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Abstract

Two-dimensional electron gases (2DEGs) at oxide interfaces may exhibit
unique properties, including effects from strong electron correlations, ex-
tremely high electron densities, magnetism, and 2D superconductivity. This
article discusses routes to high-mobility 2DEGs in complex oxide het-
erostructures, with a particular focus on 2DEGs that involve transport in
SrTiO;. We discuss what is known about the electronic states in SrTiOs
2DEGs, both experimentally and theoretically. Examples from the current
literature are summarized.
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1. INTRODUCTION

Oxide heterostructures allow for external control of properties through the manipulation of carrier
concentration by composition, electrostatic or modulation doping, and field effect. Furthermore,
entirely new phenomena may be caused by two-dimensionality and quantum confinement. These
basic concepts have many analogies to conventional semiconductor heterostructures, but the dis-
tinctly different electronic structure of oxides requires fundamentally different approaches to both
characterization and theoretical description. For example, III-V semiconductor heterostructures,
with their wide bands, use states near the bottom of the conduction band that can be described
extremely well by an effective mass approximation. In contrast, quantum-confined states in many
oxides involve carriers in narrow d-bands, which are often substantially filled, and are subject
to strong electron-electron correlation effects and exchange coupling, which then dominate the
transport properties.

In conventional ITII-V and group-IV semiconductors, high-quality heterostructures grown by
molecular beam epitaxy (MBE) have led to many scientific discoveries, such as the fractional
quantum Hall effect (1). The same arguments apply for oxide heterostructures: Only high-quality
materials allow the properties of the electron (or hole) system to be governed by intrinsic interac-
tions, such as electron-electron interactions (correlations) or interactions with the lattice, rather
than being scattered or trapped by impurities or other defects.

In conventional semiconductor heterostructures, carrier mobility has long been used as a highly
sensitive measure of materials and heterostructure quality (2). In particular, at low temperatures,
scattering from various imperfections—such as ionized donors or acceptors, impurities, dislo-
cations, interface roughness, alloy disorder, and other defects—limits the mobility (3, 4). Before
discussing mobility in oxides, we need to distinguish between the vastly different kinds of classes of
oxides. For example, many binary semiconducting oxides, such as ZnO, Ga, O3, In, O3, and SnO,,
exhibit similarities with conventional semiconductors, such as wide bands and low effective masses.
These oxides can exhibit very high mobilities. For example, both the quantum Hall effect and the
fractional quantum Hall effect have been observed in ZnO/Mg,Zn,_,O heterostructures (5, 6).
Another important class contains the transition metal oxides, which have electronic structures that
depend on the degree filling of the d-electron states. Oxides with the d° electron configuration
include binary oxides such as TiO, and many perovskite oxides such as SrTi03; and KTaOs. These
oxides have many similarities to the semiconducting oxides, such as relatively low effective masses
(on the order of one to a few times 7z, the free electron mass). They have large band gaps and can
be described largely by using conventional band models. However, phonon scattering and cou-
pling to the lattice are relatively strong, causing polaron formation, which leads to an enhancement
of the effective mass compared with the bare band mass (7). Room temperature mobilities of such
oxides are typically much lower than those of conventional semiconductors (8). Magnetic insulat-
ing oxides and metallic oxides differ greatly in their electronic structure and properties compared
with conventional semiconductors and simple metals, respectively (9). Oxides such as NiO and
YTiO; are Mott insulators (10). They have partially filled 4-bands, so a metal would be expected
according to simple band theory. As is the case for the metallic oxides, electron-electron correla-
tions and coupling to the lattice are very strong. Transitions to various magnetically ordered or
charge-ordered phases, and metallic or insulating states, often occur with varying temperature,
alloying, magnetic field, or pressure (9, 11). The carrier mobilities in these classes of oxides are
generally very low, and transport in these materials is not a subject of this article. Heterostructures
involving correlated oxides are discussed by some of the other articles in this volume (12, 13).

This article focuses on high-mobility complex oxide heterostructures that involve at least one
d° oxide in which transport occurs. To date, most experimental and theoretical studies of such
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heterostructures involve conduction in SrTi0Os, and we focus mostly on this oxide. In particular,
we discuss aspects of electron transport in two-dimensional electron gases (2DEGs) in SrTi0;.
Many reviews have already covered interfaces between LaAlO; and SrTiO; (14-17). This article
takes a more inclusive view of the routes to 2DEGs in SrTiOj;, which are discussed in Section 2.
We do not discuss emergent phenomena such as magnetism and superconductivity, and we refer
readers to the article by Levy and coauthors (13) in this volume.

Compared with the case for conventional semiconductor heterostructures, the development of
high-mobility perovskite oxide heterostructures is in its infancy. Epitaxial heterostructures with
high crystalline perfection and low extended defect concentrations are state of the art (18, 19), and
their growth is facilitated by a wide range of high-quality, single-crystal perovskite substrates with
closely matched lattice parameters. Precise control of stoichiometry and reduction of point defect
concentrations remain, however, major issues that pose significant challenges in many materials
systems. Many studies of StT10; 2DEGs still use a single-crystal substrate, rather than an epitaxial
film, as the electrically active side of the interface. We discuss these issues in Section 3. In Section 4,
we discuss what is known about the properties of 2DEGs in SrTiOs, and in Section 5, we provide
suggestions for future developments.

2. ROUTES TO HIGH-MOBILITY OXIDE HETEROSTRUCTURES

An important prerequisite for a high-mobility 2DEG [or a 2D hole gas 2DHG)] is to minimize
scattering from ionized impurities, which dominate the mobility at low temperatures [at room
temperature, the mobility of the oxides that are the focus of this article is limited by phonon
scattering (8)]. There are two main routes to high-mobility electron (or hole) gases. The first one,
invented in 1978, is known as modulation doping (20). Its realization in oxide heterostructures is
discussed in Section 2.1. The second approach, to not use any dopants, relies on discontinuities
either in the bulk polarization or in the polarity of the surfaces that compose the interface. We
discuss these approaches in Section 2.2.

2.1. Modulation Doping

Modulation doping spatially separates conduction electrons (holes) from their donor (acceptor)
impurity ion (20). This separation can be achieved, for example, by introducing the latter into a
wider-band-gap material, which has a type I (straddling) band-gap alignment with a narrower-
band-gap semiconductor, as illustrated in Figure 1. This configuration causes the electrons (holes)
to be transferred into the narrow-band-gap semiconductor. They remain attracted to donors
(acceptors) and create a 2DEG (or 2DHG) at the interface. Scattering due to the ionized donors
(acceptors) is dramatically reduced, due to the spatial separation between them and the mobile
electrons (holes); such separation is usually further enhanced by adding an undoped spacer layer.
The highest-mobility 2DEGs are created by this method, with mobilities exceeding 3 x 107 cm?
V-1 571 in AlGaAs/GaAs heterostructures (21, 22). Furthermore, this method forms the basis for
many important devices, such as high-electron-mobility transistors (HEMTSs) (23, 24).

In comparison to the case for conventional semiconductor 2DEGs, modulation doping re-
mains underexplored as a route to 2DEGs in high-mobility complex oxides. We briefly discuss
the materials requirements that would allow for modulation doping of, say, a SrTiO; channel to
produce a 2DEG [hole gases in this material are substantially more difficult to produce, due to the
inherent doping asymmetry typical of many oxides (25)]. Sr'Ti0; has a band gap of ~3.2 eV (26).
Many wider-band-gap perovskite oxides exist (27, 28) and could be grown epitaxially on SrTiO;.
Although data on the band alignments are relatively rare, it is known that, for example, LaAlO;
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Principle of modulation doping to obtain a high-mobility two-dimensional electron gas 2DEG) (20).
Electrons from the donors in the material with the higher-conduction band edge transfer into the
conduction band of the semiconductor on the other side of the interface, creating a 2DEG. The electrons
are spatially separated from their donors, and ionized impurity scattering is thus reduced. Ec and Ey denote
the conduction band edge and valence band edge, respectively, and Er denotes the Fermi level.

and SrZrOs, which have band gaps of ~5.6 eV (27, 29), have conduction band minima that lie
above the conduction band minimum of SrTiO; (30-33). Thus, they lend themselves to electron
doping of the SrTiO; at the interface. The more substantial challenge would be to dope these
wider-band-gap materials (see Figure 1) with dopants with sufficiently low ionization energies.
Interfaces between Sr'TiO; and SrZrOs, doped n-type with La or Nb, were recently modeled theo-
retically and predicted to produce a tightly confined 2DEG (34). Very recent experimental studies,
using angle-dependent Shubnikov—de Haas oscillations (which are oscillations of the longitudinal
resistance in a quantizing magnetic field) confirmed the existence of a 2DEG in the SrTiO; at
Sr(Zr, T1)Os/SrTiO; interfaces (35). In these structures, the wider-band-gap Sr(Zr,Ti)O; layer
was n-type doped with La. These examples demonstrate the feasibility of modulation-doped het-
erostructures for the perovskite oxides. Further improvements, such as the use of spacer layers,
should lead to mobility gains.

An advantage of modulation doping relative to the other approaches discussed below is that
the carrier density and confinement of the electron gas can be controlled by varying band offsets
and the doping in the modulation doping barrier. 2DEGs at interfaces having any crystallographic
orientation are possible. Modulation doping offers a route to very low density 2DEGs. Such low-
density 2DEGs are subject to the long-range Coulomb interactions that are responsible for the
richness of novel phases and new physics discovered in conventional semiconductor heterostruc-
tures. Furthermore, superconductivity appears at low electron concentrations in Sr'TiO;5 (36, 37).

2.2. Polarization and Polar Discontinuities

Two basic mechanisms can give rise to a 2DEG without the need for dopants. The first is based
on the bulk properties of materials whose unit cell exhibits a spontaneous electric polarization
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(having a point group belonging to one of the 10 polar crystal classes) or an induced polarization
via the piezoelectric effect (having a point group belonging to the 20 piezoelectric point groups).
A necessary requirement for both is the lack of a center of symmetry. Nitride semiconductors
adopt the wurtzite structure with the point group 6z, which is piezoelectric and polar. At
heterointerfaces, such as those between AlGaN and GaN, a discontinuity in the strain-induced
or spontaneous polarization creates internal electrostatic fields and bound interface polarization
charges (38, 39). This fixed polarization charge can reach values on the order of 5 x 10'* cm=2,
depending on the interface orientation (40), and produces mobile carrier densities of a similar value,
without any dopants. It is now understood that the compensating mobile carriers are donated to
the 2DEG from donor-like surface states (39). The polarization-induced sheet charge density can
furthermore be controlled by the thickness and composition of the AlGaN layer. Polarization
doping has several fundamental advantages over modulation doping. Because the electron charge
is induced by atomic-scale polarization, devices can be scaled to any dimension, a significant
advantage over dopant-based structures, for which dopant solubility and statistics limit scaling.
Moreover, polarization charges are highly uniform on every unit cell and do not act as ionized
scattering centers for carrier transport (see Reference 3 for a comprehensive discussion of the
scattering mechanisms in polarization-induced 2DEGs). The use of polarization discontinuities to
generate 2DEGs has been highly successful in oxides as well: The aforementioned high-mobility
Zn0O/Mg,Zn;_,O wurtzite heterostructures use this mechanism (5, 6). Many of the oxides of
interest to this article are centrosymmetric. Notable exceptions are the ferroelectric perovskites,
such as BaTiO; and PbTiOs, which possess a switchable electrical polarization. Very high surface
or interface charge densities on the order of 10 cm~2 can be induced by using these materials
(41-43). A practical challenge is that ferroelectrics exhibit a tendency for polarization loss, due to
depolarization and other mechanisms such as charge trapping (44).

2.3. Interfaces Formed Between a Polar Surface and a Nonpolar Surface

Another approach by which to generate a high-mobility 2DEG is to form an interface between
two oxides: one with a polar surface and the other with a nonpolar surface. The electrostatics
of polar/nonpolar interfaces were first worked out by Harrison and coworkers (45) for Ge/GaAs
heteroepitaxy. Later, Hwang and coworkers (46, 47) proposed this approach as a route to 2DEGs
at the LaAlO3/SrTiO; interface.

The origin of the 2DEG at polar/nonpolar interfaces can be understood by using rather simple
considerations (for a formal treatment of the electrostatics of such interfaces, see References 48—
50). Take, for example, an interface created by bringing into contact the (001) surfaces of SrTiOs
and a rare earth titanate (RTiOs, where R is a trivalent rare earth ion), as shown in Figure 2
[we use (pseudo)cubic unit cell notation]. Both materials are insulators in bulk [Ti is in a d'
configuration in RTiO3, but the materials are Mott insulators with band gaps ranging from 0.1
to 1 eV, depending on the ionic radius of R (51)]. R**O*~ and Ti**O,*" layers alternate along
the surface normal of the RTiOs3, carrying formal +1 and —1 charges, respectively. These layers
transition abruptly at the interface to a sequence of neutral layers, Sr’*O?~ and Ti**O,*", of
nonpolar (001) Sr'TiOs. A fixed charge arises at the interface. For this system, the interface plane is
a'TiO; plane. The fixed interface charge can be compensated by a 2DEG, bound to the interface by
the fixed charge. The charge density in this 2DEG is extremely high, on the order of 3 x 10'* cm 2,
as given by /25, where S is the surface unit cell area and e the elementary charge. This sheet
charge density is approximately 10 x higher than what is possible even with the polar III-nitride
semiconductor heterostructures. Confirming this basic picture, high mobile carrier densities of
several 10'* cm™2 have been observed for a number for RTiO;/SrTiOs interfaces (52, 53). Several
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3x10™cm™

Figure 2

Schematic showing the formation of a two-dimensional electron gas 2DEG) at a prototypical polar/
nonpolar oxide interface formed between the (001) surfaces of SrTiO3 and RTiO3. The RO and TiO,
planes in RTiOj3 carry +1 and —1 formal ionic charges, respectively. Each RO layer donates one-half an
electron to the upper- and lower-lying TiO> planes, including the interfacial TiO, plane, where the
half-electron forms a mobile 2DEG, as indicated by the arrows. The TiO; and SrO layers in the SrTiO3 are
charge neutral. The 2DEG, with mobile carrier densities on the order of 3 x 10'* cm™2, compensates for
the net fixed positive interface charge carried by the terminating RO plane. The red circles denote O, the
orange circles denote Sr, the blue circles denote Ti, and the purple circles denote R.

control experiments can be used to establish that the carriers are indeed due to the interface, rather
than from some other source, such as donor-type defects in the bulk or interdiffusion. For example,
if some of the trivalent R ions are replaced with a divalent ion such as Sr, then the fixed charge
at the interface, and therefore the 2DEG density, should be reduced accordingly. This is indeed
observed in experiment (54). Furthermore, RTiO;3/SrTiO; superlattices exhibit carrier densities
that increase by a constant amount of ~3 x 10! cm~? with each additional interface (52, 53), thus
confirming that the charge carriers are due to the interface. SrTiOj; layers as thin as ~1-2 unit cells
exhibit the entire ~3 x 10'* cm~2 sheet carrier density when interfaced with RTiO; (53, 55, 56).
The origin of the mobile charge at these interfaces has caused some confusion. In contrast to the
case for the nitride interfaces described above, the source of charge is the interface itself. Consider,
for example, an atomically sharp RTiO;/SrTiOs (001) interface, in which the interface plane is
TiO; (Figure 2). In bulk RTiOs, each R**O? layer, which carries a +1 formal charge, donates
one-half an electron per planar unit cell to the under- and upper-lying TiO; planes (see Figure 2),
which carry formal —1 charges. At the interface, the terminating R**O?~ layer transfers one-half
an electron per interface unit cell, or ~3 x 10 em™2, to the interfacial TiO, plane, donating
mobile charge to thatlayer. The origin of the charge is fundamentally and conceptually no different
from introducing R** dopants in SrTiO;, with each R** donating one electron to the conduction
band of SrTiO; (57), except here we have an entire sheet of such dopants. The band offsets at
RTiO;3/5rTiOs (58) and LaAlO;/SrTiOs (31, 32, 59) interfaces are such that the mobile charge
resides in the Sr'Ti0s. Although the mobile charge remains attracted to the positive bound charge,
forming a confined 2DEG, it spreads over a certain number of layers away from the interface. The
degree to which the charge spreads depends on a number of factors and is further discussed below.
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Although the 2DEG, at least at interfaces at which the theoretically expected mobile charge
density is experimentally observed, perfectly compensates for the bound charge at the interface,
some attention must be paid to the free polar surface for structures of type RTiO;/SrTiO; or
LaAlO;/SrTiOs, for which the oxide with the polar surface, i.e., RTiO; or LaAlOs, is the top
layer. Specifically, the RO-TiO, or LaO-AlO, units (bilayers) carry a nonzero dipole moment,
which would cause a diverging electrostatic surface energy (60). (This is not an issue for symmet-
ric structures, such as SrTiO;/RTiO;/SrTiOs, for which 2DEGs at each interface provide the
required compensation.) Polar oxide surfaces are ubiquitous and have been extensively studied
both theoretically and experimentally (49, 60, 61). There are many different pathways by which
polar surfaces solve their polar problem, including by changing the surface stoichiometry or the
valence state of a transition metal ion and/or by adsorbing species such as hydrogen. The degree
to which the polar nature of the exposed oxide surface and its passivation influence the 2DEG at
an interface that is in close proximity to the 2DEG is a subject of active investigation (31, 62, 63).
We do not consider such questions further. That is, we make the reasonable assumptions that the
free (top) polar surface, like other polar surfaces, has solved its polar problem by one of the many
mechanisms available to such surfaces and that, with the 2DEG compensating for the fixed charge
at the interface, there is no diverging electrostatic potential. This picture appears to describe at
least RTiO3/SrTiO; heterostructures extremely well.

2DEGs formed by using nonpolar/polar interfaces share many of the advantages of 2DEGs
formed by a polarization discontinuity, which are described in Section 2.2. For an ideal, atomically
flatinterface, the bound charges are highly uniform on every unit cell and thus do not act as ionized
scattering centers for carrier transport. In contrast to the case for modulation doping, the 2DEG
sheet carrier density is fixed. The mobile 2DEG charge density may, however, be altered by defects
that trap electrons in localized states on either side of the interface, by doping the barrier material
[thus reducing the effective positive charge (54)], or by applying an electrical bias to a gate.

LaAlO;/SrTiO; interfaces are formally equivalent to the RTi0;/SrTiO; interface discussed
above. However, well-oxidized LaAlO;/SrTiO; interfaces typically show mobile carrier densities
thatare an order of magnitude lower than the expected density of 3 x 10'* cm~2 (16). The reasons
for such lower mobile carrier densities are poorly understood and most likely involve some sort
of defect-related mechanism. The reduced charge density has caused substantial discussion in the
literature about the origin of the conductivity at this interface (31, 33, 59, 64-69).

3. ADVANCES IN MATERIALS SYNTHESIS FOR HIGH-MOBILITY
OXIDE INTERFACES

Oxide thin films have been deposited by solution-based methods, sputtering, pulsed laser deposi-
tion (PLD), MBE, and metal-organic chemical vapor deposition (MOCVD) (70, 71). Sputtering
and PLD are attractive because of their apparent simplicity, cost, high throughput, flexibility in
exploring new materials, and ability to use relatively high oxygen pressures. The last factor can
be very important for some oxide thin-film systems. They face, however, significant challenges
in their ability to produce films with low defect densities, which result from energetic deposition
(72) and poor control of thin-film stoichiometry (73). Consider typical levels of stoichiometry,
defect, and purity control, on the order of 0.1-1%, which correspond to defect and impurity
concentrations of 10’ cm™ or higher. This situation sharply contrasts with that for high-quality
semiconductor films, for which impurity and point defect concentrations are in the part-per-
million range or better, corresponding to concentrations of less than 10'” em™. The role of high
defect concentrations in a wide range of properties of complex oxide thin films is still poorly
understood, and some properties are certainly less sensitive to defects than are others. For the
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SrTiO;-based oxide interfaces that are the subject of this article, low defect concentrations are of
paramount importance because defects can dominate the transport properties.

The low thermal energies of the species in MBE and MOCVD allow for conditions closer to
equilibrium, thereby decreasing intrinsic defect concentrations. The poor volatility and thermal
stability of some precursors (e.g., Ba and Sr) make the precise delivery of these constituents diffi-
cult so that MOCVD growth of many oxides requires significant tool and precursor development
(74-77). MBE involves the generation of fluxes (molecular beams) and their reaction on the sub-
strate to form an epitaxial film. The constituents are heated in effusion cells or in electron beam
evaporators or are introduced as gases to cause transfer to the heated substrate. To maintain
high fluxes and purity, ultrahigh vacuum is needed. MBE of oxide films requires reactive oxygen
sources, precise control over beam fluxes and growth temperatures, and oxygen-tolerant metal
sources and substrate heaters. Despite many advances, stoichiometry control is still considered a
major challenge. The low growth pressures in MBE and practical limitations, such as oxidation
of the metal source materials, cause flux instabilities (79, 80) and limit practical oxygen pres-
sures, which in turn can result in oxygen-deficient films. Substantial efforts have been directed
toward fully oxidized films; solutions include the use of reactive oxidants such as atomic oxygen,
ozone (81), and metal-organic sources that supply metals already bonded to oxygen (82). Cation
stoichiometry control has been equally challenging. ITI-V semiconductors exhibit a wide MBE
growth window (sometimes also referred to as adsorption-controlled MBE), in which only the
stoichiometric phase grows for a range of fluxes (83). For GaAs, the high volatility of As allows
for a growth window that spans many orders of magnitude of As gas pressure (84). Some oxides,
in particular those having at least one relatively volatile constituent such as Bi or Pb, also exhibit
MBE growth windows (84, 85). Many others, however, do not have a wide MBE growth window if
grown by using conventional elemental metal sources, such as Knudsen cells, electron beam evap-
orators, or sublimation sources. For example, if only stoichiometric Sr'TiOjs is to condense within
a range of metal fluxes, growth conditions must allow excess Sr or SrO to desorb; T1 has a sticking
coefficient of nearly one if evaporated from elemental metal sources (84). For these reasons, only
a narrow window at very high growth temperatures and impractical low pressures can be obtained
(86). Without a practical growth window, MBE of oxides requires precise flux control and stability
to obtain a stoichiometric oxide. Despite substantial efforts, flux control is limited on the order
of 0.1-1% (87, 88), corresponding to defect concentrations of 10> cm~ or higher. A practical
solution is to supply one constituent, such as Ti or Zr, using a volatile metal-organic precursor
(35, 82, 89). The volatility of such precursors allows for a growth window in the MBE of a wide
range of materials (86, 90), thus resulting in excellent stoichiometry control. For example, carrier
densities in La-doped SrTiO; can be controlled into the low 10'7 cm™ range (thereby placing an
upper limit on electrically active defects) (91, 92), electron mobilities exceed 50,000 cm? V=1 s
(see Figure 3 and Reference 93), and Sr vacancy defects are as low as ~10' cm™ (94). The mo-
bilities of these MBE films can be further enhanced to >100,000 cm? V-! s7! by using strain engi-
neering (95). These results show that complex oxides can be grown to electronic device quality and
with defect concentrations far lower than what would be possible in purely flux-controlled MBE.

4. SrTiO3-BASED TWO-DIMENSIONAL ELECTRON GASES
4.1. Electronic Structure of Bulk SrTiO;

As discussed above, many investigations have focused on 2DEGs in which transport occurs in
SrTi0;s at interfaces such as LaAlO;/SrTi0;5 (14-17, 46) and RTi05/SrTiO5 (52, 53, 96), among
others (69, 97, 98). Therefore, we next discuss briefly the electronic structure of SrTiO;.
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Figure 3

Electron mobilities as a function of carrier density for La-doped SrTiO3 films grown by molecular beam
epitaxy. Reprinted with permission from Reference 93. Copyright 2013, American Institute of Physics.

SrTiO; is a band insulator with a band gap of 3.2 €V (26) separating a conduction band that
is derived largely from Ti 34 states and a valence band that is derived from O 2p states (99). The
lowest-lying Ti 3d states make up the #,, manifold and are distinguished by their symmetries as
Ly, L, and #,.. These states are dispersed over ~2 eV and form the basis for the occupied states
in SrTiO;-based 2DEGs. Details of the band edge are important. At the I' point, the threefold
degeneracy is lifted by spin-orbit coupling (99) and by the tetragonal, antiferrodistortive distortion
(100) of the SrTiO; unit cell below ~105 K (101). The energy of the spin-orbit split-off band
was experimentally measured to be ~17 meV by interband Raman scattering (102). The energy
dispersion of the states at the band edge was determined from Shubnikov—de Haas oscillations
(92,103). Comparison of the latter results with band structure calculations (104) implies a transport
mass that is enhanced by a factor of two to three relative to the band mass, which is presumably
caused by polaronic coupling. This interpretation is consistent with polaron mass enhancement
determined by measurements of the extended Drude response (7, 105).

4.2. Theory of Interface Two-Dimensional Electron Gases in SrTiOs

To obtain a 2DEG in SrTiO; that is electrostatically confined near an interface, two criteria must
be satisfied. First, a fixed positive charge must attract the mobile electrons to the interface. Second,
the conduction band offset between the two materials must be such that the electrons are kept
in the SrTi0Os. Such a system is charge neutral; ideally, the total 2DEG electron density in the
SrTiO; neutralizes the fixed positive charge in the interfacing material.

As for conventional semiconductor heterostructures, the electron states of the 2DEG are de-
scribed quantum mechanically by freely propagating states along the interface and by localized
wave functions that describe the spatial extension of the electron gas into the SrTiO;. Micro-
scopic models describe accumulation (106) and assume no band bending or significant electric
fields behind the 2DEG. Back gating through thick substrates (109-110) does not compromise
this assumption, but inverted structures like those explored for extreme electron density, depletion
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mode, and heterostructure field effect transistors (111) are subject to large back-side electric fields
that should not be ignored.

The similarities between the 3D valence band structure of III-V semiconductors and the
conduction band edge band structure of SrTiOs;—specifically, the existence of heavy and light
electron (hole) bands and a spin-orbit split-off band—suggest a comparison between the subband
structure of quantized hole gases in the III-Vs (112, 113) and SrTiO; 2DEGs. However, most
SrTiO; 2DEGs currently being investigated have charge densities that are much higher than
those typical for conventional semiconductors. As a result, and unlike the case for conventional
semiconductors, the energy scale for the subband states in SrTi03 2DEGs is much larger than the
energy separation from the band edge to the spin-orbit split-off band and is also comparable to or
greater than the dispersion of the heavy mass band. In conventional semiconductors, the energy
of the twofold-degenerate spin-orbit split-off band is much higher than the subband splittings,
and one uses the low-lying fourfold-degenerate manifold to describe the quantization.

Furthermore, SrTiO; has a high, strongly temperature-dependent, nonlinear, electric field—
dependent dielectric constant due to a soft optical phonon mode (114), which needs to be taken
into account in the models (46, 115, 116). The dielectric screening in the Sr'TiOj; is also probably
sensitive to the spatial length scales over which the fields vary. At the interface, the effective field
will be large and vary rapidly over just several unit cells.

Several theoretical descriptions now exist for the subband structure and electron distribution for
2DEGs in Sr'Ti0Os and have been obtained by using techniques such as density functional theory
and tight-binding calculations (31, 34, 48, 115-127). The 2DEG density controls the subband
quantization and Fermi surfaces. Many of the theoretical calculations consider interfaces having
a carrier density on the order of ~3 x 10" ecm™2, which is the theoretically expected density
for a polar/nonpolar interface. The results are similar but differ in detail. Figure 4, calculated as
described in Reference 115, shows the subband states for a 2DEG with a high electron density of
~3 x 10" cm~2 and dispersing in the plane of the interface (Figure 4b) and the complex Fermi
surface produced by the occupied subbands (Figure 44). All theoretical models find that the lowest
electric subband state is derived from the #,, states. This result can be understood by the fact thatin
the bulk this state has low dispersion in the k, direction (which is the surface-normal direction here),
leading to a very large effective mass. Quantum confinement adds the least kinetic energy while
minimizing the electrostatic potential energy. For high-density 2DEGs, this state is separated
from the next excited state by ~160 to 270 meV. At slightly higher energies is a dense manifold
of subband states. The range of calculated energies to the next excited state given here reflects the
variation in results from different calculations in the literature (48, 116, 120, 122, 127). We note
the very close energy spacings of the manifold of higher-lying subbands (see Figure 4). The Fermi
surface is described by a series of circles originating from the #,, subbands and ellipses derived from
the #,- and #,. subbands. The spin-orbit interaction is manifested in the weak orbit repulsion as
the circles and ellipses cross each other. At high 2DEG densities, ~0.5 electrons per interface unit
cell, roughly half of the electrons are in t,, states, whereas the remainder are distributed between
the #,, and #,; states. The wave function for the lowest-lying 7, state extends approximately one
unit cell into the Sr'TiOs; these electrons are confined to one TiO; plane. Higher-energy 7., and
1y, states describe a tail of charge that spreads deep into the substrate (115, 116). Even at much
lower electron densities, i.e., ~10'> cm~2, multiple subbands are expected to be occupied (115).

4.3. Two-Dimensional Electron Gases in SrTiOs: Experimental Results

Experimental work on SrTiO; 2DEGs has focused on measurements of subband energies, shapes
of the Fermi surfaces, effective masses, and potential magnetism and superconducting properties

Stemmer o Allen



ky(a™)

Energy (meV)

0

]
INIE

]
INEYS
ENEYS
NIE

ke(a™)
Figure 4

(@) Theoretical calculations of the Fermi surfaces and (b) 2D band structure of a 2DEG in SrTiOj3 for a sheet
carrier density of 3.2 x 10'* em~2. In panel 4, the dominant orbital character at the I' point is represented
by blue for #,, and by red for #,, and 7. Possible magnetic breakdown orbits are shown in dashed lines of
opposite color. In panel &, the Fermi energy is indicated by the gray, dashed, horizontal line. Figure
calculated as described in Reference 115 and courtesy of Guru Khalsa.

of this high-electron-density 2D system. As is described below, measurements of the subband
states are challenging, and the experimental understanding is still evolving. A second important
focus is the control of 2DEGs by applied electric fields.

4.3.1. Subband states. Angle-resolved photoemission spectroscopy (ARPES) has been used to
resolve electric subbands, the in-plane dispersion, and Fermi wave vectors for electronic states
at Sr'Ti0; surfaces (128). Results reported in Reference 128 show two parabolas separated by
~0.15 eV that may be assigned to the two lowest-lying #,, subbands. The dispersion corresponds
to an effective mass on the order of ~0.6 7., which is in reasonable accord with the results for
band structure calculations of SrTiO; (104). Without an independent measure of the surface
electron density, these measurements cannot test the model calculations described in Section 4.2.
ARPES has also been used to measure the electron surface states of pulsed laser—deposited SrTiO;
(129). The SrTiOs film is deposited onto LaTiOj3, which is a Mott insulator and induces a high-
density 2DEG in SrTiOj; at the common interface (52). The electron states at the exposed surface
evolve and develop a Fermi surface intimately related to SrTiOj; band structure (129). The results
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Figure 5

(@) Schematic energy diagram of the subband configuration of a SrTiO3/GdTiO3/SrTiO3 heterostructure at
zero applied bias and low temperature. The GdTiO3 is the tunnel barrier. A slight asymmetry in the carrier
concentration and resulting subband spacing between the two 2DEGs is assumed. The subbands and band
bending shown are for illustrative purposes only, and the schematic is not meant to be quantitative. E¢
indicates the conduction band edge, and Ey (dashed line) denotes the Fermi level. In both panels # and 4, the
numbers (e.g., 0, 1, 2) refer to the subband indices, and the subscripts t and b refer to top and bottom 2DEGs,
respectively. (b) Experimentally measured d?1/d*V characteristics of a SrTiO3/GdTiO3/SrTiO; resonant
tunneling heterostructure at 2 K. Features due to resonant tunneling between the subbands are indicated by
arrows. Reprinted with permission from Reference 132. Copyright 2013, American Institute of Physics.

emphasize the tight binding of the states, a few unit cells of Sr'TiO;3, to the LaTiO; but do not
provide a quantitative test of the aforementioned theoretical models.

A direct method of probing 2DEG subband structures involves resonant tunneling between
two parallel 2DEGs separated by a tunnel barrier (130, 131). A recent study of tunneling between
two 2DEGs in Sr'TiO; on either side of a relatively thin barrier of GdTiO; revealed resonances
that appear at the specific applied biases that cause the subbands in the two 2DEGs to line up
(Figure 5) (132). Near 0 V, a resonant feature indicates alignment of the ground states of the
emitter and collector. At higher voltages, new features indicate alignment of the ground state in
one 2DEG with the excited states of the second. Conservation of in-plane momentum requires
that the collector states have the same symmetry as the ground state in the emitter; that is,
tunneling occurs between subbands of #,, character. The results can be interpreted in terms of the
separation between the lowest-lying subband and the second-lowest subband, 0of 210 and 310 meV,
respectively, for the two 2DEGs. The difference in the separations between the two lowest-lying
subbands in the two 2DEGs is due to a difference in their carrier densities, which were measured
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independently by using Hall measurements (132). The results thus confirm that subband spacings
and carrier confinement very sensitively depend on the carrier density, as expected. At slightly
higher voltage, dense features may be identified with the spectrum of closely spaced high-lying
subband states. The results thus agree substantially with the theoretical predictions, as described
in Section 4.2.

Application of voltage systematically changes the effective electron density in the interface layer
(110). The changes in the subband states induced by a back gate through a thick substrate, which
is frequently employed (107-110), should be different from changes produced by a front-side gate
or produced by altering the net interfacial positive charge (106, 133, 134). In the latter situation,
the space charge that determines the electric quantization may be described by accumulation with
no back-side electric field. For negative back-side voltage, the 2DEG density is reduced, and
the tails of the subband wave functions experience a stronger confining potential. For a positive
back-side voltage, the kinetic effects of quantum confinement are reduced, tails are extended, and
the occupation of 7. and #,, is enhanced. As a result, dramatic changes in transport occur with
increasing back-gate bias. Superconductivity, an enhanced Rashba coefficient, a Hall resistance that
is nonlinear in magnetic field, and anomalous metallic behavior appear at high positive back-gate
voltage (135-138). The critical density associated with the occupation of the #,; and #,; subbands was
documented tobe ~1.5-2.0 x 10" em~? for LaAlO;/SrTiO; interfaces grown by PLD (135, 139).

4.3.2. Fermi surfaces. Shubnikov—de Haas oscillations provide a measure of the Fermi surface
dimensions and establish the 2D character of an electron gas. The Shubnikov—de Haas oscillation
period for a 2D system depends only on the component of the magnetic field that is perpendicular
to the plane.

Figure 6 shows oscillations observed from a high-density 2DEG ata Gd'Ti0;/SrTiO; interface
(140). The periodicity of the oscillations is clear, and the angle dependence (140) establishes the
2D character. The data may be interpreted as arising either from a single subband displaying
spin splitting or from two subbands. In either case, the Shubnikov—de Haas densities correspond

O~ T T T T

AR, (mQ)

1/B(T)
Figure 6

Temperature-dependent Shubnikov—-de Haas oscillations from a two-dimensional electron gas at a
SrTi03/GdTiOs3 interface. Reprinted with permission from Reference 140. Copyright 2012, American
Institute of Physics.
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to only a fraction, 10% or 30%, respectively, of the carrier density measured by the Hall effect
(~3 x 10'* ecm~?). Given the subband structure of these 2DEGs (see Figures 3 and 4), which
consists of a low-lying 7., subband well separated in energy, and the very close spacings of the
higher-lying subbands, observing Shubnikov—-de Haas oscillations from any subband except the
lowest-lying subband is likely difficult. However, the electrons in this lowest #,, subband are
confined to within one layer at the interface and should experience very strong interface roughness
scattering. The oscillation period can be related to a Fermi surface area, and the area(s) derived from
Figure 6 is substantially smaller than the largest and most prominent orbits shown in Figure 3.
However, if one pursues a model of a single electric subband, spin split in the quantizing magnetic
field, and compares this model with the existing models of the subband states, one may conclude
that the Fermi surface corresponds to the first excited #,, subband, that the electron mass that
describes the conductivity in this plane is ~0.55 7z, and that the g-factor is ~2. This subband is
one layer removed from the interface and should experience less interface scattering than does the
ground state. At present, however, a complete interpretation of the oscillations is still lacking.

Measurements of the Shubnikov—de Haas effect for the LaAlO;/SrTiO; and SrTiOs/
La:SrTi;_,Zr,O; systems exposed the same systematic discrepancy between the electron den-
sities determined by the quantum oscillations and the Hall effect: Only a small fraction of the
Hall density gives rise to the oscillations (35, 141-143). Two explanations can be offered. First,
other Fermi surface orbits suffer elastic scattering and/or magnetic breakdown between intersect-
ing paths and cannot complete the phase-coherent circulation needed for quantum oscillations.
Second, the many subbands and the plethora of related orbits with varying areas are unresolved,
leaving only quantum oscillations from the largest extremal orbit. A quantitative interpretation of
the results from quantum oscillation measurements in terms of existing theoretical models of the
subband structure and Fermi surfaces currently remains elusive.

4.3.3. Rashba spin-orbit coupling. As discussed above, at high 2DEG densities the ¢, and
t,; subbands appear to play a key role in magnetotransport. In concert with Rashba spin-orbit
coupling, the quasi-1D-like transport in each of the t,. and #,. subbands gives rise to a conductance
that oscillates with orientation of the in-plane magnetic field (136, 137, 144). By implication,
transport at the Fermi energy involves a complex of ,, states interacting with each other via spin-
orbit coupling (145). Rashba spin-orbit coupling is measured independently by the contributions
to weak localization and antilocalization and grows with increasing electron density by more than
an order of magnitude, as the 2DEG involves multi-,, transport and supports superconductivity
(136). Recent theories (121, 122) support the notion that multiorbital effects, at play for high
interface electron densities, account for the Rashba splittings on the order of tens of millielectron
volts that are deduced from experiments (136, 137, 144). Experiment (146) and theory (122)
support the notion of a Rashba effect cubic in the in-plane momentum.

4.3.4. Confined quantum wells. Narrow SrTiO; quantum wells bound by GdTiOj; barriers on
either side contain a very high 2DEG density of ~7 x 10" cm™? carriers. As the quantum well
thickness is reduced, the effective 3D electron density increases. Such structures were recently
used (experimentally and theoretically) as model systems to study the effects arising from electron
correlations in SrTiO;-based 2DEGs (55, 147). Specifically, short-range Coulomb interactions
are expected to become importantat high densities, as the probability that two electrons occupy the
same site grows. Such Coulomb interactions are manifested in an upturn in the 72 dependence
of the resistivity as the quantum well thickness shrinks, signaling mass enhancement and the
approach to a 2D Mott insulator (55). At approximately the same thickness, proximity-induced
ferromagnetism appears in the quantum well 2DEG (148). At the smallest dimension (quantum
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wells that contain just two layers of SrO), the 2D system localizes, despite the high local doping
density, and forms a high-density gas of self-trapped small polarons (149). As is the case for bulk
Mott-insulating rare earth titanates, the localization is coupled with distortions of Ti-O octahedra
(150). These results open up the exciting possibility of controllably engineering unusual states of
matter in 2D systems by using proximity effects and electrostatic doping.

5. SUMMARY AND OUTLOOK

Substantial advances have recently been made in the understanding of 2DEGs in Sr'TiOs. In par-
ticular, experiment and theory qualitatively agree with respect to the subband structure in high-
density 2DEGs, which should enable rapid advances in the design of quantum-confined structures
with SrTiO; that exhibit novel phenomena. Experimentally, however, further improvements in
the mobility of 2DEGs in Sr'Ti0; are needed. Although thin films with mobilities exceeding those
of single crystals can now routinely be grown by MBE, the corresponding 2DEG mobilities are
significantly lacking, likely because of a multitude of reasons. Approaches such as modulation dop-
ing need to be pursued. One of the most exciting aspects of 2DEGs in SrTiOj is the exploration
of interactions caused by strong electron correlations due to short-range Coulomb repulsions of
the conducting electrons within electrostatically doped structures. Just as heterostructure band
structure engineering is a crowning achievement of conventional semiconductor physics and de-
vices, oxide heterostructures that allow for engineering and controlling correlation physics may
lead to new scientific and technological arenas.
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