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This paper provides a brief review on electron microscopic studies of carbon materials.
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given to recent developments, namely aberration-corrected electron microscopy and the
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r é s u m é

Cet article présente une brève revue des études réalisées en microscopie électronique sur
des matériaux carbonés. Tous les aspects essentiels y sont abordés, depuis la prépara-
tion des échantillons jusqu’à l’imagerie et la spectroscopie à très haute résolution spatiale,
en passant par les mesures conventionnelles de structure dans l’espace réel et dans l’es-
pace réciproque. Un intérêt plus spécifique est cependant consacré aux développements les
plus récents, incluant, d’une part, l’outil, à savoir la microscopie électronique à correction
d’aberrations, et, d’autre part, l’objet d’étude le plus étudié aujourd’hui, à savoir la variété
allotropique de basse dimension, le graphène.

© 2013 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Electron microscopy (EM) and carbon materials have a long, fruitful, and highly versatile relationship. Carbon structures
have been the subject of investigation already in very early studies [1–7], and still today, are among the most exciting topics.
Carbon also serves as the probably most widely used support films, and it is often a nuisance as a vacuum contamination.
Indeed, it is probably difficult to be engaged in electron microscopy without coming across carbon in one way or the
other. Carbon materials are of particular interest for electron microscopic studies due to their immensely rich variety of
shapes, allotropes, geometries and bonding configurations. The allotropes are commonly given as the bulk forms graphite
and diamond, plus the nano-scale forms of nanotubes [8–10], graphene [11], and fullerenes [12]. These, in turn, can display
further variations such as single-shell or multi-shell tubes. At the atomic level, the bonding configuration may deviate
from the basic hexagonal shape, for example at defects, grain boundaries, or edges. This leads to a further variety of the
shapes including carbon whiskers, fibers, cones [13], platelets, ribbons [14,15], onions [16,17], scrolls [18], and many others.
Moreover, exotic forms of carbon such as single-atomic carbon chains have been observed by high-resolution transmission
electron microscopy (HRTEM) [19–21].
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Fig. 1. A selection from the large variety of sp2-bonded carbon forms. At the top, the archetypal shapes for an allotrope of each dimensionality (0D to 3D) are
shown, namely fullerenes, carbon nanotubes, graphene, and graphite. However, a virtually unlimited number of sp2 bonded carbon forms can be generated
by the introduction of non-hexagonal rings, curvature, stacking, or encapsulation. Examples include carbon onions [32], multi-walled nanotubes [9,33], 2D
amorphous carbon [34], activated carbon [35], cones and scrolls [13], nanohorns [33] or peapods (fullerenes encapsulated in carbon nanotubes) [33]. The
non-hexagonal crystalline forms, such as pentaheptide [36], octagraphene [37] or haeckelite metacrystals [38] and tubes [39], have not been experimentally
observed so far. Some of the images are reprinted with permission from Refs. [13,32,33,35,37,39], and are copyright 2002, 2004, 2006, 2008 Elsevier
(Refs. [13,32,33,35], 2012 AIP Publishing LLC (Ref. [37]), and copyright 2000 by the American Physical Society (Ref. [39]).

Carbon materials represent a particular challenge for TEM imaging due to the low intrinsic contrast and high suscep-
tibility to radiation damage. The low-dimensional forms (graphene and carbon nanotubes), typically only contain one or
a few atoms in the projection of a high-resolution TEM or Scanning-TEM (STEM) image. Therefore, structures and defects
in fullerenes, carbon nanotubes, and graphene layers require special care for a detailed analysis. Nevertheless, most of the
low-dimensional carbon allotropes have been discovered or identified from electron microscopic studies. The earliest de-
scriptions of tubular carbons date back to 1952 [1], while the widespread interest into carbon nanotubes was initiated by
the electron microscopy work of Iijima in 1991 [9]. Single-layer pieces of graphite were described as early as 1962 based on
TEM observations [7]. Some of the less regular shapes, such as carbon onions or cones, often appear as by-product during
carbon nanotube synthesis and are subsequently found during TEM characterization of the material [22].

Besides being the sample or sample support, thin carbon films have been used as phase plates [23] or foil lenses [24,25].
The specific geometries of some nano-carbon materials, especially the nearly one-dimensional shape of carbon nanotubes
and the high curvature at their tips, may lead to further applications as electron optical elements. Carbon nanotubes can
serve as excellent field emitters [26–28] due to the high-field enhancement at their tips, with possible applications in
displays, X-ray sources or electron microscopes [29]. Moreover, they can serve as nano-scale bi-prisms [30], and focusing
elements [31].

2. The zoo of carbonaceous materials

Carbon is one of the most versatile elements in that it can form an enormous range of structures and compounds. Chem-
istry classes are typically split into organic chemistry—everything related to carbon—and inorganic chemistry: everything
else. No other element gathers that much attention. Here, we even consider just a tiny subsection of organic compounds,
namely those made purely from carbon and exhibiting sp2 type bonding. This by itself is sufficient to fill a chapter or a book.

Studies of the sp2 bonded forms of carbon make up the predominant part among HRTEM and STEM investigations of
carbonaceous materials. The nano-scale and low-dimensional forms, such as carbon nanotubes, graphene sheets, fullerenes,
carbon cones, scrolls, and similar types, are rather similar in their microscopic analysis (contrast, radiation damage, etc.)
due to the same underlying sp2 bonded network. Graphene may be considered as the most elementary form of sp2 bonded
carbon, and hence, insights to graphene can be beneficial also to the understanding of related structures. The sp3 bonded
form of carbon, diamond, is (from a microscopy perspective) rather similar to typical bulk crystalline materials, and will not
be further discussed in this article.

Fig. 1 is a brief, and inevitably incomplete, illustration of the wide variety of materials that can be generated from
sp2 bonded carbon. In all these materials, the carbon atoms are bonded to three neighbors in a planar or nearly planar
geometry. The differences are only the local topology (number of atoms in a ring) and the global topology, i.e. the flat or
curved shapes of graphene layers or tubes. In addition, the material may be assembled into layers or concentric shells.
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Fig. 2. Early images of graphitic carbon and nano-carbon structures. (a+b) Moiree patterns revealing dislocations (a) and point defects (b) in graphite [4,5,40]
(1961). (c) A study of ultra-thin graphite, claiming mono-layer thickness on the basis of intensity variations (1962) [7]. (d) ADF–STEM observation of discrete
intensity steps in thin carbon samples (1970) [41–43], may indicate the presence of mono-layers. (e) Endo’s early image of a carbon nanotube (1976) [44],
(f–i) Multi-walled and single-walled carbon nanotubes as presented by Iijima (1991, 1993) [8,9]. (j) The electron diffraction pattern unambiguously identifies
the atomic structure of a hexagonal lattice wrapped into a cylinder [8]. Figures reprinted with permission from Refs. [4,7–9,40,42,44]; Copyright 1961 AIP
Publishing LLC (a), (1961) Elsevier (b), (1962) The Bunsen Society for Physical Chemistry (c), (2012) Elsevier (d), (1976) Elsevier (e), (1991) and (1993)
Nature Publishing Group (f–j).

Graphite was among the first materials where defects in the lattice structure, in particular dislocations, could be char-
acterized by electron microscopy [4,5,40]. Already at that time, ultra-thin graphite was prepared by mechanical exfoliation.
The Moiree pattern that appears with the (frequently occurring) misstacked layers of graphite is very sensitive to tiny dis-
tortions in the crystal structure. Hence, it was easily possible to detect a variety of defects even though the instrumental
resolution in these early works was far from atomic dimensions.

Fig. 2 shows a short overview of historical electron microscopic images of carbon structures. Both tubular [1] and planar
forms of graphitic carbon have been around since the 1950s–1960s, but the sample preparation and imaging performance
have seen tremendous advances since then. While, for example, the (presumably) single-walled carbon nanotube in M. En-
do’s work [44] (Fig. 2(e)) was likely an exception in a material dominated by multi-shell tubes and fibers, the catalytic
growth developed later on permitted the synthesis of sizable amounts of extended single-shell carbon nanotubes. Moreover,
the electron diffraction analysis revealed the well crystallized lattice of the nanotube [8] as a seamless cylinder of a hexag-
onal network. Similarly, some early descriptions of ultra-thin graphitic layers (Fig. 2(c), (d), [7,41]) indicate the presence of
mono-layers, but the interpretation is debatable.

3. Sample preparation

One of the most important aspects of any successful EM analysis is the preparation of an adequate sample. This is even
more significant for TEM, since—as the name implies—TEM requires that the electrons are transmitted through the sample
and can reach the detector without any substantial interfering contributions from the sample support or any surface layers
of remains of the sample preparation process. For carbonaceous samples such as graphene or carbon nanotubes, any support
film or thick surface layer would produce a stronger contrast in the direct image than the thin and light elements of the
material itself. The usual approach to mitigate this effects is a careful preparation of free-standing samples.

3.1. Carbon nanotubes

Synthesis of carbon nanotubes can be achieved by a multitude of different methods (see, e.g., Ref. [45] for a review),
and there is a similarly large variety of ways to obtain free-standing nanotubes that would be suited for a TEM analysis.
One widely used approach for the transfer of carbon nanotubes to a TEM grid consists of mechanical scraping of the grown
tubes followed by dispersion in a solution agent. Mixing of the dispersion of the tubes is often facilitated by ultrasonic
agitation [46]. Subsequently the solution containing the dispersed nanotubes is dropped onto a TEM grid followed by a
drying procedure. This approach is easy and simple; however, it has several drawbacks for the study of the nanotubes by
electron microscopy. One problem is that carbon nanotubes (especially single-walled tubes) have a strong tendency to form
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bundles when deposited from a solution, and high-resolution images of bundles are much more difficult to interpret than
images of isolated tubes. One might spend a significant portion of the time searching for isolated nanotubes within a sample
that is dominated by thicker bundles. On top of this, for an analysis of the nanotubes by electron diffraction, one has to find
sections where the tubes are straight within the area that is used to form a diffraction pattern.

A variety of specialty techniques have been developed in order to obtain well-defined isolated single nanotubes in a
TEM-compatible free-standing geometry, usually integrated into nanostructured devices that allow a simultaneous measure-
ment of electric, optical or mechanical properties [47–54]. Using in-situ TEM, it was achieved to directly monitor the growth
of carbon nanotubes [55–57]. Another technique involves embedding the grown nanotubes in an epoxy resin followed by
cutting using a diamond ultramicrotome [58] or by thinning using focused ion beam (FIB) [59]. These methods can provide
cross-sectional views of the carbon nanotubes.

3.2. Graphene

Grinding of graphite and dispersion of the result onto a carbon grid is a well-known approach to make thin graphitic
test samples for electron microscopy. However, this method can only provide tiny pieces of graphene, typically at edges
of thicker crystals. The preparation of extended suspended graphene layers, starting from exfoliated sheets or CVD-grown
graphene, is still a challenge. However, in the past few years, extended graphene membranes on TEM grids have become
available as commercial products.

Early extended (few micron size) graphene samples were produced by exfoliation of graphite, where thin layers are pro-
duced by repeated peeling of bulk graphitic pieces using a scotch tape followed by a transfer to a Si/SiO2 chip (the thin films
can be seen there, because of the additional optical path shifting the interference colors; for details see Refs. [11,60]). After
identification of potential mono-layer sheets by optical microscopy, they need to be transferred onto a free-standing grid. In
the first successful approach, a metal scaffold was prepared on top of the graphene sheet by electron beam lithography and
the underlying substrate was subsequently removed [61,62]. This approach was later improved to obtain single-crystalline
mono-layer free-standing membranes with up to 25 μm in diameter [63]—much more than what is needed for electron mi-
croscopic studies, but enabling a demonstration of optical properties in the transmission geometry [64]. A simple transfer of
mechanically exfoliated graphene sheets to standard commercially available TEM grids was developed later [65]. Graphene
sheets that are prepared via oxidation (graphene oxide, GO), and the reduced form (reduced graphene oxide, RGO) may be
fished out of a solution, using standard TEM grids [66–68]. However, for preparation of the solution as well as deposition
onto the grid, parameters have to be carefully controlled in order to obtain single layers in a reasonable fraction of the area,
rather than thick stacks of sheets or nearly empty grids.

During the chemical vapor deposition (CVD) synthesis, thin films of carbon are grown on metal substrates by a surface-
catalyzed process [69–71]. These large-area samples can be transferred to TEM grids, by coating with a sacrificial support
film, removal of the metal, deposition onto the grid and finally removal of the sacrificial layer. Examples of such a transfer
process as well as resulting images are given in Refs. [72–76]. The study in Ref. [75] even adds a marker system in the
process, so as to find the same position in HRTEM and Raman investigations. While almost all studies have used graphene
membranes in a top view, cross-sectional imaging can reveal stacking of layers or presence and absence of contamination
in-between the layers [77], and does not require free-standing membranes.

4. SEM

Scanning electron microscopy (SEM) is an invaluable tool to verify sample preparation or the integration of the material
into a nanofabricated device. By SEM, it is possible to observe structures that are not accessible by TEM, for example objects
on a substrate. Fig. 3 shows examples of SEM images for graphene on a metallic and insulating substrate [73], carbon
nanotubes on a substrate [78], as well as an individual MWCNT integrated into a tensile testing setup [79]. Due to the
high electron transparency of graphene, the contrast (e.g., layer thickness) strongly depends on the underlying substrate
(Fig. 3(a), (b)). For carbon nanotubes on an insulating substrate, the contrast in the SEM can be strongly influenced by
charging of the tubes under the beam, especially at low voltages [80]. This effect is actually beneficial as it increases the
visibility of the tubes (Fig. 3(c)).

5. Effects of electron irradiation

5.1. Radiation damage

One of the most important issues regarding electron microscopy of carbonaceous materials, and low-dimensional materi-
als in general, is their stability under the electron beam. Being a light element, carbon is more easily ejected from its lattice
position. At the same time, it produces only a small contrast so that higher doses are needed in order to obtain a sufficient
signal to noise ratio.

A number of mechanisms of radiation damage are known, which include knock-on damage, ionization damage, beam-
induced etching, and heating. The damage that occurs in sp2-bonded carbon structures appears to be dominated by knock-on



C. Mangler, J.C. Meyer / C. R. Physique 15 (2014) 241–257 245
Fig. 3. SEM micrographs of graphene and carbon nanotubes. (a) Secondary-electron image of few-layer graphene on a nickel surface, showing a clear
thickness (layer number) contrast. Empty areas (bare Ni surface) can be ruled out, since even in the thinnest areas, fold and creases can be discerned [73].
(b) SEM image of the same few-layer graphene sample after transfer from Ni to a silicon/silicon dioxide substrate. (c) A network of single-walled carbon
nanotubes grown directly on a silicon/silicon dioxide substrate [78]. (d+e) An individual carbon nanotube attached to two cantilever tips for the purpose of
tensile testing [79]. (a+b) reprinted with permission from Ref. [73], Copyright 2010 Elsevier; (c) reprinted with permission from Ref. [78], Copyright 2007
Elsevier. (d+e) reprinted with permission from Ref. [79], Copyright 2000 The American Association for the Advancement of Science.

Fig. 4. (Color online.) Experimental and calculated sputtering cross sections for carbon atoms in a graphene sheet [89]. A good agreement is obtained only
if the lattice vibrations of the material are taken into account in the calculation.

damage [81–90], while chemical etching also plays an important role [87,89,91]. Chemical etching refers to a beam-activated
process that involves oxygen or water in the column, and possibly contamination on the sample.

In the early days of electron microscopy, the commonly used route to increase the resolution was by increasing the
acceleration voltage and thus decreasing the electrons wavelength. But it was only after the emergence of the first correctors
that this paradigm shifted. The increase in performance of modern corrected electron microscopes allows a decrease in
acceleration voltage without sacrificing resolution. Indeed, the demand to investigate carbon materials was a significant part
of the motivation for several recent microscopic developments towards reduced operating voltages [92–94]. Carbon atoms
within a pristine graphene lattice indeed are remarkably stable under electron irradiation of 80 kV (Fig. 4). However, defects
are still modified under an 80-kV beam (i.e., they transform from one type of defect into another) [95]. Objects such as
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fullerenes or graphene edges clearly benefit in terms of stability from substantial further reduction of the electron energy,
e.g. to 20–30 kV [93,96].

5.2. Beam-induced material modifications

If the effect of the electron beam on the material is sufficiently predictable and controllable, one can make use of it
in order to structure or otherwise modify the sample. The most straightforward way to do this is to make use of the
knock-on displacement effect in order to create atomic vacancies [97–99] or extended holes [100]. However, it is important
to consider the (temperature-dependent) structural reorganization of the material in response to such modifications [101,
102]. In particular, mobile carbon atoms can re-fill vacancies at rates that noticeably slow down the cutting of a carbon
nanotube [103], and at elevated temperatures, graphene re-organizes itself fast enough to display a pristine lattice even
under 300-kV irradiation [102]. At very low voltages, such as those available in a scanning electron microscope (SEM),
cutting of carbon materials can be achieved via the chemical etching effect: in Ref. [91], water vapor was intentionally
added to the column in order to increase the speed of cutting multi-walled carbon nanotubes. Besides cutting, it is possible
to deposit carbon onto graphene under a focused electron beam [65], an approach that is also known as contamination
lithography.

6. Diffraction-based methods

On the theoretical side, the understanding of TEM images and electron diffraction patterns of graphene, carbon nano-
tubes, and related materials is relatively simple. With a thickness of only one or a few carbon atoms in the projection along
the electron beam, the interaction between the beam and the sample can be approximated as a weak perturbation in the
phase of the electron wave given by the electrostatic potential of the sample. Indeed, these materials are probably the only
ones where it is reasonable to use a weak phase object approximation when studied at typical electron energies at or above
60 kV (at 20 kV, even graphene is a strongly scattering object [104]). The single-slice approximation is reasonable for a
single layer of atoms (and as a first approximation for few-layer samples), but must be replaced by multi-slice calculations
for thicker samples. Indeed, already for a thickness of two layers, a deviation from the simple projection model has been
detected [105].

We briefly consider the intensities that are observed in an electron diffraction pattern of single-walled carbon nanotubes
or single- and double-layer graphene sheets. For a quasi-one-dimensional object, such as a carbon nanotube (Fig. 5(a)), we
find non-zero intensities on extended discs in reciprocal space (Fig. 5(b)). The Ewald sphere cuts trough these discs and
hence we find extended lines in the electron diffraction pattern (Fig. 5(c)). The positions of these lines can be constructed
by considering the carbon nanotube as a set of helices, similar to DNA [106,107]. Other constructions based on a hexagonal
lattice curved into a cylinder are possible [108–110]. For details of the carbon nanotube diffraction pattern, the reader
is referred to the extensive literature [53,106–109,111–114]. Accurate measurements of the peak positions allow one to
determine not only the nanotube indices, but also elliptical deformation [115], inclination toward the electron beam [53],
or torsional deformation [51,116], which was also demonstrated experimentally [51].

For graphene, a two-dimensional structure, we find non-zero intensities on infinite rods extended along the direction
orthogonal to the sample plane (in crystallography terms, the zero-order Laue zone is infinitely large). This is illustrated
in Fig. 5(d), where the intensities in reciprocal space are again rendered in a 3D perspective view. The blue plane now
represents a diffraction pattern that would be obtained under normal incidence. Fig. 5(e) shows the primary lattice spacings
drawn onto a real-space image. These distances may also serve as a scale reference in TEM or STEM images of graphene.
Note that there is no Bragg reflection that corresponds to the nearest-neighbor atomic distance in graphene (1.42 Å) or
to the hexagon center separation (2.46 Å). Fig. 5(f)–(h) shows experimental electron diffraction patterns of mono-layer,
AB-stacked bi-layer and turbostratic bi-layer graphene, respectively. For mono-layer graphene, a unique situation occurs: the
first and second sets of reflections are of nearly identical intensities (Fig. 5(f), see also Fig. 6(c)). For AB-stacked multi-layer
graphene, the second set of peaks is always significantly stronger than the first hexagon (Fig. 5(g)). Finally, the turbostratic
case is easy to identify from multiple sets of hexagons (Fig. 5(h)).

Fig. 6(b), (c) shows the elementary structural properties of graphene in reciprocal space. Fig. 6(b) shows structure factors
alone, and Fig. 6(c) multiplied with the atomic form factor for carbon (i.e. Fig. 6(c) is a simulated electron diffraction
pattern based on the independent-atom model, IAM). The intensities are normalized to the first set of reflections. It has
to be considered as a coincidence that the intensity ratio of the first and second set of peaks in the graphene diffraction
pattern is close to 1. Indeed, while the standard simulation based on the IAM predicts a ratio of 0.9, the DFT-based ratio is
1.05 (DFT-based potentials were calculated within the work of Ref. [117]), which is closer to the experimental values from
well crystallized graphene.

The larger-scale crystal structure of graphene samples nicely lends itself to an analysis by dark-field TEM. By this method,
which is relatively simple and can be carried out on almost any TEM, it is possible to map the distribution of grains in a
poly-crystalline sample [76,118], study the stacking order and stacking faults in few-layer graphene [119], and corrugations
[61,120]. Such dark-field maps can be recorded even if the graphene is placed on a thin support membrane, which has
opened the door to correlated studies of grain structure and electronic properties [121].
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Fig. 5. (Color online.) Real and reciprocal space representations of carbon nanotubes and graphene. (a) Atomistic model of a SWCNT, and (b) 3D Fourier
transform of the structure. Blue discs indicate non-zero intensities in reciprocal space. (c) Experimental electron diffraction pattern of a single-walled carbon
nanotube [53]. (d) Reciprocal space representation of graphene. Non-zero intensities are present on continuous rods normal to the plane. (e) Real-space
distances corresponding to the first two sets of Bragg reflections. Shown here is 10× the respective distance of 2.13 Å or 1.23 Å. (f–h) Experimental electron
diffraction of mono-layer graphene, AB-stacked bi-layer graphene, and turbostratic bi-layer graphene, respectively.

7. High-resolution imaging

Due to the timing of the material discoveries and instrumental developments, the vast majority of electron microscopic
studies on carbon nanotubes so far were carried out with conventional (uncorrected) transmission electron microscopes,
while the advent of graphene coincided with the more widespread use of aberration-corrected imaging. For uncorrected
HRTEM imaging of low-dimensional graphitic materials, one usually has to make a compromise in the electron energy, to
be high enough to resolve the layer spacing or even the graphene lattice while being low enough to briefly maintain a stable
sample. Only few workers achieved to resolve the hexagonal lattice in single-walled carbon nanotubes without aberration
correction [112,122,123].

The successful correction of electron optical aberrations [124,125] enabled lattice-resolution transmission electron mi-
croscopy at electron energies near or below the knock-on threshold of sp2-bonded carbon structures [126–128]. As already
mentioned, the demand to investigate carbon materials was a significant part of the motivation for several recent micro-
scopic developments, in particular towards reduced operating voltages [92–94]. In addition, the absence of delocalization
in the aberration-corrected image enables an unambiguous identification of defect structures [34,128,129], dislocations [66,
128,130,131], grain boundaries [76,118], substitutional doping [117,132,133], and even amorphous configurations [34,66]
(Figs. 6–8).

Aberration-corrected transmission electron microscopy or scanning transmission electron microscopy can provide in-
formation about these materials that are not easily accessible by other means. For example, the non-hexagonal rings
are difficult to distinguish by spectroscopic methods, since the local bonding geometry is rather similar to the hexago-
nal lattice. Also, the curved surfaces of some of the allotropes are difficult to access with scanning probe instruments.
The local topology, i.e. the number of carbon atoms in a ring, is a rather important measure in nano-carbon structures:
Pure topological defects are (by definition) a deviation from the hexagonal lattice without added or missing atoms, with
the Stone–Wales (SW) defect [135] being the most simple example. Vacancies and multi-vacancies typically reconstruct
into configurations that involve non-hexagonal rings [34,136]. Dislocation cores incorporate an unpaired pentagon–heptagon
configuration [66,123,137] and grain boundaries in graphene display an arrangement of pentagons and heptagons that patch
the mismatch between the lattice orientations [76,118]. Identification of these configurations is therefore pivotal to under-
standing sp2-bonded carbons.
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Fig. 6. (Color online.) (a) A graphene sheet with a Stone–Wales defect (red box) at different spatial resolutions. The upper left image shows the projected
potentials (infinite resolution), with dark contrast representing higher projected potentials. The lower left image shows the atomistic model of the Stone–
Wales defect in graphene [134]. Other images show the projected potentials limited to 3 Å, 2 Å and 1 Å resolution, with dark-atom (top) and bright-atom
(bottom) conditions. (b) Structure factors of the single-layer graphene lattice. (c) Structure factors multiplied with the atomic form factor of carbon (i.e.,
simulated intensities in a diffraction pattern).

Fig. 7. (Color online.) Structural defect in reduced graphene oxide [66]. Shown are hexagons (blue), pentagons (pink) and heptagons or higher-ordered
carbon rings (green). Red dashed line indicates a distortion in the lattice. Scale bar: 1 nm. For interpretation of references to color, see the online version
of this article.

Fig. 6(a) shows how pentagon–heptagon configurations appear at different resolution. With ca. 3-Å resolution (uncor-
rected microscope at 80–100 kV), it is possible to detect even very low contrast defects against the featureless background
of the pristine lattice, but an identification is difficult. At ∼2-Å resolution (lattice resolution is 2.13 Å for the graphene
[10–10] reflection), the graphene hexagon centers are visible as dark or bright spots (depending on the imaging conditions).
Here, a pentagon and heptagon can be identified, from having less respectively more contrast at its center as compared to
the hexagon. At ∼1-Å resolution (1.08 Å for the graphene [20–20] reflection and 1.23 Å for the graphene [11–20] reflec-
tion), all atoms are separated. It is important to note that in principle a resolution of 2.13 Å is sufficient to identify all the
different carbon ring topologies. Hence, with regard to the current developments towards low-voltage microscopy, it will be
interesting to see which will be the lowest voltage where a resolution of 2 Å is achieved.

A real materials example where non-hexagonal configurations appeared as a surprise was the case of reduced graphene
oxide (Fig. 7) [66]. Although this material had been extensively studied by spectroscopic means, the large extent of topolog-
ical defects created by the oxidation–reduction procedure had not been described prior to our electron microscopic study.
A different example, a gradual transformation from crystalline, hexagonal graphene to a completely amorphous structure
made up from a seemingly random combination of pentagons, hexagons, heptagons and octagons was described in Ref. [34]
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Fig. 8. Transformation from graphene to two-dimensional amorphous carbon under 100-kV electron irradiation (Ref. [34]). Scale bar: 1 nm.

and is shown in Fig. 8. Here, the transformation is driven by the electron beam: at energies close to the knock-on threshold,
the predominant effect of the electron beam are bond rotations rather than atom removal, as also confirmed by molecular
dynamics simulations [95].

Cs-corrected HRTEM images at 80 kV, such as shown in Fig. 7, or 100 kV in Fig. 8, are resolution-limited by chromatic
aberrations and the energy spread of the source. The appearance and resolution correspond approximately to the 2 Å case
of Fig. 6. By using a monochromator, resolution can be further increased [130,138], so that the second set of reflections (at
1.23 Å) becomes clearly visible. Aberration-corrected ADF–STEM images also clearly show the 1.23 Å and 1.08 Å reflections
[94,133,139–141]. It might be somewhat easier to achieve this high resolution in the incoherent STEM image. Besides the
differences between coherent and incoherent imaging [142], the effect of the finite size of the atom makes a clear difference
in the relative intensities in the diffractogram: if the atoms can be considered as point objects—a reasonable approximation
for HAADF–STEM with ultrathin samples—, the pure structure factors as shown in Fig. 6(b), damped by the finite resolution
of the microscope, would show up on the Fourier transform of an image. However, for the bright-field STEM or HRTEM
image, the diffracted intensities as in Fig. 6(c) are applicable instead, where the higher-order beams are already much
weaker compared to the first-order ones. For a weakly scattering sample, this may make a difference for the visibility of the
higher-order peaks.

Fig. 9 highlights the appearance of lattice resolution and atomic resolution in direct images. In order to create the
lower-resolution example, we use a simulation to ensure that only the lowest order of diffracted beams (corresponding to
a resolution of 2.13 Å) is transferred (Fig. 9(a)). The line profile is shown in Fig. 9(b): it may come as a surprise that there
is a dip in-between the carbon atoms, spaced 1.42 Å apart, even though no information beyond 2 Å was allowed in this
simulation. This is a peculiarity of the hexagonal structure; as long as no higher-order beams are transferred, this dip always
appears with a height of ca. 7% of the total modulation. In other words, this small dip (Fig. 9(c)) must not be mistaken as
evidence for a higher resolution. In contrast, Fig. 9(d) and (e) shows cases where higher-resolution information is definitely
present in the images: the significantly stronger dip in-between the carbon atoms as visible here can only be present if a
resolution of at least 1.23 Å is achieved.

8. Spectroscopy using electrons

Spectroscopic studies of nano-carbons by using electrons have been done with spatial resolutions ranging from angstroms
to millimeters. If spatial resolution is not an issue, electron energy-loss spectroscopy (EELS) with high energy and momen-
tum resolution can be carried out in special instruments (which are not electron microscopes) [143]. In this way, the
plasmon dispersion of carbon nanotubes was measured, using a millimeter-sized sample [144]. Both localized and delo-
calized excitations were found, as expected for a one-dimensional solid. Using a TEM with a spectrometer, more local
measurements become possible in a range of nanometers to microns [145–147]. For graphene, the difference between
mono-layer and few-layer samples was shown already in some of the early STEM studies of this material [128,148], and the
dispersion relation of plasmon excitation could be measured by angle-resolved EELS [149,150].

The angstrom-sized (or sub-angstrom-sized) probe of an aberration-corrected scanning transmission electron microscope
provides not only a means to obtain high-resolution images, but also enables spectroscopic studies with single-atom or
single-atomic-column resolution. Fig. 10 shows a high-resolution image of a graphene edge and electron-energy loss spectra
that were recorded on the indicated positions (from Ref. [151]). Remarkably, it was possible to detect features in the fine
structure of the spectra that can be associated with the undercoordinated carbon atoms at the edge [96,151].

Besides determining the bonding configuration of carbon from EELS, it is also possible to study the nature of single-atom
impurities by spectroscopic means. For example, the interaction of deposited metals with graphene was studied and the
nature of impurities was verified via EEL spectroscopy [152]. However, it appears that actually silicon is the most frequently
found contamination across graphene samples made by different groups and different methods [132,133,140,153,154], even
though its origin is not completely known. Two rather beam-stable configurations of this abundant contamination exist,
replacing one or two carbon atoms [132,133], besides more complex configurations [153]. The element was identified by
single-atom energy-dispersive X-ray spectroscopy (EDX) [154] as well as EELS [132,133,140,153,154], and the plasmon ex-
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Fig. 9. (Color online.) Lattice resolution vs. atomic resolution. (a) Simulated image, where only the [1–100] reflection is transferred, and hence the resolution
is 2.13 Å. (b) Line profile as indicated in (a). A small dip between the carbon atoms (ca. 7% of the total contrast, marked by an arrow (c)) is present already
for this low resolution. (d) ADF–STEM image from Ref. [141], and a line profile. (e) Monochromated, AC–HRTEM image and line profiles from Ref. [138]. In
both cases, the dip is significantly larger than 7% (green arrows), demonstrating a resolution well beyond the first reflection of the lattice. Fig. (d) adapted
from Ref. [141], (e) reprinted with permission from Ref. [138], Copyright (2012) American Chemical Society.

Fig. 10. (Color online.) A spectroscopic analysis of carbon atomic configurations at a graphene edge. The spectra obtained from under-coordinated atoms at
the edge display distinctively different features as compared to the bulk atoms (Copyright (2010) Nature Publishing Group, reprinted with permission from
Ref. [151]). Scale bar: 5 Å.
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Fig. 11. (Color online.) STEM observation and EEL spectroscopy of individual silicon atoms in graphene. (a–f) STEM images and atomistic models as reported
in Ref. [132]. (g–h) Simulated and experimental spectra as reported in Ref. [133]. It is important to note that the simulated spectra only match to the
experiment if the out-of-plane position of the silicon atom is considered in the model. Scale bars in (a–c) are 0.2 nm. Images (a–f) are reprinted with
permission from Ref. [132]. Copyright (2012) The American Physical Society, and (g–h) reprinted with permission from Ref. [133], Copyright (2012) The
American Chemical Society.

citations in its surrounding were analyzed [140]. Remarkably, it is even possible to discern differences in bonding between
the two configurations from EEL spectra of individual atoms, as found by two independent groups [132,133] and as shown
in Fig. 11.

9. Carbon structures as sample support

In (HR)TEM and STEM, one of the crucial, but often less discussed issues is the matter of sample support. Usually any
information obtained by the microscope is coming from interaction of the beam with the sample as well as with the support.
Hence, one obviously wants to limit the contribution of the support as much as possible. Carbon has a long tradition as
a support film for TEM samples due to the fact that its interaction with the electron beam is minimal since it is a light
element. So it comes as no surprise that the vast majority of commercially available TEM support films incorporate some
form of thin carbon layer—mostly supported by a metal grid. While in most cases an amorphous film of carbon is used,
there are also reports of thin graphite support films in the early literature [155,156]. As already mentioned in Section 3 as
the objects of interest to be studied by TEM decrease in size, the impact of the underlying support increases, leading to the
need of thinner sample support films.

Besides conventional carbon films, low-dimensional carbon materials have received significant attention as potential TEM
support films. The application of carbon nanotubes as nanoreactors became popular after the discovery of C-60 molecules
trapped inside of carbon nanotubes [157], structures that became known as “fullerene peapods” [158–160]. Several authors
have explored a filling of carbon nanotubes with other molecules (e.g., functionalized fullerenes [161–164], azafullerenes
[165,166]) and subsequent reactions under heat or electron irradiation [167–172]. The confined space provides a means to
form unique atomic structures inside the nanotubes [173–176], including graphene nanoribbons [177] and nanowires [178,
179]. Carbon nanotubes have further served as containers for imaging of biomolecules [180]. A review on this matter is
given, e.g., in Ref. [163].

Graphene is a potentially ideal sample support since it is the thinnest material possible, it is highly conductive, very
stable under lower-voltage irradiation, and has a well-known structure. Knowledge of the structure of graphene proves
beneficial here, since if adsorbates on the graphene sheet are studied, the underlying lattice can be removed by a filter.
The graphene lattice can also be facilitated as a built-in scale bar. On the other hand, the inert surface makes it difficult
to attach objects of interest, and contamination turns out to be problematic. However, it should be pointed out that the
contamination levels that are well visible on graphene would probably go unnoticed on other substrates. Indeed, several
studies have shown the potential of graphene as TEM support by showing that contamination patches on graphene can be
imaged with a remarkable signal-to-noise ratio [63,127,181–185]. Graphene films were shown to be beneficial for imaging
of nanocrystals [186–188] and biomolecules [189–196]. Moreover, they turned out to be useful for in-situ experiments
[197–199] where not only their transparency, but also mechanical and thermal stability is of high importance. Further,
graphene was used for encapsulation of bacteria as a protection from irradiation [200], and for wet cell applications in SEM
[201] and TEM [202].
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Fig. 12. (Color online.) Calculated out-of-plane deformations of an experimentally observed grain boundary [205]. So far, deformations in the third dimension
were not experimentally measured for grain boundaries, dislocation dipoles or similar structures. Copyright (2011) The American Chemical Society, reprinted
with permission from Ref. [205].

10. Graphene as the ideal test sample

Besides being the perfect sample support, there is another domain of carbon-based films in TEM applications, where
graphene has the potential for deployment: application as a test sample for microscopic developments. A single-layer
graphene sample is the exact same structure no matter how it was prepared or who made it. Moreover, the TEM and
STEM images depend only weakly on sample tilt. Hence, it becomes possible to obtain precisely reproduced conditions on
the side of the sample. Moreover, the single layer of carbon atoms is easy to model. Overall, this creates the possibility, that
the contrast obtained from single-layer graphene may serve as a test criterion for instrumental performance and stability,
e.g. by following and extending an analysis as in Fig. 9. By comparison with simulations, it may further serve to understand
image contrast [104,117] or radiation damage [89]. Moreover, 2D samples such as graphene provide a comparatively easy
way to measure spectroscopic signals of single atoms, including foreign species at point defects, as discussed above.

11. Summary and outlook

While the study of carbon materials by electron microscopy is nearly as old as electron microscopy itself, both fields
have seen tremendous advances from developments in the past decade. In the area of carbon nanomaterials, the rise of
graphene [203] has provided a new and fascinating object that is excellently suited for microscopic studies [204]. In the
field of electron microscopy, the application and development of aberration-corrected instruments provided new avenues
that were previously not conceivable. The developments towards low acceleration voltages made it possible to record images
and spectra from individual light atoms. But since these developments are still ongoing, we may have only seen the tip
of the iceberg so far. Although graphene is a 2D material, it is embedded in a 3D space and this third dimension has
not been much explored so far: Fig. 12 shows calculated out-of-plane deformations [205,206] for a grain boundary that
was observed experimentally in the projection of a high-resolution STEM image [76]. Similarly, out-of-plane deformations
were calculated for observed dislocation dipole structures based on projection images [130,131]. With the projected atom
density in graphene being sparse compared to the resolution of today’s instruments, measurements of all three atomic
coordinates appear to be within reach [207]. On the materials side, besides graphene there is also a rapidly growing interest
in non-carbon 2D materials [208]. While microscopic studies of such structures have not been discussed here, they are
similar to graphene in many aspects of high-resolution imaging, spectroscopic analysis, and sample preparation [209–213].
Chances are that we will see a growing fraction of studies related to non-carbon low-dimensional structures, which will
benefit from the experience that was gained with studies of carbon nanotubes, graphene, and other nano-carbon forms.
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