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Oxide interfaces provide very intriguing phenomena, in particular a 2D electron
gas (2DEG) emerging between robustly insulating perovskites. The 2DEG was
detected in 2004 beneath polar LaAlO3 (LAO) epitaxially grown on TiO2-
terminated SrTiO3 (001) (STO). Herein, recent first-principles studies of 2DEGs
are reviewed. Using a Green function method, the family of the polar/nonpolar
(001) interfaces: LAO/STO, LaFeO3/STO, and STO/KTaO3 is computed. In the
context of 2DEG, one of two insulating perovskites, at least, must be polar. The
effect of a polar/polar interface is modeled for LAO/KTaO3(001) and also for the
(110) and (111) interfaces of LAO/STO. Starting from the defectless superlattice
with its two differently terminated interfaces, we demonstrate that the 2DEG and
2D hole gas appear there, respectively, due to the presence of excessive electrons
or holes. 2DEG is evaluated by its layer-resolved density profile along [001], as
well as the Fermi surface cross sections and effective masses, which are directly
related to the transport properties. The effects of intermixed cations, their
vacancies, and oxygen vacancies at each interface of LAO/STO are calculated.
Finally, we show how to tune reversibly the 2DEG by changing the electronic
balance at the LAO surface that mimics the effect of ionic liquid gating.

1. Introduction

The 2D electron gas (2DEG) emerging at the interface between
robustly insulating perovskites, such as epitaxial LaAlO3 (LAO)
grown on SrTiO3(001) (STO), is a prospective phenomenon
that has motivated research since its discovery in 2004.[1–4]

Its mobility, for instance, is one order of
magnitude higher than that of silicon-
based transistors. The properties of this
2DEG are well understood.[5] The 2DEG
can be detected with side electrodes or by
tunneling measurements between the elec-
tron gas and metallic electrodes on LAO.[6]

It turned out that at least one of two
insulating perovskites must be polar or
ferroelectric.[7] LAO(001), for instance, rep-
resents alternately charged planes [LaO]þ

and ½Alo2��. Thus, each La atom at the
TiO2/LaO-terminated LAO/STO interface
transfers half of an electron into the next
and formally neutral TiO2 layer of STO,
thereby decreasing the oxidation state of
the interfacial Ti atoms.[8–11]

Apart from LAO/STO, there is a family
of composite perovskites for which the
TiO2/LaO termination appears unavoid-
ably. For instance, 2DEG formation has
been recently reported for STO(001) and
epitaxially grown LaFeO3 (LFO).

[12] In addi-
tion, Li et al.[13] found that both crystalline

and partially amorphous ABO3/STO (A¼ La, Pr, Nd and B¼ Al,
Ga) interfaces become conducting if the polar ABO3 film is
thicker than four unit cells (u.c.). This critical thickness has been
established for the polar side of LAO/STO as well.[5,14]

So far, a limited number of experiments focused on tuning the
buried interfacial 2DEG.[15,16] As perovskites grow in complete
unit cells on atomically clean and TiO2-terminated STO(001),[17]

the LAO(001) surface is in any case AlO2 terminated. There are
two options to modify the electronic balance of this AlO2 termi-
nation: either by capping layers or by liquid gating at the surface.
The widely used capping is realized in LAO/STO heterostruc-
tures. However, this capped system excludes practically the
scenario of a switchable 2DEG, whereas liquid gating may allow
us to do that. Electrolyte gating is commonly used for accumu-
lating relatively large carrier densities at oxide surfaces.[18]

In the case of LAO/STO, the extremely high mobility of the
2DEG of up to 104 cm2 V�1s�1 is realized by an ionic liquid-
assisted field effect.[19] Most importantly, by changing the gate
polarity and gate voltage, the controlled depletion of negatively/
positively charged carriers can be achieved, which, in principle,
will allow us to vary the 2DEG’s conductivity from its large value
down to zero. This is understood in terms of oxygen migration.
With the use of the proper gate geometry and polarity, some of
the oxygen vacancies distributed in LAO and interfacial vacancies
can be filled. Then, by switching the gate polarity the O2� ions
can be partially pulled out from the LAO overlayers that make
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up their composition and also the composition of the buried oxy-
gen-deficient interface. Although the gate switching has not been
shown to be completely reversible, its utilization allows the explo-
ration of the effect of electrolytic gating on the 2DEG through
measurements of electrical transport, X-ray absorption spectros-
copy, and photoluminescence spectra.[19–24] The controlled for-
mation of 2DEG via ionic liquid gating has been shown
recently for the LaFeO3/STO interface.[12]

All epitaxially grown composite perovskites contain intrinsic
oxygen vacancies and intermixed cations near the interfaces.[25,26]

Interfacial defects may induce additional charge carriers. Oxygen
vacancies enhance the n-type doping[27] whereas the La/Sr
interfacial mixing[28] may suppress the 2DEG. Experimentally,
LAO/STO interfaces prepared at 500 °C and below become insu-
lating after oxygen annealing (when the O redox mechanism is
removed), whereas samples prepared at 515 °C and above are
conducting.[13] In intrinsically imperfect LAO, therefore, vacancy
filling may be controlled by the growth temperature.

Density functional theory (DFT) calculations suggest that the
significant reconstruction near the TiO2/LaO interface compen-
sates for the dipolar electric field in the LAO overlayers.[29]

The 2DEG scenario based on the Ti3.5þ valence state can be suc-
cessfully simulated from first principles.[5,30] Over the past
decade, the LAO/STO structural model transformed from super-
lattices[31,32] to slab geometries with a vacuum region.[27,30,33–39]

Meanwhile, the 2DEG mechanism of interfacial oxygen vacan-
cies, combined with the Hubbard parameterization of the 3d
states of interfacial Ti, has been used as well.[40] All these theo-
retical efforts have been made to improve on the computed
2DEGs. Nevertheless, the asymmetrical superlattice with its
two interfaces remains a good starting point for 2DEG studies.
Previously published DFT calculations show the nonzero density
of states at the SrO/AlO2 interface that means the presence
of 2D hole gas (2DHG) there.[29,31,41] Recent ab initio calculations
of the LAO/STO superlattice within a Green function (GF)
method[42,43] show that the 2DEG and 2DHG could be suppresed
by additional doping with opposite charge.[44]

In this work, we compare our ab initio results obtained within
a superlattice approach for various polar/nonpolar interfaces:
LAO/STO(001), LFO/STO(001), and STO=KTaO3(001); basics
of the computations can be found in the preceding article of this
issue and details elsewhere.[12,44,45] We discuss in particular how
the interfacial band bending affects the 2DEG carrier densities.
In addition to the polar/polar interfaces of LAO=KTaO3(001) we
discuss the (110) and (111) interfaces of LAO/STO, at which the
STO layers are polar. To study the 2DEG variations arising due to
interfacial defects, we simulate various kinds of long-range
disorders such as oxygen vacancies, cation vacancies, and their
intermixing across both interfaces of the LAO/STO(001) super-
lattice. The coherent potential approximation (CPA) offers an
elegant way to describe O vacancies and cation substitutes in
the framework of a self-consistent GF formalism[46] that ade-
quately describes the LAO/STO interfaces.[44]

The tuning of buried 2DEG is investigated by evaluating its
density from the Fermi surface cross sections and effective
masses of electrons, both of which are directly related to various
transport properties. The scenario of a switchable 2DEG is exem-
plified by AlO2-terminated LAO/STO(001), calculated within a
slab geometry and CPA. This may disclose the conditions at

the LAO surface needed to vary the buried 2DEG. On top of this,
we mimic liquid gating, thereby simulating its effect on the
2DEG from first principles.

2. Ideal Superlattices

2.1. Polar/Nonpolar Interface

2.1.1. LaAlO3/SrTiO3(001)

The local electronic structures of stoichiometrically perfect and
dually terminated LAO/STO(001) have been computed for super-
lattices constructed from cubic STO and LAO (we choose the exper-
imental lattice parameter of bulk STO also for LAO). The energy
positions of the valence band maximum and the conduction
band minimum yield band-edge profiles for the [001] direction
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(Figure 1). As LAO is polar and asymmetric, the 2DEGs (red) and
2DHGs (blue) appear together regardless of the LAO thickness.

Apart from the polar discontinuity, the potential step between
STO and LAO forms the band bending: the thinner the LAO, the

larger the bending. The band-edge profile calculated for the
2-u.c.-thick LAO resembles that of ferroelectrics (the 2DEG
between STO and a robust ferroelectric, such as BaTiO3 or
PbTiO3, has been recently anticipated from first principles[47,48]).

In LAO/STO(001), the band bending seems strong enough
to develop simultaneously 2DEG and 2DHG even in the case
of ultrathin LAO, that is, below the critical thickness of 4 u.c.
In other words, the chosen geometry does not reproduce this
critical thickness. However, for ultrathin LAO its surface and
intrinsic defects would lead to substantial structural changes,
which were taken into account.

The geometry of ideal 12 u.c./12 u.c. LAO/STO(001) is shown
in Figure 2a. At the n-type (p-type) interface, each interfacial
Ti (Al) atom has six nearest O atoms, four next-nearest Sr,
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Figure 1. Calculated CB and VB profiles for the [001] direction of
LAO/STO(001) superlattices with LAO thicknesses from 2 (top) to 12 u.c.
(bottom). The dark blue region indicates the 2DEG and red the 2DHG.
(Motivated by Ref. [44].)
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Figure 2. a) Geometry, b) excessive interface charges, c) layer-resolved
charges, d) free charges at EF, and e) the CB/VB profile along the [001]
direction of LAO/STO(001), constructed as a 12 u.c./12 u.c. supercell.
In (a) the La, Al, Sr, and Ti positions are shown by red, blue, golden,
and grey balls, respectively, whereas the black dots depict oxygen sites.
(Motivated by Maznichenko et al.[44])

www.advancedsciencenews.com www.pss-b.com

Phys. Status Solidi B 2020, 257, 1900540 1900540 (3 of 14) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.advancedsciencenews.com
http://www.pss-b.com


and four next-nearest La atoms. The polar discontinuity at both
terminations of LAO should be screened; as a result, the 2DEG
and the 2DHG appear there (Figure 2e).

To illustrate this screening we compute the charges within
Wigner–Seitz cells around each ion and sum these over each
[001] layer. The LaO and AlO2 layers are charged oppositely by
�þ1=2 and ��1=2 electron charge, respectively, whereas the
SrO and TiO2 layers of STO are almost neutral except at the
interfaces. At the n interface, the TiO2 layer becomes negatively
polarized (Figure 2c), with the charge less than half of that of its
neighboring LaO partner. This may reduce the oxidation state of
interfacial Ti from typical 4þ in bulk STO to 3.5þ.

The site-projected and layer-resolved densities of states
(DOSs) nðEÞ are shown in Figure 3, with the two upper panels

displaying the differences in the DOSs between interfacial and
another Ti placed in the sixth u.c. of STO. The DOS of the latter
Ti is similar to that of Ti in bulk STO. The nðEÞ of the interfacial
Ti at energies below the Fermi level (EF) is dominated by the 3dxy
states (Figure 3c) and indicates metallicity, thereby manifesting
the 2DEG.

Regarding the p interface, interfacial SrO is charged positively
but insignificantly (Figure 2c), whereas the nearest AlO2 layer
looses its negative charge by about 1=3. Nevertheless, the oxida-
tion state of interfacial Al, 3þ, remains unchanged. These results
confirm previously reported ab initio calculations.[29,49,50]

To discuss the 2DHG at the p interface of LAO/STO(001), we
depict in Figure 4 the total and three partial p DOS calculated for
O in the AlO2 interfacial layer. The O p states form the topmost
valence band of the system. Therefore, only the O px states of this
interfacial O spill above EF and, therefore, develop the 2DHG
effect. The second interfacial O atom (not shown here) in the
AlO2 layer contributes to 2DHG with py states, where the z-axis
is oriented along [001].

There are a few intrinsic factors that affect quantitatively the
2DEG. As the LAO lattice parameter of 3.79Å is less than that of
the STO(001), we expect tetragonal compression of about 2% in
the LAO layers. For the ideal and cubic LAO/STO(001) superlat-
tice, its 2DEG (2DHG) carrier density ge (gh) at the Fermi level is
0.8� 1013cm�2 (3.4� 1013cm�2), whereas tetragonally com-
pressed LAO enhances this number up to 1.4� 1013cm�2

(4.3� 1013cm�2). Further structural optimization near the inter-
faces may enhance the 2DEG magnitude, similarly to that of
tetragonally compressed LAO.[38]
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Figure 3. DOSs projected on selected Ti sites in LAO/STO(001).
a,b) The total DOSs of the ‘bulk-like’ and interfacial Ti, respectively.
c–g) The partial 3d contributions to the DOS of interfacial Ti.
(Motivated by Maznichenko et al.[44])
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Figure 4. a,b) Oxygen DOSs in LAO/STO(001) calculated for the
bulk-like LAO site and interfacial O site of the AlO2 layer, respectively.
c–e) The three p-orbital contributions of interfacial O. (Motivated by
Maznichenko et al.[44])
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2.1.2. SrTiO3/KTaO3(001)

KTaO3 (KTO) is a wide-gap polar perovskite, the (001) layers of
which represent alternately charged [KO]– and [TaO2]

þ planes.
Epitaxial growth of KTO is problematic because of very reactive
potassium atoms. However, the KTO(001) surface can be used to
grow STO overlayers. The TaO2/SrO-terminated STO/KTO inter-
face, therefore, should exhibit a 2DEG, whereas the TiO2/KO ter-
mination is suitable for a 2DHG. So far, the polar nature of
KTO(001) has been realized in O-deficient top layers, which is
achieved by Al capping layers.[51]

In this work, we anticipate from first principles the 2DEG/
2DHG formation at ideal interfaces of STO/KTO(001). The
12 u.c./12 u.c. superlattice, with the STO lattice parameter, is
used for this (Figure 5). As panel(c) shows, the band bending at
the STO/KTO(001) interfaces is similar to that of LAO/STO(001),
although the 2DEG and 2DHG seems to be differently distributed
between the interfacial layers. In particular, the 2DEG of STO/
KTO(001) is accommodated about equally between the polar
and STO sides, whereas the 2DEG of LAO/STO(001) is accom-
modated almost exclusively in a few layers of STO. In this context,
it is worthwhile to perform simulations of STO/KTO(001) for
geometry-optimized instead of uniformly compressed one KTO.

2.1.3. LaFeO3/SrTiO3(001)

A conducting 2DEG at the interface between the STO(001) sur-
face and epitaxial LaFeO3 (LFO) has been observed recently.[12]

An LFO overlayer thicker than 3 u.c. is needed to produce the
2DEG, which itself is sensitive to cation intermixing and oxygen

nonstoichiometry. Most importantly, ionic liquid gating allows
for robust control of the 2DEG formation, thereby forming a non-
volatile switch. These experimental findings have been supported
by ab initio calculations.

In Figure 6, the [001] band-edge profile of LFO/STO(001) cal-
culated for a 12 u.c./12 u.c. superlattice is shown. The 6 u.c. thick
LFO enables the 2DEG/2DHG formation at the TiO2/LaO and
FeO2/SrO-terminated interfaces. We conclude that the band bend-
ing within LFO as well as the 2D carrier densities are compatible to
those of the 12 u.c. thick LAO in LAO/STO shown in Figure 1.

Although the 2DHG appears in ab initio calculations for
superlattices constructed from polar and nonpolar perovskites,
the corresponding measurements and their interpretation
appear questionable. This requires a heterostructure prepared
practically without defects. Oxygen vacancies at the p interface
may suppress the 2DHG. Until now, there is only one ambitious
report on a 2DHG detected in LAO/STO(001).[52] The coexis-
tence of 2DEG and 2DHG in ultrathin LAO layers below its crit-
ical thickness has been discussed recently.[53] The main target is
robustly controlled 2DEG. For that reason, the research usually
grows polar perovskite overlayers to form the 2DEG beneath,
removing therefore the p interface.

2.2. Polar/Polar Interface

2.2.1. LAO/STO(110) and LAO/STO(111)

As (110) and (111) layers of STO are charged, the corresponding
LAO/STO interfaces are polar from both sides. We now discuss
ideal LAO/STO(110) and LAO/STO(111) superlattices.
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Figure 5. a) Geometry, b) layer-resolved polarity, and c) band bending of a
STO=KTaO3(001) superlattice.
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Figure 6. a) Geometry, b) layer-resolved polarity, and c) band bending of a
LFO/STO(001) superlattice.
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Charges and the band-edge profiles are shown in Figure 7
and 8, respectively. In the case of LAO/STO(110), each interfacial
Ti has six next-nearest Sr and two La atoms. The layer-resolved
charges in Figure 8b change smoothly at the interfaces, that is,
without polar discontinuity; therefore, neither 2DEG nor a 2DHG
is formed since the conduction/valence bands are bentmarginally.
Taking into account the buckling at the LAO/STO(110) interface,
however, a 2DEG with strongly anisotropic conductivity was
found.[54] Ab initio calculations performed to explain these find-
ings suggest[54] that the TiO-terminated buckled (110) surface
of STO is energetically more favorable than a polar stoichiometric
one. If this reasoning is valid, then a 2DEG can be developed at the
buckled (110) interface because of occasional (001) islands and
their stronger polar discontinuity.

Our results for LAO/STO(111) are collected in Figure 8.
The system obeys a threefold rotational symmetry. Interestingly,
the STO(111) layers are more polar than the LAO layers. The
polar discontinuity is less pronounced than in LAO/STO(001).
The band bending, shown in Figure 8c, is slightly enhanced with
respect to that of LAO/STO(110), but is significantly weaker as
compared to LAO/STO(001). In perfect LAO/STO(111), thus, the
topmost valence band touches EF, but the carrier concentration
of the 2DHG is marginal; a 2DEG is not formed.

Experiments often report that (110) and (111) interfaces of
LAO/STO can be made conductive, with carrier density and
electronic mobility similar to those of the (001) interface.[55,56]

More precisely, a transition to metallicity was observed for critical
thicknesses of 7 MLs and 9 MLs for (110) and (111) interfaces,
respectively. The increased number of layers may be explained by
the reduced interlayer distances compared to the (001) case,

which conforms with all critical thicknesses being close to each
other: 16Å for (001), 19Å for (110), and 20Å for (111).

2.2.2. KTO/LAO(001)

Both perovskites of KTO/LAO(001) are polar and its n (p) TaO2/
LaO (AlO2/KO) interface has excessive electrons (holes) from
both sides (Figure 9). As a result, the 2DEG and the 2DHG seem
more expectable. However, the corresponding interfacial charge
densities are less than expected from broken consequence of
polar layers at the interface from both sides LAO and KTO.
Moreover, the epitaxial interfaces of KTO/LAO(001) look like
hypothetical ones. The measured KTO lattice parameter of
3.99 Å is significantly larger than that of LAO 3.79Å.
Therefore, the lattice mismatch of 5% may prevent
defectless growth of KTO/LAO(001). In our calculation, we
used the intermediate lattice constant of STO.

In summary, we present earlier the two options of the polar/
polar perovskite interfaces, studied from first principles within
the superlattice model. This scenario, however, does not improve
the 2DEG formation. For the latter, the polar overlayers grown on
a STO(001) substrate represent the most likely scenario.

3. Defective LAO/STO(001) Superlattices

3.1. Coherent Cation Intermixing

Typical imperfections that appear at (001) interfaces of epitaxially
grown perovskites are steps at which the cations of one
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Figure 7. a) Geometry, b) layer-resolved polarity, and c) band bending of
LAO/STO(110). (Motivated by Maznichenko et al.[44])
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Figure 8. Same as Figure 7, but for LAO/STO(111). (Motivated by
Maznichenko et al.[44])
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perovskite substitute the corresponding cations of the other. The
step heights range usually between one u.c. and two u.c., depend-
ing on the growth conditions. Recall that producing a sharp inter-
face is hardly possible and that cation intermixing across the
LAO/STO interface changes the charge distribution and affects
the 2DEG/2DHG.

At the n interface of LAO/STO(001), candidates for mixing are
La and Sr. The Sr species appears largely at the La sublattice, for
instance, in La(Sr)MnO3. Here, we model, within the GFmethod
and the CPA, the La/Sr intermixing that goes on simultaneously
across the n and p interfaces by varying the Sr (La) concentration
in interfacial LaO (SrO) between 0 and 50 at%. As the amount of
each species is conserved in the superlattice, total energies can be
compared, the latter calculated for each chosen Sr content x in
the interfacial La1�xSrxO layer. The total energy decreases with
increasing x (Figure 10a) and, therefore, the 1:1 La/Sr intermix-
ing is energetically favored by 0.9 eVu.c.�1 surface area of
LAO/STO(001). Most importantly, the 2DEG disappears
completely as x ! 0.5, as shown in Figure 10d. This is related
to the LAO critical thickness of about 1.6nm. The excessive and
opposite charges of 2DEG/2DHG act like a planar capacitor for
the LAO thicknesses above critical.

To analyze the effect of coherently mixed cations on the 2DEG,
we show in Figure 11 the DOS of interfacial Ti versus x. The Ti
DOS of the perfect interface (x ¼ 0) is shown in the top panel,
whereas its lower panel shows how the DOS changes when the
La/Sr mixing varies between 0 and 1. The Ti DOS and the total
DOS at the Fermi level nðEFÞ completely vanish for x>0.4.
Using the nðEFÞ values, we calculated the 2DEG density geðxÞ,
which is very sensitive to the DOS details near EF (Figure 12).
With increasing x, geðxÞ increases insignificantly at around

x ¼ 0.1 due to the shallow Ti DOS at �0.3 eV (Figure 3). At
larger x, geðxÞ decreases monotonically to marginal values
(e.g., x>0.4). For the n-type interface we modeled the B-cation
step, replacing interfacial Ti by Al in the Ti1�xAlxO2 layer. These
results are shown in Figure 12 as well.

The corresponding electron density geðxÞ, calculated at EF as a
function of the Al content, decreases with increasing x similarly
to the case of La/Sr. Thus, for the n interface of LAO/STO(001)
we anticipate that its 2DEG can be completely suppressed by
coherently mixed cations for x>0.4. It should be noted that such
a scenario assumes a superlattice and, therefore, requires cation
mixing at the p interface as well. In practice, the 2DEG is
observed below LAO overlayers, that is, in systems with electron-
ically reconstructed AlO2(001) surfaces.

3.2. Interfacial Cation Substitutes

Now we address cation substitutes near the LAO/STO
interfaces,[3,57] which differ from the coherent intermixing of
cations discussed previously. The effect of annealing may cause
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Figure 10. Properties of LAO/STO(001). a) Total energy versus substitu-
tional disorder x in the interfacial La1�xSrxO and Sr1�xLaxO layers.
b) Geometry, c) polar discontinuity, and d) band profile calculated for
x ¼ 0.5. (Motivated by Maznichenko et al.[44])
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Figure 9. Same as Figure 7, but for KTO/LAO(001).
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diffusion of cations off the interface. Such changes in the cation
composition at the n interface may be independent from that at
the p interface. We consider the scenario when the interface
remains atomically sharp while atom swapping takes place
within the two u.c. The CPA was used within the supercell model
to mimic incoherent swapping of cations near each interface of
LAO/STO; interstitial cation positions were excluded.

Regarding the 2DEG (Figure 13a), ge gradually increases with
increasing x. However, the enhancement is more pronounced
for the B-cation intermixing Ti ↔ Al. This is not surprising
as the 2DEG is formed by the Ti d states (Figure 3). As concerns
the 2DHG at the p interface (Figure 14a), its density gh also
increases with x. The B-cation intermixing enhances gh more
efficiently than the A-cation intermixing, which is explained as
follows: holes emerge mostly in the AlO2 layer near the p inter-
face and, thus, the intermixing Ti ↔ Al is more efficient for gh.
Most importantly, there is a key difference to the 2DEG at the
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face of LAO/STO(001) for a) x ¼ 0 and b) as color scale, versus the Sr
content x. (Motivated by Maznichenko et al.[44])
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Figure 13. 2DEG density at the Fermi energy geðEFÞ formed at the n
interface of LAO/STO. a) ge is shown by a red (black) line versus the
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(Motivated by Maznichenko et al.[44])
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cation substitute containing LAO/STO(001) between the coher-
ent and incoherent (single-interface) intermixing that is evident
by comparing Figure 12 with Figure 13a. For the latter case, ge
increases remarkably with x, whereas the two-interface coherent
intermixing suggests the opposite trend and suppresses the
2DEG completely at x> 0.4.

3.3. Oxygen and Cation Vacancies

3.3.1. 2D Response to the Doping at the Same Interface

Oxygen vacancies are the common defects in epitaxially grown
perovskites. We model oxygen vacancies at each interfacial layer
of LAO/STO(001). As one may expect, O vacancies, that is, n dop-
ing, enhance the 2DEG effect at the n interface, which is shown
for x> 0 in Figure 13b for the LaO1�x and TiO2�x interfacial
layers. The cation vacancy, that is, p doping at the n interface,
was simulated as well. The corresponding ge are shown also
in Figure 13b for negative x in the interfacial compositions
La1þxO and Ti1þxO2. Obviously, p doping reduces ge, so a
2DEG may be removed completely by the presence of Ti (La)
vacancies of 5 at% (10 at%) at the n interface.

The 2DHG effect at the p interface may be enhanced by p dop-
ing, shown in Figure 14b for x<0. By contrast, O vacancies
(x>0) in the interfacial layers SrO1�x and AlO2�x suppress
the 2DHG effect (Figure 14b). These findings agree with experi-
mental reports that the concentration of oxygen vacancies is
0.32� 0.06, whereas a 2DHG could not be detected.[3]

3.3.2. 2D response to the Doped Remote Interface

So far we focused on the 2D gas variations occurring due to dop-
ing at the same interface. However, 2DEGs and 2DHGs interact
through the insulating layers. When the charge balance changes
at one interface (for instance, a p interface) this modifies the
Fermi level in the system and, therefore, the charge density
may vary at the other interface (n interface).

For the LAO/STO(001) superlattice, this effect is visualized in
Figure 15. For LAO/STO with 10% O vacancies in the interfacial
AlO1.9 layer, O vacancies should suppress the 2DHG that appears
in the defectless case (Figure 2e). We anticipate that for O
vacancy compositions >10% the 2DHG disappears completely,
whereas 2DEG enhances slightly. The top of the valence band
that appears below the Fermi level occurs at the AlO2�δ interfa-
cial layer with δ ¼ 0.1.

More detailed results of the simulated effect of distant doping
are collected in Figure 16 and 17. The needed 2DEG density can
be tuned remotely via the p interface. Although our calculations
rely on the ideal structure of the defective interfaces of LAO/
STO(001), our findings open a path for prospective applications
for tuning 2DEGs.

3.4. LAO/STO(001) Overlayers

3.4.1. Effect of an Ideal LAO Surface

The conduction band (CB)/valence band (VB) profiles for 8 u.c.
thick LAO(001) on 12 u.c. thick STO are shown in Figure 18. We
assume that a cubic crystal structure with the LAO surface is
AlO2-terminated and the TiO2/LaO interface is perfect. The
bandgap shown in Figure 18 is calculated from the DOS within
TiO2 and AlO2 layers only. It clearly shows that a 2DEG emerges
at the TiO2/LaO interface and a weakly p-doped LAO surface.

The 2DEG density integrated over a few interfacial layers
along [001] is 3.2� 1013 cm2, that is, 4 times larger than the
2DEG density of the ideal superlattice. Figure 19 shows the
layer-resolved contributions calculated near the n-type interface
for a slab with an ideal LAO surface and for a heterostructure
with chemically perfect interfaces. The 2DEG becomesmore pro-
nounced for the surface. For the heterostructure, the LAO thick-
ness is 8 u.c., whereas its 2DEG density differs insignificantly
from that of the 12 u.c.-thick.
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The topmost AlO2 layer of LAO(001) is corrugated: O positions
are above Al positions.[58,59] We computed the 2DEG density for a
system with relaxed atomic positions in the topmost layer
(Figure 20). The result indicates that the 2DEG density increases
by 0.2� 1013cm2 compared to that of an unrelaxed surface. In
addition, we varied the O displacements from the surface
AlO2 layer between �0.08 and 0.12 Å: the 2DEG density gradu-
ally increases when the O–Al separation increases within the
topmost layer.

3.5. Effect of Oxygen Doping at the LAO Surface

We simulated both O vacancies and excessive oxygen composi-
tions at the surface, which mimics to some extent the effect of
liquid gating (Figure 21). In the case of an oxygen-deficient sur-
face, AlO2�δ, with increasing 0< δ<0.1 the 2DEG density
increases up to 3.6� 1013cm2. For 0.1< δ<0.2, the calculated
density of 2DEG remains robustly larger than 3.5� 1013cm2.
For the O-rich LAO surface, AlO2þδ, the 2DEG density increases
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Figure 18. a) Geometry and b) the CB/VB profiles along [001] of 8 u.c.
thick LAO(001) grown on 12 u.c. thick STO. a) Red balls depict La atoms,
blue Al atoms, golden Sr atoms, and gray Ti atoms. Black dots show
oxygen atoms. (Motivated by Maznichenko et al.[45])
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gradually with δ. This effect of a doped surface is similar to that
shown in Figure 16 for a LAO/STO superlattice.

The enhanced 2DEG for the surface composition AlO2þδ is
understood in terms of dipole interactions between the p-charged
surface and the n-charged interface. With an increasing number
of holes at the surface, the band bending results in a surplus of
interfacial electrons to keep the charge balance. The case of
AlO2þδ may seem artificial as this composition is energetically
not favorable. A relaxed oxide surface always tends toward charge
neutrality. In this context, the O-deficient surface composition
AlO2�δ represents a more reliable scenario.

4. Transport-Related Details of 2DEG

4.1. Ideal Superlattice LAO/STO(001)

To provide better insight into the electronic states that form the
2DEG and which determine the transport properties, we choose
an LAO/STO(001) interface. Starting from the dually terminated
superlattice, we address the Bloch spectral function projected on
the interfacial layers of LAO/STO(001) along high-symmetry
directions of the 2D Brillouin zone (Figure 22). At the n-type
interface (upper panels), the Ti d band crosses EF near Γ.
As for the p interface of LAO/STO(001), the O p-states of the
valence band “spill into” the bandgap around M.

The conduction bands that cross EF near Γ exhibit isotropic
dispersion; refer to the spherical Fermi contour in the top row
of Figure 23. The Ti d-states of the TiO2 layer contribute mostly
to the Fermi surface cross section. The corresponding EðkÞ is
almost parabolic (Figure 22), with an estimated effective electron
mass of 0.38me. The effective masses reported so far range
between 0.41me

[38,60] and 0.52me, or exhibit even larger values.[61]

Theory suggests that a 2DHG should appear at the AlO2/
SrO-terminated interface of a LAO/STO(001) superlattice.
Nevertheless, the experimental observation of a 2DHG is still
a subject of debate. Until now, there is—to the best of our
knowledge—a single report on a 2DHG detected in LAO/
STO(001).[52]

Regarding the electronic states near the p interface, the corre-
sponding Fermi contours have fourfold symmetry, as is evident
from the bottom row of Figure 23. The 2DHG’s effective mass is
strongly anisotropic, ranging between 0.79me for theM � X and
1.06 me for the Γ�M direction, respectively. Thus, the effective
mass is two times larger than that of 2DEG. This finding allows
us to estimate the 2DHG’s mobility and to understand why a
2DHG was not observed until now.

4.2. LAO Overlayer on STO(001)

Key features of electronic states of the n interface LAO/STO(001)
formed by the LAO overlayer are shown in Figure 24. Using a GF
technique for a supercell with vacuum, we calculated the Bloch
spectral function projected onto the interfacial TiO2 layer and its
Ti and O sites. Figure 24 shows how the Ti d conduction band
crosses EF around Γ, whereas the O contribution is the result of
hybridization with the Ti d orbitals.

A superlattice without vacuum exhibits an isotropic conduc-
tion Ti d band that forms a 2DEG in LAO/STO; refer to the
spherical Fermi contour in the top row of Figure 25. The
Fermi contours of the LAO overlayer are more complicated.
First, the spherical Fermi contour that is formed by the Ti d states
from the interfacial TiO2 layer dominates around the Γ point;
although the LaO interfacial layer contributes insignificantly, this
is a result of hybridization. Second, a rhombic Fermi spot
appears at Γ attributed to the d-states of interfacial Ti and another
Ti in the adjacent TiO2 layer. There are rather narrow Fermi
arms along the [10] directions that stem from the two TiO2 layers
and which make the Fermi texture weakly anisotropic.

The doped LAO surface yields additional contributions to the
Fermi contours; refer to the bottom panels of Figure 25 for the
AlO1.9 surface, especially the sizable weights associated with the
ellipses centered at Γ and elongated along [10]. These contours
are formed by Ti d states from the second and interfacial layers of
STO. This finding suggests that the anisotropy of the conductiv-
ity may be enhanced in case of O vacancies.

The presence of an open surface spreads the 2DEG spatially,
as also shown in Figure 19. Consequently, the two Fermi cross
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sections (a spot and arms) which appear in addition to the spher-
ical contour may increase the variety of the effective electron
masses associated with the 2DEG. When the surface layer con-
tains O vacancies, the Fermi contour becomes even more com-
plicated and anisotropic, as shown in the bottom row of
Figure 25. We anticipate that the effective electron mass may
range between 0.4me and 0.6me, which agrees with the data
measured so far.[38,60,61]

5. Conclusions

The 2DEG at the (001) interface between two robustly insulating
ABO3 perovskites was modeled from first principles using the
efficient GFmethod within standard DFT. The 2D effect was eval-
uated by calculating its charged density for various polar/nonpolar
and perfect LAO/STO(001), LFO/STO(001), and STO/KTO(001)
superlattices. We illustrated a necessary condition for a 2DEG:
at least one side of the (001) perovskite interface has to be polar,
whereas the material-dependent interfacial band bending deter-
mines the 2DEG’s carrier density and its transport properties.
Our calculations for the ideal polar/polar interfaces, such as
LaAlO3/KTaO3(001), and also for the (110) and (111) interfaces
of LAO/STO suggest that this scenario may not enhance the
2DEG density. Therefore, polar overlayers of LAO or LFO grown
on a STO(001) substrate which form unavoidably an n-type TiO2/
LaO interface represent suitable materials for hosting a 2DEG.

Focusing on LAO/STO(001) interfaces, we simulated the
2DEG and its possible enhancement for a slab geometry with
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vacuum. We show how the degree of oxidation at the AlO2-
terminated LAO surface changes the 2DEG’s density at the
buried n interface. This model mimics to some extent ionic
liquid gating, that is, the technique that has been used for
LAO/STO and LAO/LFO. The degree of doping below and above
the AlO2 surface composition was simulated using the GF
method and CPA. For the ideal LAO surface, we demonstrate
that the 2DEG density, which emerges at the buried interface,
becomes more pronounced as compared to that of the corre-
sponding superlattice. Moreover, we anticipate that the 2DEG
density can be enhanced and controlled by the presence of sur-
plus oxygen atoms or oxygen vacancies at the LAO surface. From
the Fermi contours that appear due to the 2DEG, we conclude
that the LAO surface affects transport-related properties of
LAO/STO(001). In fact, two weakly anisotropic transport chan-
nels are added to the former highly isotropic spherical Fermi con-
tour that enhances the electron effective mass in the range of
0.4me–0.6me.

In a next step, it is worthwhile to study the Rashba effect and
the spin polarization of the 2DEG carriers.[62] We believe that our
findings presented in this work may stimulate further experi-
mental and theoretical studies of the effect of liquid gating in
LAO/STO and similar interfaces with a polar discontinuity.
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