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We have developed a process for fabricating micron-scale fully epitaxial top-gate oxide
field-effect transistors that use an oxide channel, oxide source and drain electrodes and a
wide-gap oxide gate insulator. We have studied charge accumulation at CaHfOs/SrTiOs,
DyScOs/SrTiOs, and SrTiOs/LaTiOs interfaces. As a way to confine carriers in a narrower
layer at an interface, we are developing Ruddlesden-Popper-type two-dimensional

guantum wells.
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Many oxides have very rich electronic
phase diagrams with various insulating,
metallic, magnetic, superconducting, etc.
phases. In many materials, these phase
transitions can be controlled by changing
the density of charge carriers, i.e. doping. A
particularly attractive method of doping
oxide is to use the electrostatic field effect
to tune the carrier density in a

two-dimensional layer continuously over a
phase transition.

The purpose of the project was to study the
possibility of observing phase transitions
in SrTiOs and other oxides by constructing
fully epitaxial field effect transistors, in
which the carrier density in the transistor
channel can be adjusted by simply



changing the gate voltage. Since the
carrier density modulation range is limited
by the breakdown field of the insulator, our
purpose was to study phase transitions
that occur at moderately low carrier
densities, such as the insulator-metal and
insulator-superconductor  transition in
SrTiOs. Of particular interest for us was
the possibility of controlling localization-
driven insulator-metal transitions in two-
dimensional oxide layers.

We used laser molecular beam epitaxy to
grow high-quality fully epitaxial oxide
heterostructures consisting of SrTiOs and

several different insulator materials
(CaHfOs and DyScOs) and different
channel compositions (SrTiOs, oxygen-

deficient SrTiOs, (La,Sr)TiOs, and various
Ruddlesden-Popper type manganites. The
heterostructures were patterned by
photolithography  and ion  milling.
Transistor electrodes consisting of metallic
oxygen-deficient SrTiOs were also made by
ion milling. The transport properties of the
field-effect transistors and magneto-
transport of heterostructures  were
measured as a function of temperature,
carrier density, magnetic field, and
ultraviolet illumination. The occurrence of
metal-insulator transitions was observed.

(1) We developed a process for fabricating
epitaxial field-effect transistors based on
epitaxial oxide layers (Fig. 1). This device
structure can be used to study the
transport properties of various ultrathin
oxide layers that can be grown on SrTiOsa.
The best performance is generally obtained
in the smallest devices, which are less
affected by defects in the films.

Fig. 1 Array of transistors with
various channel sizes.

(2) A technique was developed to use
oxygen-deficient SrTiOs as an electrode
material for epitaxial oxide FETs (Fig. 2). A
key feature of this design is that the

channel interface layer can be grown
before any other device processing or
patterning. In this way, the best channel
interface quality can be obtained.
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Fig. 2 Cross-sectional view and
optical image of an oxide transistor.

(3) The SrTiOs-based oxide FETs were
used in depletion mode for mapping the
density of in-gap states at the
SrTiOs/DyScOs interface. The variation of
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Fig. 3 Schematic diagram of in-gap
states near SrTiO3 conduction band
and measured density of states.

the activation energy of channel
conductance as a function of gate bias, or
guasi-Fermi level distance from the
conduction band mobility edge, shows
plateau-like behavior about 400 meV below
the conduction band bottom (Fig. 3). This
result was obtained in a slightly
oxygen-deficient crystal, showing that
simple transport measurements in an FET
can provide electronic density information
that would normally require synchrotron
source photoelectron emission spectroscopy
measurements. Additionally, the FET
measurements probe the electronic density
in an essentially two-dimensional interface
layer, which is generally not accessible in
photoemission experiments.

(4) The ability to induce a large enough
carrier density at an interface to observe
phase transitions in common oxide systems,
is limited by the breakdown of the
insulator and trapping of charge at
interfaces. Charge trapping is also the
basis for some types of resistive switching
devices that have been proposed as new
high-density non-volatile memories.



Charge trapping at various interfaces in an
oxide device <can be studied by
capacitance-voltage analysis (insulator
layers) and by measuring the temperature
dependence of the transistor switching
characteristics (channel material). Since
the mobility of charge carriers in SrTiOs is
a strong function of temperature,
measuring the low-temperature
performance of an FET can clearly show if
interface traps (and thus defects) remain
at the channel interface. An example of
such a measurement is shown in Fig. 4.
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Fig. 4 Temperature dependence of
SrTiOs / DyScOs FET switching
characteristics.

The data in Fig. 4 shows that the
off-current  of  the device drops
exponentially with temperature. This is
caused by in-gap defect states in SrTiOs,
assigned mostly to oxygen defects. The
increase of the slope of the switching
curves at low temperature shows that the
mobility increases at low temperature, as
expected for SrTiO:s.
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(5) The mobility behavior of a FET is a
good probe of interface quality in an
electronic sense. The field-effect mobility
measured in a 10 um channel length device
is overlaid on bulk mobility data for SrTiO3
in Fig. 5. This type of measurement sees

the average mobility in the channel region
and is generally lower than the bulk
mobility. For the particular device for
which the data is shown in Fig. 5, it is clear
that the mobility does follow the bulk
characteristics and it can be concluded that
epitaxial oxide interfaces can be grown
with sufficiently low impurity or structural
defect densities. This is important if we
consider an FET as a general tool for
measuring electronic phase diagrams in
nm-scale oxide layers.

(6) We have observed metal- super-
conductor and metal-insulator transitions
in oxide FETs and related structures. The
main benefit of an FET as an electronic
doping tool is that the electron density can
be changed reversibly, and with much
better accuracy than is possible by
chemical doping. It is therefore possible to
study the effects of small perturbances
caused by changes in temperature,
maghnetic fields, light, etc. on a material at
the 'midpoint' of a phase transition. A
metal-insulator transition measured in a
SrTiOs FET is illustrated in Fig. 6.
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Fig. 6 [Illustration of a metal
inSulator transition in SrTiOa.
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resistance behavior vs. temperature
changes as the electric field is varied
between 0.8 and 1.3 MV/cm. The maximum
field in this case corresponds to a sheet
carrier density increase of about 5x1012
cm-2 Considering that for bulk SrTiOs, the
transition occurs at a carrier density of
about 5x1017 cm3, it is evident that the
conducting channel thickness is on the
order of at least tens of nm.

(7) The thickness of a conducting layer at
an oxide heterointerface is determined by
the depth distribution of defects and the
dielectric properties of the material. In the
materials studied in this project, it is
important to consider the motion of oxygen
vacancies, which can have very high
mobilities at typical thin film growth
temperatures of about 700 °C.



In order to confine carriers in a thinner
interface layer and thus achieve higher
volume densities of carriers, it is necessary
to restrict the movement of either cation or
anion defects and electrons. One possible
approach is to use rocksalt-type layers to
isolate perovskite layers from the rest of
the crystal, i.e. a structure similar to a unit
cell of a Ruddlesden-Popper phase.
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Fig. 7 RHEED specular intensity
during the growth of three formula
units of a Ruddlesden-Popper phase.

Fig. 7 shows the specular intensity
oscillations during laser molecular beam
epitaxy growth of a three unit cell thick
film of (La,Sr)3(Mn,Ru).07. The data shows
that it is possible to determine exactly
which crystal blocks grow on the surface
and the layer sequence can be changed by
growing a film a single block at a time,
using separate A and B-site cation targets.

(8) In order to achieve tighter electron
confinement, we have studied this in
SrTiOs / LaTiOs [/ SrTiOs trilayer
structures, where the LaTiOs layer
coverage is less than 1 full unit cell. This
type of a fractional-layer quantum well
shows string localization and a transition
from a metallic or semiconducting state to
an insulating state at about 100 K. The
temperature dependence of resistivity of
fractional-layer LaTiOs quantum wells is
shown in Fig. 8. LaTiOs layers that are
close to 1 unit cell thick, are metallic. At a
coverage of about 0.2 unit cells, a sharp
transition to insulating state is seen at
about 50 K. This type of well structures can
also be used for doping studies in FET
structures, since the quantum wells can
easily be integrated in the FET channel.
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