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In the past decade, the development of atomic electron tomography (AET) [1] has allowed for the 3D characterization of atomic
positions in nanoparticle [2], monolayer [3], and needle [4] geometries. However, many technologically important systems are
synthesized and utilized as thin films. Several challenges in sample preparation and data analysis have been overcome to expand
the scope of AET to these systems. Polycrystalline yttrium-doped hafnium dioxide (HfO2) was chosen as a model system, because
it is technologically relevant as a high capacitance dielectric and ferroelectric.
New techniques were developed to synthesize a thin film sample suitable for tomography in a transmission electronmicroscope

(TEM). Previous experiments with nanoparticle or monolayer samples involved the deposition or stamping of the material on a
thin amorphous TEM grid. The amorphous thin film, typically 5-10 nm of silicon nitride or carbon, makes tomography more
difficult by adding to the thickness of the sample and producing a background contrast. For a nanoparticle, this can be mitigated
by calculating the background contrast in regions around the nanoparticle and subtracting this during the data analysis. This
would not be possible for a thin film the sample would extend beyond the field of view. In amonolayer where samples are typically
thinner than 1 nm, the additional 5-10 nm of amorphous support film is not a limiting factor. However, as technologically rele-
vant thin films are typically 10 nm or thicker, the additional thickness of the amorphous support film will limit annular dark field
(ADF) resolution, especially at higher tilt angles where the effective thickness of the sample may be more than doubled. To elim-
inate these issues of background contrast and thickness, a new procedure was developed. A HfO2 thin film was synthesized on a
sacrificial substrate. The filmwas then exfoliated and placed on a tomography grid via wet transfer. This tomography grid consists
of a 50 nm thick silicon nitride window with 2 um diameter holes. A monolayer of graphene was also placed over the sample to
reduce charging. A low magnification micrograph of this sample may be found in Fig. 1. With this configuration, the film is free-
standing within the holes which minimizes background contrast and thickness.
With this sample, a tilt series was acquired on the TEAM 0.5 microscope at the National Center of Electron Microscopy,

Molecular Foundry, Lawerence Berkeley National Laboratory. Annular dark field scanning transmission electron microscopy
(ADF STEM) images were acquired from –67.5 degrees to +61 degrees, with 3 degree tilts. All micrographs were acquired at
300 kV, with a semi-convergence angle of 30 milliradians, and a step size of 30.5 pm. As is standard for AET, image registration
was used to minimize the effect of drift by combining three micrographs from the same angle into a single image. Following this,
Block-matching and 3D filtering was utilized for noise reduction. The precise alignment of projections is necessary for a successful
tomography reconstruction. In the past, this has been accomplished by aligning the edge of a needle or the center of mass of a
nanoparticle. For this thin film, the center of mass of a fiducial grain was used to align each projection. A medium magnification
micrograph in Fig. 1 shows an example grain. The contrast of this grain remained high relative to other grains at all projection
angles.
The reconstruction was performed with the REal Space Iterative REconstruction (RESIRE) algorithm [5]. This algorithm was

recently made capable of handling extended objects. This was essential for reconstructing the HfO2 thin film that extends beyond
field of view. Some visualizations of the reconstructed volume are presented in Fig. 2 and Fig. 3. In these visualizations, it is pos-
sible to see atomic columns along various zone axes. Several grains, within the sample, with low and high angle grain boundaries,
may also be differentiated. Further, the three dimensional reconstruction revealed the presence of cracks and voids in the film.
These were not obvious from the projections alone.
In addition to further experiments, future workwill involve improvements to the reconstruction and tracing of atomic positions

within the reconstructed volume. Previous atomic tracing in AET experiments has allowed for some statistical analysis of various
atomic properties in nanoparticles, monolayers, and needles. It is anticipated that atomic tracing of this reconstructed volumewill
reveal new insights about atomic arrangements at grain boundaries or void surfaces within the film. Thismay contribute to greater
understanding of the robust capacitance and ferroelectric of HfO2 thin films [6].
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Fig. 1. (a) Lowmagnification ADF STEMmicrograph of the HfO2 sample. The region of bright contrast is the sample on the silicon nitride window.Within
the 2 um holes, the HfO2 film is free standing. The bright lines are folds in the monolayer graphene. (b) Medium magnification ADF STEMmicrograph of
the HfO2 sample. An example fiducial marker is magnified in the red box insert.

Fig. 2. 61 pm thick slices along the thickness of the film (i.e. the z direction, orthogonal to the direction of the beam at a tilt angle of zero degrees) marked
by distance from the bottom of the reconstructed volume. Note the voids especially visible in the 1.8 nm slice and the high angle grain boundaries
especially visible in the 9.2 nm slice. The white scale bars are 1 nm.
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Fig. 3. (a, b, c) Volumetric representations at different angles depicting particular grains on low zone. These representations include axes indicating the
orientation of the volume and a fourier transformof that volume. (d) Top view and (e) side viewof the reconstructed volume. All representations include a 1
nm cube for scale.
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