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In high resolution transmission electron microscopy (HRTEM), we record the intensity of an electron
plane wave after it has interacted with an electron-transparent sample. This interaction between fast
electrons and the positive electrostatic potential of the sample is encoded upon the phase of the electron
plane wave, which is not directly measurable in experiments. However, after the electron- sample
interaction, Fresnel diffraction of the wave transfers some of the information into the plane wave
intensity. By controlling the focal distance of the objective electron lens, we can also introduce coherent
wave aberrations which further modulate the hidden phase information. After capturing a series of
measured intensity micrographs with varying defocus values, there are several phasing algorithms we
can apply to recover the full complex exit wave. The most common of these methods is the well-known
Gerchberg-Saxton algorithm [1, 2].

The Gerchberg-Saxton algorithm is fast, simple to implement, can handle both coherent wave
aberrations and incoherence effects (limited spatial and temporal coherence), and is robust in the
presence of noise. However, in a previous study we showed that the convergence of this algorithm
depends strongly on the spatial frequency ¢,. Specifically, the characteristic number of iterations N
required for convergence is approximately N~ 0.3172F 2g,~* [3], where 4 is the electron wavelength
and F is the maximum defocus value. As the spatial frequency g is lowered (longer distances in the
real-space exit wave), the number of iterations required to recover it increase to the fourth power. For
example, recovering all spatial frequencies of the full exit wave over a field of view of 20 nm (gy = 0.05
nm '), in a 300 kV HRTEM experiment (A = 0.00197 nm) with a maximum defocus F =20 nm
would require over 30 million iterations, far more than a rough practical limit of 1000 iterations. The
low spatial frequencies are especially important in HRTEM sample geometry studies, because the
sample thickness is encoded there [3]. Figure 1 demonstrates the information that is lost when the low
spatial frequencies are attenuated or missing from a complex exit wave.

In this study, we introduce a new exit wave reconstruction algorithm that dramatically speeds
convergence, building on our previous work [3, 4]. We use Gerchberg-Saxton iterations to recover the
medium and high spatial frequencies, and a modified transport of intensity equation to solve the low
spatial frequencies, similar to the composite approach proposed by Gureyev [5]. We use simulated
focal series to test the efficacy of our new algorithm. Wealso discuss the effects of noise and open
boundary conditions on the results. Finally we apply the algorithm to experimental datasets (wedge,
nanoparticles, etc) and quantitatively access the results. Figure 2 shows an experimental focal series
reconstructed using our method[6].
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Figure 1: (top) Reconstructed phase on subset of simulation for various numbers of iterations.
(bottom) Difference image between reconstructed and simulated exit wave phase. Note that the
atomic structure (high spatial frequencies) is recovered within =16 iterations. However, completely
reconstructing the phase wedge due to the thickness variation requires over 30 million iterations.
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Figure 2: Exit wave intensity reconstructed from an experimental focal series of a f—Si3N4 sample.

https://doi.org/10.1017/51431927613003607 Published online by Cambridge University Press


https://doi.org/10.1017/S1431927613003607

