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Abstract
Transmission electron microscope (TEM) is a powerful tool to investigate the lattice structure and
defects on materials directly. It can easily get to atomic spacial resolution. It has been used to characterize
carbon materials for a long time, from C60, carbon nanotubes (single-wall carbon nanotube and multiwall carbon nanotube), to graphene, which is single layer graphite. Many techniques based on TEM
make it more useful to image the carbon nanomaterials in both bright eld and dark eld .

1 Introduction to TEM
Transmission electron microscopy (TEM) is a form of microscopy that uses an high energy electron beam
(rather than optical light). A beam of electrons is transmitted through an ultra thin specimen, interacting
with the specimen as it passes through. The image (formed from the interaction of the electrons with the
sample) is magnied and focused onto an imaging device, such as a photographic lm, a uorescent screen,or
detected by a CCD camera. In order to let the electrons pass through the specimen, the specimen has to be
ultra thin, usually thinner than 10 nm.
The resolution of TEM is signicantly higher than light microscopes. This is because the electron has
a much smaller de Broglie wavelength than visible light (wavelength of 400∼700 nm). Theoretically, the
maximum resolution, d, has been limited by λ, the wavelength of the detecting source (light or electrons)
and NA, the numerical aperture of the system.
(1)
For high speed electrons (in TEM, electron velocity is close to the speed of light, c, so that the special theory
of relativity has to be considered), the λ :
e

(2)
According to this formula, if we increase the energy of the detecting source, its wavelength will decrease, and
we can get higher resolution. Today, the energy of electrons used can easily get to 200 keV, sometimes as high
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as 1 MeV, which means the resolution is good enough to investigate structure in sub-nanometer scale. Because
the electrons is focused by several electrostatic and electromagnetic lenses, like the problems optical camera
usually have, the image resolution is also limited by aberration, especially the spherical aberration called
C . Equipped with a new generation of aberration correctors, transmission electron aberration-corrected
microscope (TEAM) can overcome spherical aberration and get to half angstrom resolution.
Although TEAM can easily get to atomic resolution, the rst TEM invented by Ruska in April 1932 could
hardly compete with optical microscope, with only 3.6×4.8 = 14.4 magnication. The primary problem was
the electron irradiation damage to sample in poor vacuum system. After World War II, Ruska resumed
his work in developing high resolution TEM. Finally, this work brought him the Nobel Prize in physics
1986. Since then, the general structure of TEM hasn't changed too much as shown in Figure 1. The basic
components in TEM are: electron gun, condenser system, objective lens (most important len in TEM which
determines the nal resolution), diraction lens, projective lenses (all lens are inside the equipment column,
between apertures), image recording system (used to be negative lms, now is CCD cameras) and vacuum
system.
s

Figure 1: Position of the basic components in a TEM.

2 The family of carbon allotropes and carbon nanomaterials
Common carbon allotropes include diamond, graphite, amorphrous C (a-C), fullerene (also known as buckyball), carbon nanotube (CNT, including single wall CNT and multi wall CNT), graphene. Most of them are
chemically inert and have been found in nature. We can also dene carbon as sp carbon (which is graphite),
sp carbon (which is diamond) or hybrids of sp and sp carbon. As shown in Figure 2, (a) is the structure of
diamond, (b) is the structure of graphite, (c) graphene is a single sheet of graphite, (d) is amorphous carbon,
(e) is C , and (f) is single wall nanotube. As for carbon nanomaterials, fullerene, CNT and graphene are
the three most well investigated, due to their unique properties in both mechanics and electronics. Under
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TEM, these carbon nanomaterials will display three dierent projected images.

Figure 2: Six allotropes of carbon: a) diamond, b) graphite, c) graphene, d) amorphous carbon, e) C60
(Buckminsterfullerene or buckyball), f) single-wall carbon nanotube or buckytube.

3 Atomic structure of carbon nanomaterials under TEM
All carbon naomaterials can be investigated under TEM. Howerver, because of their dierence in structure
and shape, specic parts should be focused in order to obtain their atomic structure.
For C , which has a diameter of only 1 nm, it is relatively dicult to suspend a sample over a lacey
carbon grid (a common kind of TEM grid usually used for nanoparticles). Even if the C sits on a thin
a-C lm, it also has some focus problems since the surface prole variation might be larger than 1 nm. One
way to solve this problem is to encapsulate the C into single wall CNTs, which is known as nano peapods.
This method has two benets:
60
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1. CNT helps focus on C . Single wall is aligned in a long distance (relative to C ). Once it is suspended
on lacey carbon lm, it is much easier to focus on it. Therefore, the C inside can also be caught by
minor focus changes.
2. The CNT can protect C from electron irradiation. Intense high energy electrons can permanently
change the structure of the CNT. For C , which is more reactive than CNTs, it can not survive after
exposing to high dose fast electrons.
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In studying CNT cages, C is observed as a small circle inside the walls of the CNT. While a majority of
electron energy is absorbed by the CNT, the sample is still not irradiation-proof. Thus, as is seen in Figure 3,
after a 123 s exposure, defects can be generated and two C fused into one new larger fullerene.
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Figure 3: C92 encapsulated in SWNTs under dierent electron irradiation time. Courtesy of Dr.
Kazutomo SUENAGA, adapted from K. Urita, Y. Sato, K. Suenaga, A. Gloter, A. Hasimoto, M. Ishida,
T. Shimada, T. Shinohara, S. Iijima, Nano Lett., 2004, 4, 2451. Copyright American Chemical Society
(2004).

Although, the discovery of C was rst conrmed by mass spectra rather than TEM. When it came to
the discovery of CNTs, mass spectra was no longer useful because CNTs shows no individual peak in mass
spectra since any sample contains a range of CNTs with dierent lengths and diameters. On the other hand,
HRTEM can provide a clear image evidence of their existence. An example is shown in Figure 4.
60
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Figure 4: TEM images of SWNT and DWCNTs. Parallel dark lines corresponds to (002) lattice image
of graphite. (a) and (b) SWNTs have 1 layer graphene sheet, diameter 3.2 nm. (c) DWCNT, diameter
4.0 nm.

Graphene is a planar fullerene sheet. Until recently, Raman, AFM and optical microscopy (graphene on
300 nm SiO wafer) were the most convenient methods to characterize samples. However, in order to conrm
graphene's atomic structure and determine the dierence between mono-layer and bi-layer, TEM is still a
good option. In Figure 5, a monolayer suspended graphene is observed with its atomic structure clearly
shown. Inset is the FFT of the TEM image, which can be used as a lter to get an optimized structure
image. High angle annular dark eld (HAADF) image usually gives better contrast for dierent particles on
it. It is also sensitive with changes of thickness, which allows a determination of the number of graphene
layers.
2
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Figure 5: HRTEM of monolayer graphene. (a) Bright led. (b) High Angle Annular Dark Field.
Courtesy of Dr M. H. Gass, adapted from M. H. Gass, U. Bangert, A. L. Bleloch, P. Wang, R. R. Nair,
and A. K. Geim, Nature Nanotechnol., 2008, 3, 676.

4 Graphene stacking and edges direction
Like the situation in CNT, TEM image is a projected image. Therefore, even with exact count of edge lines,
it is not possible to conclude that a sample is a single layer graphene or multi-layer. If folding graphene
has AA stacking (one layer is superposed on the other), with a projected direction of [001], one image could
not tell the thickness of graphene. In order to distinguish such a bilayer of graphene from a single layer of
graphene, a series of tilting experiment must be done. Dierent stacking structures of graphene are shown
in Figure 6a.
Theoretically, graphene has the potential for interesting edge eects. Based upon its sp structure, its
edge can be either that of a zigzag or armchair conguration. Each of these possess dierent electronic
properties similar to that observed for CNTs. For both research and potential application, it is important to
control the growth or cutting of graphene with one specic edge. But before testing its electronic properties,
all the edges have to be identied, either by directly imaging with STM or by TEM. Detailed information of
graphene edges can be obtained with HRTEM, simulated with fast fourier transform (FFT). In Figure 6b,
armchair directions are marked with red arrow respectively. A clear model in Figure 6c shows a 30 degree
angle between zigzag edge and armchair edge.
2
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Figure 6: (a) Graphene stacking structure; (b) HRTEM image of graphene edges: zigzag and armchain
(inset is FFT); (c) graphene edge model, a 30 ◦ angle between zigzag and armchair direction.
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