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Over the past decade the achievable resolution of the scanning
electron microscope (SEM) in secondary electron (SE) imaging mode has
improved by about one order of magnitude. In fact, instruments capable of
demonstrating a resolution of one nanometer and exhibiting a probe size of
less than 0.6 nm are not available. Continued improvements in electron-
optics, electron sources, and in electronic and mechanical stability
promise even smaller probe sizes that still contain adequate current for
imaging. It is therefore relevant to consider what resolution might ulti-
mately be achievable with an SEM in SE mode.

The contrast detail in an SE image depends on two factors, the
generation of secondaries, and their subsequent escape from the speci-
men. Changes in either, or bath, of these factors will change the number
of secondaries collected, and the spatial scale over which this change is
accomplished will set the effective resolution of the image (assuming that
the physical prabe size is small enough to be neglected). At low and
medium magnifications, i.e. below about 50 kx, the resolution is limited
because the image detail is mostly supplied by the SE2 secondaries
generated by backscattered electrons and the scale over which this signal
changes is a significant fraction of the incident electron range'.

At higher magnifications the image defail is carried by the SE1
secondaries, produced directly by the incident beam, while the SE2
contribution stays constant'. The size of the SE1 generation volume is of
the order of 1-3 nm in diameter at the full width half maximum value but
perhaps ten times wider at the full width tenth maximum value, depending
on the material, while the SE escape range is between 3 and 8 nm. The
image resolution is therefare determined by the escape of the SE thus, for
example, each edge in the image will be visible as a bright fringe a few nm
in width. The limit of SE imaging under these conditions clearly occurs
when the dimension of the object becomes comparable to the SE escape
range. The edges of the object are then no longer separable and the true
shape and size of the feature cannot be observed.

To achieve a higher level of resolution than this "classical imaging
limit" it is necessary to improve the localization of SE generation. For low
atomic number and amorphous materials, this is most readily done by
placing a thin (< 2 nm), uniform, metal layer on the surface. Because the
rate of SEI production in a metal is much higher than that in an organic
solid all of the S8E1 generation occurs within the film, the magnitude of the
SE1 signal increasing rapidly with the thickness of the layer. As shown in
figure (1) this leads to the praduction of edge detail in the SE image with an
edge width of the same order as the thickness of the metal. The definition
of edge detail, and canseguently the minimum feature size which can be
imaged, can therefore be reduced by using a thinner metal coating layer. If
the practical problems could be overcome then the limit to this procedure
is reached when the film becomes too thin to act like a metal and produce
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a significant SE1 yield. Recent experimental data shows that this occurs when
the film thickness is reduced to about 0.3 nm, suggesting that the smallest
feature that could be resolved would be of the arder of 0.5 nm in width®

In crystalline metals and semiconductors the desired localization of SE
production might be achieved by using the crystal lattice itself. The incident
electron probe can be decomposed into a Bloch wave-field within the crystal.
With an optimally chosen corientation of the beam to the lattice, placing the beam
at an atom position will produce a wave-field with its anti-nodes on the atom
centers. This will enhance SE generation since secondary electron production
requires high angle inelastic scattering which will only occur close to the atom
centers’. The SE signal would then vary in intensity with the beam position with
the pericdicity of the crystal. Lattice imaging using secondary electrons might
thus be a possibility provided that an adequate signal to noise ratio could be
obtained. In either case the final limit to the resolution of the SE image will be
the delocalization of SE1 production. The SE1 generation profile (figure 2)
consists of two components. The narrow central region comes from SE
generated by large angle inelastic scattering events, which the broader back-
ground comes from SE produced by small angle inelastic events’. A simple
application of the Heisenberg uncertainly principle to give the diameter of
localization d;, for the praduction of an SE of energy Eg: by an incident electran
of energy E, gives

66V E,

which would suggest that at 25 keV, production of a 4 eV secondary is
delocalized over 70 nm or more. However, the value predicted by equation (1)
applies only to the case of small angle scattering, corresponding to the minimum
momentum transfer, and hence to the skirt of the SE1 distribution. The width of
the central portion of the SE1 profile is limited by the delocalization associated
with large angle inelastic scattering. In this case sufficient momentum must be
transferred to the ejected free electron and equation (1) takes the form

0.2
dn‘li': = T nm
VE,

a result which is not independent of the incident energy and predicts a delacal-
ization of only 0.1 nm for a 4 eV electron’. It can thus be concluded that SE
imaging can certainly be anticipated to resolutions below 0.4 nm, using metal film
to define SE production, and to even smaller limits in crystals. Delocalization
might ultimately set a limit at around 1 A° M
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