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High-angle annular dark-field (HAADF) scanning transmission electron microscopy
(STEM) is highly sensitive to both the atomic number (Z) and the Debye-Waller factor of
the atom columns [1]. Recently, we have demonstrated that excellent quantitative
agreement between simulations and experiments can be achieved in HAADF/STEM [2].
This opens the path to examine local changes in Debye-Waller factors, such as in thin
films and superlattices, through comparison between experiment and simulation.

In this study, we investigate the strain sensitivity of quantitative HAADF/STEM images.
The model systems are strained and unstrained SrTiOj; thin films. Strained SrTiO; films
are grown on (110) DyScOs substrate surfaces by molecular beam epitaxy. The in-plane
tensile lattice strain is 1%. An epitaxial SrTiO; film grown on a (001) SrTiO; substrate
served as a reference for unstrained SrTiO;. The biaxial tensile strain affects the SrTiO;
film in two ways: by changing the lattice parameters, which may affect the channeling,
and by changing the Debye-Waller factors of the atom columns. For example, previous
studies on powders of BaTiOj; indicate an over 50% increase in the Debye-Waller factor
from a 0.5% lattice strain [3]. Figure 1 shows results from simulations [4] for the column
intensities of strained and unstrained SrTiOs, respectively, as a function of thickness.
Strained SrTiO3; was modeled using the strained unit cell, both with and without change
(50%) in the Debye-Waller factor. The results in Fig. 1 indicate that while the change in
column intensity due to lattice strain is small, a significant (within the experimental
detection limit) difference should be expected for large changes in the Debye-Waller
factors.

Simulations were compared quantitatively with experimental HAADF/STEM images,
recorded using a FEI Titan 80-300 TEM/STEM field emission microscope with a
supertwin lens (Cs = 1.2 mm) operated at 300 kV. The quantitative experiments rely on
exact measurements of the local samples thickness, which was obtained from position
averaged convergent beam electron diffraction patterns (PACBED). PACBED patterns
have been shown to provide precise sample thickness values accurate to within 1 nm
(Fig. 2) and can be recorded in parallel with STEM images without changing the imaging
conditions [5].
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Fig. 1. Simulated intensity vs. thickness for Sr and Ti columns in unstrained (red),
strained (blue), and strained with increased Debye-Waller factor (green) SrTiO; films.
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Fig. 2. Simulated PACBED patterns of SrTiO; for a foil thickness of a) 13 nm, b) 14 nm,
and c¢) 15 nm. In (b) the bottom half has been replaced with experimental image,
showing excellent agreement.
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