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Aberration correction, introduced by Nion of WA state and CEOS of Germany in the 
early 2000’s, has revolutionized electron microscopy. As an example, aberration-
corrected cold field emission scanning transmission electron microscopes (CFE 
STEMs) operating at 200 keV electron energy are now approaching 0.5 Å spatial 
resolution, i.e. about 25% of the size of a typical atom. At the same time, the contrast 
of individual heavy atoms has improved so much that the atoms can be resolved in 
transmission samples several tens of nm thick. The chemical identity of the atoms 
can be probed by electron energy-loss spectroscopy (EELS), and their spatial 
distribution, and even their bonding states, can be mapped at atomic resolution, also 
by EELS. 
With light-Z materials such as graphene 
and nanotubes, knock-on radiation 
damage is a major problem at 200 keV 
operating energy. Dropping the energy 
below the knock-on threshold of about 80 
keV avoids the damage, and allows high 
intensity exposures (~107 electrons per 
Å2) that give high signal-to-noise ratio 
images of these materials. The electron 
wavelength becomes larger and the 
resolution worsens to about 1 Å below 80 
keV, but this is enough to resolve nearest 
neighbors 1.4 Å apart in graphene (and in 
single-layer BN), and to identify the 
chemical type of every non-overlapping 
atom simply by the intensity of its image. 
In this way, large inhomogeneous patches of monolayer-thick materials can be 
analyzed atom-by atom. 
With the spatial resolution now comfortably below the diameter of even the smallest 
atoms, the next revolution in electron microscopy is likely to come from improving the 
energy resolution of EELS so that one can record and analyze the vibrational spectra 
of materials. This will ultimately require about 1 meV energy resolution, i.e. a 
fractional energy resolution of about 1 part in 108. We have recently started working 
towards this goal, and our first steps will be described as well as the developments in 
imaging. 
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Part of a DFT simulation of a single BN 
layer containing the experimentally 
observed substitutional impurities 
overlaid on the corresponding part of the 
experimental image. Red, B; yellow, C; 
green, N; blue, O. 
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