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Abstract:



Transmission electron microscopy (TEM) has been used in the study of solid carbon since the 1940s. A number of important forms of carbon have been discovered through the use of TEM, and our understanding of the microstructure of carbon has largely been gained through the application of TEM and associated techniques. This article is an attempt to present an historical review of the application of TEM to carbon, from the earliest work to the present day. The review encompasses both graphitic carbon and diamond, and spectroscopic techniques are covered, as well as imaging. In the final section of the review, the impact of aberration-corrected TEM on current carbon research is highlighted.
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1. Introduction


Solid carbon exists in a huge variety of different forms, including graphite, diamond, graphene, nanotubes, glassy carbon, coke, and char. Much of what we know about the microstructure of these materials has come from the application of transmission electron microscopy. While X-ray diffraction can provide more accurate crystallographic information, and spectroscopic techniques can be used to determine the overall order of the carbon and the sp2/sp3 ratio, transmission electron microscopy (TEM) has an unrivalled ability to reveal the microscopic structure, potentially down to the atomic level. This article aims to trace the history of TEM studies of carbon, from the earliest work in the 1940s to current research using aberration-corrected microscopes. An attempt is made to identify landmarks in the field in 20 year periods beginning in 1940. To begin, a brief outline of the history of transmission electron microscopy is given.




2. The Development of Transmission Electron Microscopy


Max Knoll and Ernst Ruska of the Berlin Technische Hochschule demonstrated the first transmission electron microscope in 1931 [1], and in 1933 achieved a resolution greater than that of light with this microscope. Working at Siemens, Ruska helped to develop the first commercial TEM in 1939. At the same time, Otto Scherzer in Darmstadt was laying the basis for the theory of electron optics [2]. After the war, a number of companies developed commercial TEMs, notably JEOL in Japan and Philips in Europe, and the technique grew in importance in both biology and materials science. Biological applications of TEM are outside the scope of this review, but a few milestones in TEM of materials will be mentioned. In 1949 Robert Heidenreich of Bell Labs pioneered the study of metals by TEM, using an electrolytic method to prepare sufficiently thin specimens [3]. Seminal work on defects in metals was subsequently carried out by Peter Hirsch and colleagues in Cambridge who reported the first observations of moving dislocations in aluminium [4] and by Walter Bollman of the Battelle Laboratory in Geneva, who observed dislocations in stainless steel [5].



In 1956 James Menter, working at the Tube Investments research labs near Cambridge, obtained the first direct lattice images of crystals [6]. The specimens he imaged were thin crystals of copper and platinum phthalocyanine, both of which have relatively large lattice spacings, of the order of 1.2 nm. Tsutomu Komoda and colleagues from the Hitachi Labs in Tokyo reported similar images in 1958 [7]. In 1965, Komoda recorded lattice images with a spacing of 0.235 nm from thin films of gold [8], while the first lattice images of graphite were obtained by Heidenreich and colleagues in 1968 [9], as discussed below. It is important to recognise, however, that most of these early lattice images were not directly interpretable in terms of the real crystal structure. True “structure imaging” had to await the development, in the 1970s and 1980s, of improved electron lenses and of accompanying computer techniques for image simulation.



An experimental scanning transmission electron microscope (STEM) had been built by Manfred von Ardenne in Berlin before the war [10]. However, it was the work of Albert Crewe at the University of Chicago in the late 1960s that led to the development of STEM as a practical technique. Crewe employed a field emission gun to give the coherent and intense source of electrons needed for STEM. He also developed an annular dark field detector, and using this detector was able to image individual heavy atoms [11]. Commercial STEMs became available in the 1970s. These early instruments were generally dedicated high vacuum microscopes. Today it is more usual for a scanning unit to be incorporated into a conventional TEM.



Another technique associated with TEM should be mentioned. Electron energy loss spectroscopy (EELS) involves analysing the energy distribution of electrons that have passed through a TEM specimen [12]. It is particularly useful for light element analysis, and can provide information about bonding and oxidation state. Since the early 1990s, EELS has been increasingly used to study both sp2 and sp3 carbon and has helped to provide answers to some long-standing issues in carbon science.



By the mid-1990s, progress in improving the resolution of conventional and scanning transmission electron microscopes had all but drawn to a halt, and it was clear that some major innovations would be needed if further improvements were to be made. Scherzer had realised in the 1930s that the resolution of electron lenses was ultimately limited by spherical and chromatic aberration. Although attempts had been made over the years to design correctors that would compensate for these aberrations, none were completely successful. The development of fully effective aberration correctors in the late 1990s by scientists including Harald Rose (a student of Scherzer), Maximilian Haider, and Knut Urban was therefore a hugely significant advance [13]. Distances smaller than 0.1 nm could now be resolved by both TEM and STEM. As discussed in Section 3.4 below, few areas have benefitted more from this new generation of microscopes than carbon science. More detailed historical reviews of TEM, particularly as applied to materials science, and of aberration-corrected TEM, can be found in references [14,15,16,17]. A previous review of TEM of carbon, focusing mainly on relatively recent work, has also been given [18].




3. Landmarks in the Application of TEM to Carbon


3.1. 1940s and 1950s


It appears that carbon black was one of the first carbon materials to be studied in the TEM [19,20,21]. These early studies established that carbon black consisted of aggregated spheroidal particles, with the individual particles being typically 50–100 nm in size. Work by Hofmann and Höper [19] showed that the particles became faceted on heating to 3000 °C. At this time the resolution of the best TEMs was around 10 nm, so there was no possibility of resolving the individual graphitic planes.



Perhaps the most notable early paper on TEM of carbon was a 1952 study of catalytically grown carbon filaments by the Russian scientists Radushkevich and Lukyanovich [22]. As can be seen in Figure 1, their images clearly showed that the filaments were tubular. This is now recognised as the first observation of the structures now known as carbon nanotubes. However, at the time the article was hardly noticed by Western scientists. Due to the cold war, access to Russian scientific publications was limited, and papers in Russian did not generally appear in literature databases. Only very recently has the achievement of these scientists been fully recognised [23].


Figure 1. Very early transmission electron microscopy images of hollow carbon filaments. Reproduced with permission from [22]. Nauka Publishers, 1952.
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In 1953, British scientists also published TEM images of carbon “vermicules”, some of which appeared to be helical, in a Nature paper entitled “An unusual form of carbon” [24]. These structures, which are almost certainly nanotubes, were discovered in studies of carbon deposited on the brickwork of blast furnaces. They were apparently formed from the catalytic decomposition of carbon monoxide by iron oxide particles in the bricks. The paper had no references, and it is very unlikely that the authors were aware of the earlier Russian work.




3.2. 1960s and 1970s


In 1960, Roger Bacon of the Union Carbide Corporation was carrying out experiments on the triple point of carbon using a direct current (DC) carbon arc furnace when he noticed fine filaments growing from the vapour phase on the negative electrode. Examination of the fibres in the TEM showed that they had a scroll-like structure, with diameters ranging from a fraction of a μm to over 5 μm [25]. Bacon christened the fibres “graphite whiskers”, and showed that they had exceptional mechanical properties, close to the ideal value for a graphite cylinder. Although the whiskers never became a commercial product, owing to their high production cost, for many years they were the strongest and stiffest carbon fibres available, and in some ways represented a precursor to fullerene-related carbon nanotubes.



One of the most important applications of graphite over the past 60 years has been as a neutron moderator in nuclear reactors. The very first nuclear reactor, the Chicago “squash court” reactor, used graphite as a neutron moderator, and many commercial reactors, both gas-cooled and water-cooled, have used graphite in this way. Understanding the structure and properties of graphite therefore became a priority for the nuclear industry, particularly in view of the fact that that radiation effects on the structure of graphite may have played a role in the Windscale reactor fire of 1957. As a result, much important and fundamental work on the structure of graphite was carried out using conventional bright and dark field TEM during the 1960s (e.g., [26,27,28]), as discussed in reviews by Amelinckx [29] and Thrower [30]. Important studies of graphite reactivity, which also originated in nuclear-related research, were also carried out by John Meurig Thomas and colleagues, firstly using optical microscopy [31] and later using TEM [32].



Another area of carbon science that benefitted from nuclear-related research is the study of catalytically-grown carbon tubes. As noted above, these were first observed in 1952 by Russian scientists, but little further work was done in this area until the studies of R.T.K. ”Terry” Baker and colleagues at the UK’s Atomic Energy Research Establishment, from about 1970. Baker was investigating the formation of carbon deposits on nuclear fuel-pins in gas-cooled reactors, and in order to model these processes he employed controlled atmosphere transmission electron microscopy [33]. In this technique, which had been pioneered by Marton as early as 1935 [34], a differential pumping system allows the specimen to be exposed to relatively high gas pressures while being heated. Baker used this method to directly observe the growth of filamentous carbon by the catalytic decomposition of hydrocarbons on metal particles, gaining important insights into the growth mechanism. Although Baker’s work was aimed at preventing carbon filament formation, other workers, notably Morinobu Endo [35], suggested that the filaments could be valuable materials in their own right. The discovery of fullerene-related nanotubes by Iijima in 1991 (see below) stimulated a renewed burst of fundamental work on the growth and structure of catalytically-grown carbon filaments, and much of this work drew on Baker’s pioneering studies.



A major breakthrough in TEM of carbon came in 1968 when the first lattice images of graphitic carbon were obtained by Robert Heidenreich of Bell Labs and colleagues [9]. Images of graphitized carbon black were reported in which the approximately 0.34 nm spacing was clearly visible. A typical image of graphitized carbon black, taken a few years later by Ban [36], is shown in Figure 2. The ability to resolve graphitic structure directly prompted a rapid expansion of TEM work on sp2-based carbon materials, including carbon fibres [37], glassy carbon [38] microporous carbon [39], and coal [40]. Several reviews of these early studies have been given [36,41,42].


Figure 2. Early lattice image of carbon black, by Ban. Reproduced with permission from [36]. Royal Society of Chemistry, 1972.
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The study of diamond by transmission electron microscopy was pioneered in 1962 by Trevor Evans and Cornelius Phaal of Reading University [43]. These workers showed that natural diamonds could be thinned by oxidation to the point where imaging in the TEM became possible. In this way, they achieved the first images of platelets on the {100} lattice planes in type Ia diamonds, an example of which is shown in Figure 3. Such defects were absent in type II diamonds, but both types contained dislocations (diamonds are classified into different types depending on the kind of impurities they contain). The precise nature of the platelets, which had been first postulated by F.C. Frank in 1956 to explain anomalous features in X-ray diffraction patterns of type Ia diamond [44], was a subject of controversy for many years. Evans and Phaal initially suggested that the platelets contained nitrogen, which is the main impurity in type Ia diamonds. A detailed structural model of nitrogen-containing platelets was proposed by Andrew Lang of the University of Bristol in 1964 [45]. However, later work cast doubt on the idea that nitrogen was a major component of platelets (e.g., [46]), and the issue remained unresolved.


Figure 3. One of the first TEM images of platelets in type Ia diamond, from a 1962 paper by Evans & Phaal. Reproduced with permission from [43]. Royal Society, 1962.
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Another kind of defect in type Ia diamond discovered using transmission electron microscopy are voidites. These structures were first observed by Robert Stephenson, a Ph.D. student at Reading in 1978 [47]. Voidites are tiny {111}-faceted cavities that lie in {100} planes in circumstances strongly suggesting that they result from the decomposition of platelets. Further studies of both voidites and platelets are discussed below.




3.3. 1980s and 1990s


These two decades saw a revolution in carbon science, which was initiated by the discovery of C60 in 1985 [48]. Although transmission electron microscopy was not involved in the initial discovery of C60, it played an important role in subsequent developments. One of the first of these was the discovery of fullerene-related carbon nanotubes by Sumio Iijima, of the NEC laboratories in Japan, in 1991 [49]. Prompted by the demonstration that C60 could be produced in bulk in a simple arc-evaporation apparatus [50], Iijima embarked on a detailed TEM study of the soot produced by their technique. When he examined the hard, cylindrical deposit that had formed on the graphite cathode after arc-evaporation, he found that this was filled with multiwalled carbon nanotubes (MWCNTs), much more perfect than those produced by catalysis. Some images taken from Iijima’s 1991 Nature paper [49] are shown in Figure 4a. The publication of Iijima’s paper stimulated huge interest, and many important advances followed, mostly involving TEM.


Figure 4. (a) Some of Iijima’s first images of multiwalled nanotubes. Reproduced with permission from [49]. Springer Nature, 1991; (b) Multiwalled nanotube cap. “A” indicates position of single pentagon; “B” indicates probable position of single heptagon. Reproduced with permission from [51]. Springer Nature, 1992.
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One of the characteristic features of nanotubes produced by arc-evaporation is that they are almost always closed at both ends with caps that can have a variety of structures. In 1992, Iijima and Toshinari Ichihashi published images of caps displaying a “bill-like” morphology, as shown in Figure 4b [51]. In these structures it is believed that a heptagonal ring occurs at the saddle point, labelled “B” in the figure. These images represented the first evidence for 7-membered rings in graphitic materials. In 1993, Iijima’s group and a team led by Donald Bethune at the IBM Almaden Research Center in California independently reported the synthesis of single-walled nanotubes (SWCNTs) [52,53]. These were discovered while carrying out arc-evaporation experiments using graphite electrodes impregnated with metals. This was found to produce single-walled tubes with diameters of the order of 1 nm entangled with amorphous soot and residual particles of metal or metal carbide. Micrographs taken from the Bethune paper are shown in Figure 5. This discovery gave an important boost to nanotube science.


Figure 5. Images from the work of Bethune et al. showing single-walled carbon nanotubes produced by co-vaporization of graphite and cobalt. Reproduced with permission from [53]. Springer Nature, 1993.
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Another very active area of research during the 1990s involved opening and filling carbon nanotubes. The first demonstration of nanotube filling was given by Pulickel Ajayan and Iijima in 1993 [54]. In this work, particles of lead were deposited onto multiwalled tubes in a vacuum and then heated in air at 400 °C, a temperature sufficient to melt the lead. Examination of the resulting material in a TEM showed that small proportion of the tubes had been partially filled. A short time later, more controlled and efficient methods of opening multiwalled nanotubes, using oxidation, were described by Edman Tsang and colleagues (including the present author) at Oxford [55], and by a team led by Ajayan [56]. The Oxford group subsequently showed that MWCNTs could be opened by treating with nitric acid, and that tubes opened in this way could be partially filled with a variety of materials [57]. Figure 6, taken from this work, shows a crystal of metallic nickel inside a multiwalled tube. Jeremy Sloan and colleagues from Oxford showed in 1998 that SCWNTs can be opened and filled using techniques similar to those employed for MCWNTs [58]. At around the same time, Brian Smith, Marc Monthioux, and David Luzzi used a pulsed laser vaporization technique to prepare SCWNTs partially filled with C60 molecules [59]. This remarkable work prompted other groups to explore the encapsulation of larger fullerenes and of metallofullerenes in single-walled tubes (see next section).


Figure 6. Nanotube partially filled with metallic nickel prepared by hydrogen reduction of a NiO precursor. Reproduced with permission from [57]. Springer Nature, 1994.
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Daniel Ugarte, working at the Ecole Polytechnique Fédérale de Lausanne in Switzerland, made an extraordinary discovery in 1992. He found that irradiating carbon nanotubes and nanoparticles with an intense beam of electrons in a TEM caused the structures to evolve into almost perfect spheres apparently made up of concentric fullerenes. In a paper published in Nature [60], Ugarte christened the particles “carbon onions”. They differ from the carbon nanoparticles that accompany nanotubes produced by arc-evaporation: the latter usually have relatively large inner cavities, while onions appear to have a C60 molecule at the centre. Carbon onions should therefore be considered a distinct species of carbon.



The discovery of fullerenes and of fullerene-related carbons stimulated huge interest. As well as researching the new materials themselves, a number of workers were prompted to take a fresh look at much “older” forms of carbon. In 1997, the present author, with Tsang, published a high resolution TEM study of some non-graphitizing carbons [61]. These are carbons that cannot be transformed into crystalline graphite even at temperatures of 3000 °C and above. They are also known as chars. Their precise structure, and the reasons for their resistance to graphitization, has been a matter of debate since the classic work of Rosalind Franklin in 1951 [62]. In our 1997 work, we showed that heating non-graphitizing carbons to 2600 °C could result in the formation of closed carbon nanoparticles, which were apparently fullerene-like in structure, as shown in Figure 7. Based on these observations, we proposed a new model for the structure of non-graphitizing carbons consisting of curved carbon sheets, in which pentagons and heptagons are dispersed randomly throughout networks of hexagons to create a microporous structure. We believe that this model helps to explain the properties of non-graphitizing carbons, and there is growing evidence that it is correct [63] (see also next section).


Figure 7. (a) Micrograph showing closed structure in polyvinylidene chloride (PVDC)-derived carbon heated at 2600 °C; (b) another micrograph of same sample, with arrows showing regions of negative curvature. From work by Harris and Tsang. Reproduced with permission from [61]. Taylor & Francis, 1997.
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Detailed TEM studies of defects in diamond continued into the 1980s. Figure 8 shows a beautiful micrograph of a type Ia diamond, taken from a review of work carried out at Bristol and Oxford in the late 70s and early 80s [64]. This image shows platelets and collapsed platelets. The stripes within the platelets are stacking-fault fringes, which occur because the platelets disrupt the normal stacking sequence in the crystal, creating a diffraction interference effect. The controversy concerning whether the platelets contain nitrogen also continued. In 1982, Steven Berger and Stephen Pennycook of the Cavendish Laboratory, Cambridge, published results obtained using an EELS spectrometer attached to a scanning transmission electron microscope which showed that nitrogen was present [65]. John Bruley and Mick Brown from the same laboratory using the same technique in 1989 found no detectable nitrogen in platelets [66]. Improvements in TEM technology during the 1980s and 1990s meant that lattice imaging of the diamond structure became a practical possibility, and this helped to resolve the nitrogen-in-platelets issue. In 1995, Fallon, Brown, Barry, and Bruley, using a combination of EELS and high-resolution TEM [67], showed that the nitrogen concentration differed from platelet to platelet and concluded that the most likely structure for the platelets was a variation of a model that had been proposed by Humble in 1982 [68]. In this model, the platelets consist of an interstitial layer of carbon atoms pentagonally bonded to the surrounding diamond matrix. The nitrogen is not an essential component of the platelets, but tends to accumulate in the platelets as a result of aggregation of “A centres” (A centres are pairs of nitrogen atoms on adjacent atomic sites in the diamond). Although the precise nature of platelets continues to be debated today, it seems to be generally accepted that the model put forward by Fallon et al. in 1995 is broadly correct.


Figure 8. Image of type Ia diamond from work by Barry et al. showing large platelets. Reproduced with permission from [64]. Royal Society, 1987.
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The nature of voidites was investigated by a number of groups. An edge-on view of a voidite sheet, taken from the review mentioned above [64], is shown in Figure 9. Far from being void, it turned out that these defects are filled with a solid phase. John Hutchison and Leslie Bursill reported in 1983 that the voidites often displayed Moiré patterns [69], and Barry [70] and Hirsch et al. [71] suggested that these were due to the presence of solid nitrogen. Bruley and Brown’s 1989 EELS study confirmed the presence of nitrogen in voidites [66]. Species that would normally be gaseous at room temperature are solid because they experience a high pressure in the voidites. Voidites are believed to form when diamonds containing platelets are subducted to depths of 150 km or so in the continental crust. At these depths, diamonds are metastable and nitrogen is forced out of solid solution. The exsolved nitrogen then forms voidites by displacing carbon atoms [72].


Figure 9. Voidite sheet in type Ia diamond. Reproduced with permission from [64]. Royal Society, 1987.
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As well as studying defects in natural diamond, Trevor Evans’ group at Reading carried out remarkable work in which the conditions experienced by diamonds in the Earth over millions of years were replicated in the laboratory [73]. This was achieved by placing diamond samples in a specially designed tetrahedral cell, in which they could be subjected to pressures up to 9.5 GPa while being heated to temperatures as high as 2500 °C. When synthetic diamonds containing a high concentration of nitrogen atoms were treated in this way, all the types of aggregate that are found in natural type la diamonds were produced. By analysing the results of these experiments, Evans and colleagues were able to draw conclusions about the conditions experienced by diamonds in the Upper Mantle.




3.4. 2000 to Present


The in-plane carbon-carbon bond distance in graphene is 0.142 nm, too small to be resolved in most conventional TEMs. However, the development of aberration-corrected TEMs meant that the atomic structure of graphene-related carbons could now be directly imaged and, as already noted, this has had a major impact on carbon science. Much of the AC-TEM work on carbon has involved the use of relatively low accelerating voltages (60–80 kV), in order to avoid beam damage. It seems that the first application of aberration-corrected TEM to carbon was a study of single-walled nanotubes by Nobuo Tanaka of Nagoya University [74]. However, the leading figure in this area, at least in the early days, was Kazu Suenaga of Japan’s National Institute for Advanced Industrial Science and Technology. In a series of papers beginning in 2007, Suenaga and his colleagues published images of nanotubes and graphene of a quality that had not been previously seen [75,76,77,78,79,80]. These provided new insights into the nature of defects in SWCNTs [75], the structure of molecules encapsulated inside nanotubes [78], and the edge structure of graphene [79,80]. Figure 10 and Figure 11 show examples of the work of the Suenaga group. In Figure 10, three micrographs are shown, taken a short time apart, of C80 molecules inside a SWCNT [78]. The atomic structures of both the fullerene molecules and the nanotube can be clearly seen, and orientational changes of the fullerene molecules are evident. Figure 11 is taken from a 2010 paper by Suenaga and Masanori Koshino entitled “Atom-by-atom spectroscopy at graphene edge” [80]. Here a low-voltage STEM was used to obtain atomic resolution images of a graphene edge using an annular dark field detector, and to record energy-loss near-edge fine structure (ELNES) spectra of single carbon atoms. In this way, they were able to investigate the electronic and bonding structures of individual edge atoms, a remarkable achievement.


Figure 10. Aberration-corrected TEM images of D5d-C80 fullerene molecules inside (18,1) SWNT, from work by Suenaga et al. Reproduced with permission from [78]. American Chemical Society, 2007. Triangles indicate encapsulated molecule undergoing orientational changes.
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Figure 11. Imaging and spectroscopy of a graphene edge, from work by Suenaga and Koshino. Reproduced with permission from [80]. Springer Nature, 2010. (a) Unprocessed ADF image of single graphene layer; Atomic positions are marked by circles in smoothed image (b). Scale bars, 0.5 nm. (d) ELNES of carbon K (1 s) spectra taken at the colour-coded atoms indicated in (b). Green, blue, and red spectra correspond to the normal sp2 carbon atom, a double-coordinated atom and a single-coordinated atom, respectively. These different states of atomic coordination are marked by coloured arrows in (a,b) and illustrated in (c).
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As well as studying nanotubes and graphene, Suenaga’s group, with the present author, recorded the first aberration-corrected TEM images of a microporous carbon in 2008 [81]. The aim of this work was to establish whether evidence could be found to support the idea that these carbons contain pentagons and other non-six-membered rings, in addition to hexagons. Obtaining atomic resolution images of the fresh carbon proved difficult, so samples of carbon heated to 2000 °C were examined. In such samples, clear evidence was found for the presence of pentagonal rings, supporting the view that the carbons have a fullerene-related structure. Junjie Guo et al. reported aberration-corrected TEM images of “fresh” microporous carbons in 2012 [82]. Again, non-six-membered rings were found, but in this case groups of pentagonal and heptagonal carbon rings were seen, rather than isolated pentagons. More studies of this kind on microporous carbons, and other “well-known” forms of carbon would be welcome.



Following the pioneering work of Suenaga and co-workers on the application of aberration-corrected TEM (AC-TEM) to carbon, a number of other groups have carried out exceptional work in this field. Workers from Berkeley using the TEAM (Transmission Electron Aberration-Corrected Microscope) have published beautiful images of defects and edge structures in graphene [83,84], and Jannik Meyer, who was a member of the Berkeley group, has continued to study graphene using AC-TEM at the University of Vienna [85,86]. Jamie Warner and co-workers at Oxford have conducted a comprehensive analysis of defects in single-layer and bilayer graphene [87,88,89,90], while the Manchester group [91] and the SuperSTEM team at Daresbury [92] have studied a range of 2-dimensional materials and heterostructures, as well as graphene. Three-dimensional forms of graphene have also been investigated by the present author in partnership with the Manchester and SuperSTEM microscopists [93]. Joerg Jinschek of the FEI Company and co-workers used the technique of exit-wave reconstruction to obtain extremely high quality images of graphene using an AC-TEM at 80 kV [94]. Exit-wave reconstruction involves extracting the wave function at the exit surface of the specimen, with aberrations and incoherence due to the imaging optics removed. Jinschek et al. applied this method to a through focal series of micrographs of a region containing single-layer and bilayer graphene to produce the superb image shown in Figure 12.


Figure 12. (a) Exit wave function (EW) reconstruction TEM image of single and bilayer graphene sheets; (b,c) Higher magnification colourised images from parts of single and bilayer regions. Reproduced with permission from [94]. Elsevier, 2011.
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If imaging graphene using aberration-corrected TEM presents a challenge [95], then obtaining AC-TEM images of diamond is even more demanding. Whereas graphene is naturally just one atomic layer thick, bulk diamond has to be thinned down to a thickness of less than 50 nm in order to obtain interpretable images, and this is a non-trivial task. One of the few AC-TEM studies of bulk natural diamond was carried out by Iain Godfrey and Ursel Bangert at Manchester [96]. Aberration-corrected STEM imaging and EELS were used to investigate the factors that determine their colour, with a particular focus on vacancy clusters. Unlike natural diamond, synthetic diamond produced by chemical vapor deposition (CVD) is relatively amenable to TEM study. It can be deposited as a thin film and then further thinned using ion milling to produce electron-transparent specimens. In 2006, an international group led by Rolf Erni used an aberration-corrected STEM to resolve the 0.089 nm “dumbbell” distance in the <110> zone axis orientation of CVD diamond [97]. A Japanese group, including Suenaga, Hidetaka Sawada, and Kunio Takayanagi, recorded a similar image, shown in Figure 13, using an aberration-corrected TEM in 2013 [98]. These images provide a vivid demonstration of the resolving power of this new generation of microscopes.


Figure 13. Aberration corrected TEM image of diamond projected along <110>. (a) Magnified image. (b) Full image. An intensity profile is shown at upper right and a simulated image is shown as an insert in (a). From work by Hosokawa et al. Reproduced with permission from [98]. Oxford University Press, 2013.
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4. Discussion


In the past 70 years, transmission electron microscopy of carbon has advanced from low resolution imaging of carbon black particles to recording images and spectra from individual atoms. These amazing advances have been made possible by the skill and dedication of many outstanding scientists. Some of the leading figures in the field are shown in Figure 14. Trevor Evans of Reading University was the first to study diamond by TEM, and his group was responsible for recording the first images of platelets and voidites. Reading remained at the forefront of TEM studies of diamond for many years, together with workers from Oxford, including Peter Hirsch, John Barry, John Bruley, and John Hutchison, and Mick Brown and colleagues from Cambridge. These researchers pushed against the limits of the technology available at the time to eventually establish the true nature of the defects that had been first observed at Reading in the early 1960s.


Figure 14. Some of the pioneers of the study of carbon by TEM. Clockwise from top left: Trevor Evans, Robert Heidenreich, Kazu Suenaga, and Sumio Iijima.
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Robert Heidenreich of Bell Labs was a pioneer in the application of TEM to metals, and made a very significant contribution to the study of carbon by recording the first lattice images of graphitized carbon black in 1968. In Heidenreich’s work, the carbon black was intended to be a “test object” for high resolution TEM, but the demonstration that graphite planes could be directly imaged opened the way for a massive expansion of TEM studies of sp2 carbon in all its forms. This led to many important advances in our understanding of graphite, glassy carbon, carbon black, carbon fibres, and catalytically grown carbon filaments.



Sumio Iijima of the NEC Corporation is best known for the discovery of a completely new form of carbon filaments—fullerene-related carbon nanotubes—in 1991, but he had been a leading figure in electron microscopy since the early 1970s, making important contributions to the study of complex oxides and ultra-fine metal particles. Since 1991, he has concentrated most of his research effort on carbon nanotubes, carbon nanohorns, and graphene, and continues to publish papers on TEM of carbon to this day. Kazu Suenaga of AIST in Tsukuba, who has worked closely with Iijima, led the way in the application of aberration-corrected TEM to carbon, recording some of the first truly atomic resolution images of carbon nanotubes and graphene. The development of these new super-high resolution microscopes has represented a quantum leap in carbon imaging and fortuitously coincided with the discovery of graphene; much of what we now know about defect structures in graphene has been obtained by the application of AC-TEM. Carbon science has seen some extraordinary advances in recent years. However the field develops in the future, it seems certain that TEM will continue to play a central role.
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