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Epitaxial oxide films and heterostructures integrated with silicon offer great opportunities for the next
generation of electronic devices based on novel physical phenomena occurring in thin oxide films.
Potential device applications demand very high quality oxide thin films with atomically flat interfaces
[1]. Pulsed Laser Deposition (PLD) has historically been the preferred method used for epitaxial oxide
film growth. However, the atomic-layer deposition (ALD) method is a potentially attractive alternative
since it permits growth at lower temperatures than PLD. In this study, epitaxial films of anatase titanium
dioxide and strontium titanate (STO) have been grown by ALD on Si (001) substrates buffered with thin
STO layers grown by MBE [2,3]. Four unit cells of STO grown by MBE typically served as the template
for the ALD growth. In addition, vicinal substrates in which periodic stepped surfaces are created by
cutting single crystal substrates at miscut angles show unique electronic properties such as periodic
surface potentials and complete surface reconstruction [4]. Thus, films grown on vicinal STO-buffered
Si substrates with original miscut angles of 4° were also examined. Cross-section transmission electron
microscopy (TEM) samples were prepared using conventional mechanical and dimple polishing
followed by argon-ion-milling to achieve electron transparency. High-resolution TEM images were
recorded with a JEM-4000EX operated at 400 keV, with a structural resolution of ~1.7A, and high-angle
annular-dark-field (HAADF) images were recorded with a JEM-2010F STEM operated at 200 keV, with
probe size ~2A.

Observations of the anatase/STO/Si samples revealed that the anatase layer was highly crystalline and
well oriented with the substrate, as shown in Fig. 1. A thin layer of amorphous SiOy (~0.5 nm) was
observed at the STO/Si interface of the as-grown sample, but the oxide layer thickness increased
significantly (~2.2nm) for samples annealed at temperatures of greater than 250°C, which was attributed
to oxygen from the TiO; layer oxidizing the silicon substrate. Figure 2 shows that thick layers of ALD-
deposited STO are again highly crystalline, with well-separated grain boundaries. No clear interface is
visible between the ALD-grown STO and the MBE-grown STO, although a partially amorphized (oxide)
layer of ~0.5 nm is visible at places along the STO/Si interface. Figure 3 reveals that MBE-grown STO
films deposited on vicinal Si substrates generally follow the topography of the substrate quite well but
not always, and the STO is observed to be of excellent crystallinity with some occasional grain
boundaries. A partially amorphous layer is sometimes visible in the vicinity of the vicinal steps. The
HAADF image in Fig. 4 clearly shows vicinal step heights of 1 or 2 unit cells. Further work to be
reported at the meeting will include atomistic modeling of the STO/Si offcut interface and aberration-
corrected imaging and spectroscopy.
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Figure 1: Cross-sectional TEM micrograph of TiO, (~10 nm)/ STO (~1.5 nm) / Si (001).
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Figure 2: Cross-sectional TEM micrograph Figure 3: Cross-sectional TEM micrograph of STO (MBE)
of STO (ALD) (~22.5 nm) / STO (MBE) (~4.7 nm) grown on vicinal silicon (001) substrate.
(~1.5 nm) / Si (001).

Figure 4: Cross-sectional HAADF image of STO (~4.7 nm) as grown by MBE on vicinal
silicon (001) substrate.
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