projections b, which are acquired by a projection operator A. The tomographic 

reconstruction then often corresponds to iteratively solving the following minimization problem. 

2

2

^

minarg bAxx
x



 

When implementing compressive sensing, an additional penalty parameter λ is introduced 

leading to a simultaneous minimization of the projection error and the L1-norm of the object (i.e. 

the sum of the absolute values of all the voxels in the reconstructed object)[52]: 
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minarg xbAxx
x



 

The methodology was applied for Au nanorods and the results are presented in Figure 5. In order 

to obtain the 3D reconstruction, 4 different high resolution HAADF STEM images were acquired 

along different zone axes. Alignment of the images was based on a center of mass calculation for 

each projection [46]. The reconstructions were calculated using the iterative algorithm based on 

compressive sensing as explained above. In Figure 5.a, orthoslices through the reconstruction of a 

Au nanorod are presented and it is clear that the fcc crystal lattice of the rod has been reproduced 

without using prior knowledge on the atomic structure. From these reconstructions, the boundary 

as well as the tip facets of the rod have been precisely identified and also atomic steps at the 

surface can be detected. Recently, the technique was combined with statistical parameter 

estimation theory and was applied to bimetallic nanoparticles. To the best of our knowledge, this 

is the first experiment in which the atom type of individual atoms in a heterostructure is 

determined in 3D [53]. 
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Figure 5: a) Three orthogonal slices through the reconstruction of a Au nanorod, showing 

individual atom positions. The facets composing the morphology can be determined. b) 

Slices through the 3D εzz strain measurement indicate an outward relaxation of the atoms at 

the tip of the nanorod. 

 

A completely different approach that has gained interest with respect to reaching atomic 

resolution in 3D is by exploiting the reduced depth of focus for aberration corrected HAADF 

STEM. When the convergence angle is increased to 30mrad or more, only very thin slices of a 

sample can be brought into focus at the same time. In this manner, the technique which is referred 

to as "depth sectioning" can be used to obtain 3D information on a sample. Because of the high 

signal-to-noise ratio of an aberration corrected microscope it is even possible to detect individual 

impurity atoms inside the volume of a TEM sample [54]. A drawback of the technique is a strong 

elongation effect, sometimes larger than a factor of 30, that is present along the electron beam 

direction for a typical aberration corrected STEM setup [55]. To overcome this problem, a 

parameter based reconstruction algorithm has been proposed [56] using prior knowledge about 

the constituent atom types and the microscope settings. Theoretically, it is shown that the 

resolution can be pushed to the atomic level in all three dimensions and that the positions of all 
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atoms can be retrieved. By using scanning confocal electron microscopy (SCEM), a technique in 

which the collection optics (of a double aberration corrected TEM) is arranged symmetrically to 

the illumination optics, the elongation might be significantly reduced [57]. The potential of 

different S/TEM based techniques was investigated theoretically and it was hereby concluded 

that energy filtered SCEM (EFSCEM) is the most promising approach, especially in combination 

with correction of the chromatic aberration [55, 58, 59].  

 

5. Measuring properties in 3D 

 

Electron tomography is no longer based on BF TEM or HAADF STEM images only and has 

been combined with a broad range of TEM techniques. Incoherent BF STEM was proposed for 

thick samples [60] and dark-field transmission electron microscopy (ADF TEM) [17], hollow 

cone illumination [61] or precession techniques [62] have been used to reduce the unwanted 

diffraction contrast in TEM mode. Other techniques on the other hand, exploit diffraction 

contrast, e.g. weak-beam dark-field images have been used to reconstruct the 3D network of 

dislocations in GaN [63]. Furthermore different inelastic TEM techniques are widely used for 3D 

studies. EFTEM tomography can be carried out with a resolution in the nanometer range [14, 64, 

65]. Plasmon excitation energies have been used for 3D reconstructions of a carbon nanotube 

encased in nylon [16] and to visualize the distribution of Si nanoparticles embedded in a Si 

matrix [66]. Also preliminary results on mapping surface plasmons in 3D have also been reported 

[67]. 

The combination of electron holography and tomography leads to the possibility to map electric 

and magnetic fields inside nanostructures in 3D. As described elsewhere in this issue, electron 

holography enables one to extract the projected scalar potential for electrostatic fields and/or a 
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projected component of the vector potential for magnetic fields. By extending this approach to 

3D, the internal electric potential of semiconductor p-n junctions could be characterized with 

nanometer resolution [11, 68]. Mapping magnetic induction is more complicated and rather than 

using scalar-based tomography (which is based on the projection requirement), vector field 

electron tomography should be applied. Besides electron holography, also Lorentz TEM can be 

used to reconstruct the magnetic induction B(r) or equivalently, the vector potential A(r). 

Although the theory behind vector-based tomography is well understood, the experimental 

combination with TEM is not straightforward [69, 70]. One of the main reason is that several tilt 

series have to be acquired along perpendicular axes in order to reconstruct the field that changes 

not only in size but also in direction. First experimental results, characterizing the 3D vector 

potential in and around a magnetic permalloy structure, demonstrate the feasibility and the 

importance of expanding magnetic measurements by TEM from 2D to 3D [71].  

In addition to the 3D characterization of electromagnetic fields, it is also of great importance to 

measure strain in 3D. It has been shown that using dark field holographic techniques, strain can 

be measured in 2D with a spatial resolution in the nanometer scale [72]. Current semiconductor 

science however, requires (quantitative) strain measurements to be in 3D. Also for nanoparticles, 

in which the fraction of surface atoms with respect to the total number of atoms in the particle 

becomes considerable, it is of great importance to investigate for example surface relaxation in 

3D. Extending state-of-the-art techniques to measure strain also in 3D is not straightforward since 

2D strain maps do not fulfill the projection requirement. Again, vector field electron tomography 

might be able to overcome this problem. Another option is to use the outcome of 3D 

reconstructions at the atomic scale as an input for techniques such as the geometrical phase 

analysis [73]. The atom positions are not fixed during the 3D reconstruction presented in Figure 5 

meaning that the reconstruction can serve as a starting point for many other investigations such as 
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ab-initio calculations or even strain measurements. As an example, we applied geometrical phase 

analysis (GPA) [73] to the 3D reconstruction shown in Figure 5.a and the result is presented in 

Figure 5.b. From this figure is it clear that strain measurements on a local scale can now be 

carried out in 3D. A reference region where no strain is present, was selected in the middle of the 

nanorod. This implies that all strain measurements are relative with respect to this reference 

region.  As discussed in [51], an accuracy of 1.3% was found for the results in Figure 5.b. It can 

be expected that better accuracies will be reached by combining 3D reconstruction such as the 

ones in Figure 5 with statistical parameter estimation theory. 

When incorporating nanomaterials in actual devices, they will be exposed to environmental 

conditions. It is therefore of great interest to perform dynamical 3D studies (e.g. as a function of 

temperature or when applying strain) by electron tomography as well. Especially for catalysis or 

optoelectronics, nanoparticle shape dynamics plays an important role. In order to reach these 

goals, further optimization of tomography holders and reconstruction algorithms will be required. 

Morphology changes that occur for a branched semiconductor nanostructure, having blunt and 

sharp tips, were investigated for samples that were heated to different temperatures prior to their 

investigation in the TEM.  The results are illustrated in Figure 6. 3D experiments in which 

heating is performed  in-situ are soon to be expected [74]  .  
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Figure 6: 3D reconstruction of a CdSe-CdS core-shell octapod at a) room temperature, b) 

300°C and c) 500°C. Different tips behave in a different manner during heating. 

 

6. Small, smaller, smallest 

All of the abilities and 3D reconstruction tools described above will certainly play an important 

role in the further characterisation of nanostructures. However, we are always confronted with 

even more challenging samples that force us to push the limits even further. An example of such 

a material consists of ultra-small nanoparticles or clusters, having sizes below 1nm. The main 

bottleneck hampering a 3D investigation at the atomic scale is that these clusters may rotate or 

show structural changes during investigation by TEM [75]. As a consequence of this dynamical 

behaviour none of the electron tomography methods described in this paper can be applied. On 

the other hand, the intrinsic energy transfer from the electron beam to the cluster can be 

considered as a unique possibility to investigate the transformation between energetically excited 

configurations of a specific cluster. This was exactly the idea behind a recent study that focused 

on the dynamical behaviour of an ultra-small Ge clusters, consisting of less than 25 atoms. 

Aberration corrected HAADF STEM was used to acquire series of 2D images. From these series, 

specific frames were selected and analysed using statistical parameter estimation theory. In this 

manner, the number of atoms at each position could be determined. In order to extend the 2D 
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structural information that is available to 3D, ab initio calculations were carried out. As an input, 

different starting configurations, all in agreement with the experimental 2D HAADF STEM 

images, were used. All of the relaxed cluster configurations, illustrated in Figure 7, stay relatively 

close to the input structures. However, only those configurations in which a planar base structure 

was assumed, were found to be still compatible with the 2D experimental images. In this manner, 

reliable 3D structural models are obtained for the ultra-small clusters.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: The left column presents the counting results obtained for 3 different 

configurations of a single ultra-small Ge cluster. Green, red and blue dots correspond to 1, 

2 and 3 atoms respectively. The 3D results of the ab-initio calculations are shown at right 

along different viewing directions.  
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7. Conclusions and outlook 

Clearly, advanced electron tomography will take characterization of nanomaterials to a new level. 

This will lead to a better understanding and optimization of existing materials as well as the 

design of new structures with desired properties. Although several nanomaterials have been 

visualised atom by atom, new challenges are currently emerging. One of these goals is to 

visualise defects or interfaces with the same resolution as demonstrated so far. Next, the aim will 

be to measure not only the positions of the atoms in 3D, but also to determine the chemical nature 

and oxidation state atom by atom. Obviously, the achievement of atomic resolution in 3D should 

not be considered as the end of a quest, but as the start of a new journey in the field of 3D 

electron microscopy and materials science in general. 
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