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Final Report

This was a very successful project that culminated in several important discoveries, supported seven Ph.D. students
and resulted in over fifty peer reviewed publications. Below we briefly summarize the main findings of five principal
research thrusts.

The main initial focus of the study was the two-dimensional electron gas (2DEG) at the interface of oxides with oxygen
deficient SrTiO; (STO). Oxygen deficiency results in conductivity in STO, as the oxygen vacancy is a donor impurity.
Typically, oxygen deficiency is reported as a parasitic effect in oxide heterostructures involving STO, when the
deposition used atomic sources, such as during molecular beam epitaxy (MBE). Our approach was to understand and
control oxygen evolution as means to create a conductive layer below the interface. We have performed a fundamental
study of y-Al,O3 grown on STO by MBE and atomic layer deposition (ALD). The interface and the oxygen deficient
layer of STO were investigated and understood with the help of electron microscopy, in particular atomic resolution
scanning transmission electron microscopy (STEM). We have discovered that at elevated temperature Al scavenges
oxygen from STO and this additional flux of oxygen needs to be taken into account when optimizing the oxygen
supply during growth. We extended the investigation of this oxygen scavenging mechanism to other metals. This led
to the discovery of EuO epitaxy without oxygen on STO and large magnetoresistance in the 2DEG at the STO/EuO
interface. EUO is a prototypical Heisenberg magnet and at low temperature shows the largest known magnetic
moments per Eu atom. It is actively studied for applications in spintronics.

Of great practical importance is our development of ALD of several oxides and their integration on Si and Ge. ALD
is a lower temperature chemical deposition process. Commercial applications of ALD shifted from display technology
to electronic devices in the late 90’s, coinciding with the transition to high-k dielectrics (many of which are transition
metal oxides (TMOs)) in CMOS technology. The lower thermal budget of ALD potentially opens a way of integrating
additional functionality afforded by TMOs in the back end process as the thermal budget is quite low (controlled by
the presence of 8-10 levels of metal (Cu)).

Integration of TMOs with conventional semiconductors enables exploitation of many emergent phenomena coming
from a combination of well controlled carriers in a semiconductor and various ferroic orders (ferroelectricity,
ferromagnetism, orbital ordering, etc.) in the oxide. We achieved control of the 2DEG in Ge by ferroelectric
polarization in a heterostructure comprised of semiconducting Ge and ferroelectric BaTiO3; (BTO). We first explored
and understood critical differences in the surface electronic structure between Si and Ge (001). We then developed
techniques to clean Ge without the need for sputtering and regrowth. We developed epitaxial integration of BTO on
Ge using both MBE and ALD. We understood the atomic structure of the interface using a combination of density
functional theory (DFT) and atomically-resolved STEM. We demonstrated the field effect using microwave
impedance microscopy (MIM). The methodological aspect of this work that is worth mentioning is that the field effect
(manipulation of charge by ferroelectric polarization) was clearly demonstrated without the need to build the actual
transistor.

We extended our ability to create and manipulate the 2DEG at oxide interfaces to TMO quantum wells (QW). In a
pioneering study we have created a doped STO/LaAlO3 superlattice comprised of up to 80 QWs and demonstrated
intersubband absorption in the THz frequency range. In the course of the project we have developed in-situ doping
techniques, and resolved multiple deposition problems such as amplification of the interfacial roughness with
increasing superlattice thickness. Quantum mechanical theory of the inersubbabnd absorption in the STO quantum
wells was also developed. Development of the growth procedures, materials characterization and device testing were
intimately linked with theory and STEM microcopy in a seamless learning cycle.
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Towards the end of the project an opportunity arose to make a major impact on Si photonics. Si photonics is the
information technology exploiting the outstanding ability of Si to guide IR light in micromachined waveguides,
specifically at the telecom 1.55 um wavelength. The most efficient way to control such light would be through the
electro-optical or Pockels effect. Unfortunately, Si due to it having inversion symmetry doesn’t exhibit the Pockels
effect. The traditional material for this is LiNbOs3, but its integration on Si is cumbersome. We have developed Si-
integrated BTO structures that exploit the extreme optical nonlinearity of BTO, and explored the ability to control
light propagation as a function of BTO microstructure. Functional electro-optical devices have been built by our
collaborators, and promising results in terms of efficiency, loss, etc. have been demonstrated. This approach offers an
avenue of miniaturizing electro-optical components, reducing power consumption and lowering cost in multiple
defense applications. The work will be continued under the new program.
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