
Two Dimensional Electron Gases at Oxide Interfaces

Jochen Mannhart

Center for Electronic Correlations and Magnetism 
University of Augsburg

 

JST-DFG Workshop on Nanoelectronics, Kyoto, Jan. 21, 2009



G. Hammerl

A. Herrnberger

R. Jany

T. Kopp

C. Richter

C.W. Schneider

S. Thiel

Augsburg University

N. Reyren 

A.D. Caviglia

S. Gariglio

D. Jaccard

J.-M. Triscone

University of Geneva

DFG: SFB 484,  EC: Nanoxide

L. Fitting-Kourkoutis

D. Muller

Cornell UniversityD.G. Schlom

M. Warusawithana 
Penn State University C. Cen

J. Levy

University of Pittsburgh



2-DEGs Can Be Realized in OxidesZnO-Based Semiconductors as Building Blocks for Active Devices
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Figure 2. (a) Schematic of (MgZn)O/ZnO heterostructures in which a discontinuity in
polarization (P ) induces a two-dimensional electron gas (2DEG). Note: PSP is spontaneous
polarization, and PPE is piezoelectric polarization. (b) Magnetotransport properties of the
2DEG show Shubnikov–de Haas oscillation (rxx) and the quantum Hall effect (rxy). The
integers indicate Landau filling factor (v).
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(Shubnikov–de Haas oscillation) and
plateaus in the Hall resistance (quantum
Hall effect) (Figure 2b). These effects result
from the quantum interference of free
electrons in a strong magnetic field
(Lorentz force) and have been observed
only in a clean channel with a Hall mobil-
ity (µH) exceeding 10,000 cm2/(V s).19,20

This fact clearly indicates that the degen-
erate channel is an effective way for
screening the Coulomb scattering at
charged defects, if any. It is noted that
such degenerate conduction, which is eas-
ily attained in oxide semiconductors, is
also effective for realizing high mobility in
AOS TFTs as described in the next section.

Large Mobility and Low Defect
Densities in Amorphous Oxides

Figure 1 also explains why amorphous
oxide semiconductors have large electron
mobilities of >10 cm2/(V s), whereas con-
ventional covalent amorphous semicon-
ductors exhibit much deteriorated carrier
transport properties compared to associ-
ated crystalline materials, as is the case for
a-Si:H.6 The latter is because the chemical
bonds in Si are made of sp3-hybridized

orbitals with strong spatial directivity. The
strained chemical bonds tend to form
rather deep and high-density localized
states below the conduction-band mini-
mum (CBM) and above the valence-band
maximum (Urbach tails), causing carrier
trapping. That is why degenerate conduc-
tion has never been attained and electron
mobility is lower than 1–2 cm2/(V s) in a-
Si:H TFTs. In contrast, because the CBMs
of oxide semiconductors are made up of
spherically extended s orbitals of metal
ions (Figure 1e), their overlap with neigh-
boring metal s orbitals is not significantly
modified by disordered local structures
(Figure 1f). Electronic levels of local CBMs
are, therefore, insensitive to local strained
bonds, and a disordered structure does
not form high-density localized states.
Consequently, oxide semiconductors eas-
ily attain degenerate conduction and
exhibit high electron mobilities even in
amorphous structures.21

Oxide semiconductors have another
advantage over conventional ones: they
form very few harmful defects for n-chan-
nel TFTs. As illustrated in Figure 3a, a Si
vacancy forms dangling bonds and associ-

ated defect levels near the midgap
because the bandgap is made by splitting
of the sp3 σ* and σ orbitals. A neutral dan-
gling bond is occupied by one electron
and has an unoccupied level, and there-
fore, it traps both an electron and a hole
and pins the Fermi level. Consequently,
covalent semiconductors do not work as
active layers of electronic devices if they
have high densities of dangling bonds.
This is why hydrogen passivation is nec-
essary for amorphous silicon (Figure 3b).

In contrast, the origin of the bandgap in
oxides is the Madelung potential, and
therefore, the nonbonding levels of metal
cations are located in the vicinity of the con-
duction band in a simple chemical bonding
view (Figures 3c and 3d). Even if defect lev-
els are formed in the bandgap, they are
generally fully occupied by two electrons
in n-type oxides and electrically inactive for
electron-only devices. This view suggests
that, even if an oxide has defects such as
oxygen vacancies, it does not form high-
density electrically active traps because of
its strong ionicity and the consequent elec-
tronic structures. Indeed, it has been
reported that a-IGZO has far fewer subgap
traps than a-Si:H even when it is deposited
at room temperature (Figure 3e).16

For the reasons described thus far in
this section, AOSs are now thought to be
better candidates for TFT backplanes in
organic LEDs and large-size LCDs. Figure 4
shows an AOS TFT using an a-IGZO
channel that was fabricated at room tem-
perature on flexible poly(ethylene tereph-
thalate) (PET) sheets.6 It is transparent
because all of the electrodes were made
from a transparent conducting oxide,
In2O3:Sn (indium tin oxide, ITO). It
exhibits mobilities as high as 8 cm2/(V s),
and its mobility was almost unchanged
even after bending tests. This mobility is
one order of magnitude larger than those
of a-Si:H and organic TFTs and more than
enough for driving practical organic LED
televisions [for which it is thought that 4–5
cm2/(V s) is sufficient].

In addition, AOS TFTs operate at low
voltages, for example, ~5 V as seen in
Figures 3f and 4. These devices benefit
from low defect densities, because the
operating voltage is largely determined by
the subthreshold voltage swing (S),
which, in turn, is related to the subgap
density of states Dsg (cm-2 eV-1) by

S =
dVG
dlog ID

= ln10 (1+eDsg/Cg) 
kBT
e

= S0(1+eDsg/Cg) (2)

where kB is the Boltzmann constant, T is
the temperature, Cg is the gate capacitance

A. Tsukazaki et al., Science (2007)
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8 unit cells LaAlO3 on SrTiO3
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STEM: Cross Section
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N. Nakagawa et al., Nature Materials (2006)
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The Polar Catastrophe is another Possible Source of Charge Carriers 
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Patterning the Electron Gas

interface is not exposed to environment

surface remains unexposed

compatible with standard lithography techniques
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200 nm
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Low Carrier Density at the Interfaces ~2-4×1013/cm2
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Field Effect Experiments - Top Gate
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Field Effect Tuning of the Interface Properties

A.D. Caviglia et al., nature 2008



Measured Phase Diagram of the LaAlO3/SrTiO3 Interface
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Electric Field Lithography
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induce insulator-metal transition locally

Nanowires


can be written and erased repeatedly

are stable at 300 K for > 24 h (but not always)
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Electric Field Lithography
induce insulator-metal transition locally
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Possible Writing Mechanism

No vacancies Vacancy density nv=1/4

C. Cen et al., Science in press
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