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The resolution of the high-resolution transmission electron microscope is limited by the specimen as
well as by the HRTEM.! For specimens that beam-damage, image resolution depends upon e ectron
energy and electron dose. For small-cell crystalline specimens, Bragg's law quantifies allowable reso-
lutions, preventing image resolution from reaching instrumental resolution. Specimen thickness be-
comes increasingly important at higher resolutions. For aresolution of d(A), we need the specimen to
diffract at u=1/d. Consideration of the Ewald sphere intersection with the specimen shape transform
(fig.1) shows that thickness must be less than tme=2/(1 uU¥)=2d%/ . For a resolution of 1.0A at
300keV, thickness must be less than 1004 ; to achieve 0.7A requires halving this value to 50A (fig.1).

Resolution in an image depends on the spatial frequencies of the information (diffracted waves) trans-
ferred from the amplitude spectrum (specimen exit-surface wavefunction) into the image intensity
spectrum (Fourier transform of the image intensity). The microscope imaging system changes the
phases of the diffracted waves contributing to the image intensity spectrum; these changes affect not
only the phases of terms in the image intensity spectrum but also their magnitudes. Changes in
magnitude impose an amplitude limit on linear information transfer called the “information limit” of
the microscope. Changes in phase generate a limit caled the “resolution” of the microscope.?
Broadly, the information limit is the highest spatial frequency that can be linearly transferred from the
exit-surface wave into the image; the Scherzer resolution is the highest spatial frequency that can be
transferred to the image with the same phase as all lower frequencies. For specimens thin enough to
be considered weak phase objects, imaged at the Scherzer optimum defocus of -(Q1.5Cdl ), the
Scherzer microscope resolution is ds=0.67Cs”l . A Scherzer image shows the projected potential of
the specimen at the microscope resolution. Because resolution is strongly dependent on wavelength,
ds can be improved by increasing the voltage of the microscope. Currently, high-voltage HREMs
have resol utions approaching 1.0A 3

Information at frequencies beyond ds can be transferred by underfocusing from Scherzer defocus
(fig.28) to form higher passbands (fig.2b). This approach is bounded by the information limit
imposed by focus spread (fig.2c). For thicker crystals, the focus-spread effect is described in terms of
the transmission cross-coefficient.# For thin crystals, focus spread is described by quasi-coherent
imaging theorys in terms of envelope functions®?. Focus-spread envelope is Ep(u)=exp{ -1sp2l 2D2u?},
and falls to exp(-2) at up=(pl D/2)* giving an information limit of dp=v(pl D/2). Focus-spread,
D=C[(dV/V)?+(2dI/I)>+(dE/E)?*2, arises from electron beam energy spread (dE) and variations in
microscope voltage (dV) and objective current (dl); C. is the chromatic aberration coefficient of the
objective lens. dp can be improved by decreasing Cc, dV or di. A factor under user control is energy
spread; reducing the beam current lowers dE and D.8 A large decrease in dE is obtained with a field-
emission source; mid-voltage FEG-TEMs approach the information limits of high-voltage HRTEMs.3

Information in focal series of images is applied by comparing experimental images with ssimulated
ones (fig.3), or by using focal-series reconstruction to combine them into one image. Methods of
focal-series reconstruction include the linear-image Schiske algorithme, the non-linear procedures of
Kirkland,° the paraboloid method,* and maximum likelihood.2 With these methods, a microscope's
resolution is no longer determined by its Scherzer limit, but approaches its information limit, once
phase errors from 2- and 3-fold astigmatisms are corrected and vibration eliminated.
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