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Tunable 2D electron gas at the LaAlO3/SrTiO3(001) interface
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Currently, the formation of a two-dimensional electron gas (2DEG) at the TiO2/LaO-terminated interface
between LaAlO3 (LAO) grown on SrTiO3(001) (STO) is well understood. The role of the polarity of LAO
and its critical thickness for the formation of 2DEG have been established. Here, we show how 2DEG can be
tuned externally by changing electronic balance at the LAO(001) surface or, alternatively, at the intrinsically
hole-doped AlO2/SrO interface of LAO/STO heterostructures. The effects of liquid gating at LAO(001) and
imperfected AlO2/SrO were simulated in the framework of the first-principles Green function method within
the coherent-potential approximation. We evaluated the Fermi surface cross sections, which were computed
varying the degree of chemical disorder. These findings may be extremely important for potential application of
2DEG.
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I. INTRODUCTION

The two-dimensional electron gas (2DEG), which can ap-
pear at the interface between robustly insulating perovskites,
such as epitaxial LaAlO3 (LAO) grown on the SrTiO3 (001)
(STO) substrate, is completely established nowadays [1–5].
This 2DEG can be easily detected with side electrodes or by
tunneling measurements between the electron gas and metallic
electrodes on LAO [6]. Regarding the LAO/STO interface,
any explanation of its 2DEG invokes the arguments of the
so-called polar discontinuity [7–10] related to the LAO (001)
side, which represents alternately charged planes [LaO]+ and
[AlO2]−. At the TiO2/LaO-terminated LAO/STO interface,
therefore, each interfacial La transfers half of an electron into
the neighboring and formally neutral TiO2 layer that decreases
the oxidation state of interfacial Ti. The 2DEG scenario based
to the Ti3.5+ valence state was successfully modeled from first
principles [11]. Apart from LAO/STO, there is a family of
composite perovskites for which the TiO2/LaO termination
is formed unavoidably. In particular, 2DEG appears between
STO (001) and LaFeO3 (LFO) [12]. Li et al. [13] reported that
the crystalline and partially amorphous ABO3/STO (A=La,
Pr, Nd and B=Al, Ga) interfaces become conducting for ABO3

thicker than four unit cells (u.c.).
All epitaxially grown perovskite heterostructures contain

intrinsic oxygen vacancies and substitutional cations near the
interfaces [14,15]. Interfacial defects may induce additional
charged carriers. Oxygen vacancy, for instance, enhances
there the n-type doping [16], whereas the La/Sr interfacial
mixing [17] may suppress 2DEG. Experimentally, after oxy-
gen annealing (when the O redox mechanism is removed), the
LAO/STO interfaces prepared at 500 ◦C and below become

*igor.maznichenko@physik.uni-halle.de

insulating, while samples prepared at 515 ◦C and above are
conducting [13].

The ab initio calculations [18] suggest that strong recon-
struction may compensate the dipolar electric field in LAO
overlayers and, therefore, sustain the insulating behavior up to
5 u.c. LAO. The most recent and systematic ab initio calcula-
tions of LAO/STO [19] in which the cation intermixing across
the interface and oxygen vacancies were modeled, within the
Green function method, have suggested that the 2DEG effect
starting from the defect-free interfacial composition may be
enhanced by the presence of oxygen vacancies and substituted
cations.

So far, only a very limited number of experiments have
been performed to study how the 2DEG of a buried interface
can be tuned externally. Since perovskites grow in complete
unit cells on the atomically clean and TiO2-terminated STO
(001) substrate [20], the LAO (001) surface is AlO2 termi-
nated. There are two options to change the electronic balance
of this AlO2 termination: either by capping layers or by liquid
gating at the surface. Liquid gating, in particular, allows one
to reversibly change the amount of oxygen vacancies [21–23].
The widely used example of capping is the LAO/STO het-
erostructure [24]. Concerning intrinsically imperfect LAO
layers, the vacancy-filling effect could be controlled there by
the degree of crystallinity by varying the growth temperatures.
However, the capped system excludes practically the scenario
of switchable 2DEG, whereas the utilization of liquid gating
at the LAO surface may do that.

Over the past decade, electrolyte gating has become a
powerful technique for accumulating large carrier densities
at the surfaces of oxides [25,26]. Regarding their interfaces,
such as LAO/STO, it was shown that extremely high mobility
of 2DEG up to ∼104 cm2/(V s) can be realized by the ionic
liquid-assisted field effect [27]. This mobility is one order
of magnitude higher than that of silicon-based transistors.
Moreover, with the change of the gate voltage and gate
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polarity, the controlled depletion of negatively/positively
charged carriers can be obtained that, in principle, allows one
to vary the 2DEG conductivity from its enhanced value down
to zero. The corresponding mechanism can be understood
using the terminology of oxygen migration. By choosing the
proper gate geometry and polarity, some of the intrinsic O
vacancies in LAO and those accommodated at the buried
interface can be filled. On the other hand, by switching the
gate polarity, the O2− ions can be partially pulled out from the
LAO side that makes the composition of LAO and, probably,
its buried LAO/STO interface oxygen deficient. Although
the switching is not completely reproducible, this allows one
to explore the effect of electrolytic gating on the 2DEG
of LAO/STO through the measurements of electrical trans-
port, x-ray absorption spectroscopy, and photoluminescence
spectra [27–32]. Meanwhile, the controllable formation of
2DEG via ionic liquid gating has been shown recently for the
LaFeO3/STO interface [12].

In this work, we investigate from first principles the
LAO/STO and its 2DEG, focusing on the long-range disorder
at (i) the p-type AlO2/SrO interface and (ii) the LAO surface.
In the literature, this issue remains unclear. In all calculations,
the LAO film thickness was modeled above critical. First,
we modeled the LAO capping, within a supercell approach,
keeping the defects at the p-type interface and inspecting the
2DEG changes at the n-type interface. Here, the use of the
coherent-potential approximation (CPA) offers an elegant way
to describe oxygen vacancies and cation substitutes in the
frameworks of the self-consistent Green function formalism
[33]. This approach adequately describes the LAO/STO in-
terfaces [19].

For the scenario of switchable 2DEG at the LAO/STO in-
terface, we used the slab geometry with the AlO2-terminated
LAO (001). Thus, we disclose the electronic conditions at
the surface needed to vary the buried 2DEG. The surface
electronic balance, which mimics the effect of liquid gating,
was simulated here within the CPA.

II. DETAILS OF AB INITIO CALCULATIONS

Chronologically, the structural model for the first-
principles calculations of LAO/STO was transformed from
the initially used superlattice [34,35] to the slab geometry with
a vacuum layer [11,16,36–41]. The use of the slab geometry
allows one to reproduce 2DEG at the TiO2/LaO interface.
Although the n interface remains conducting below the LAO
critical thickness of 4 u.c., the use of a superlattice is a
good starting point for any reliable ab initio calculation [19].
In fact, the use of a superlattice removes the most serious
question concerning the electrostatic boundary conditions of
free surfaces and their impact on 2DEG.

Here, we calculated the TiO2/LaO and AlO2/SrO termi-
nations of LAO/STO simultaneously, within the supercells,
which thickness was optimized previously [19]. Thus, we sim-
ply combined the 12-u.c.-thick STO and 12-u.c.-thick LAO.
The in-plane lattice parameter was fixed to the experimental
value of bulk STO (a0 = 3.905 Å) to simulate the epitaxial
growth of LAO on the STO substrate. The presence of oxygen
vacancies as well as the cation vacancies and substitutes were
modeled at the p-type AlO2/SrO interface. This scenario

assumes the corresponding changes of 2DEG at the TiO2/LaO
interface. All calculations of perfect and imperfect superlat-
tices were performed using a first-principles Green function
method [42,43] based on the multiple-scattering theory within
the density functional theory in a generalized gradient approx-
imation (GGA) to the exchange-correlation potential [44]. We
used a full charge density treatment to take into account the
possible nonsphericity of the crystal potential and the charge
density [45]. In this approximation, the charge density and
the effective crystal potential are expanded within the Wigner-
Seitz (Voronoi) cell into spherical harmonic functions, while
the single-scattering t matrix is calculated only with the spher-
ical part of the effective potential. Such approach provides a
very good precision comparable with a full-potential method
[46]. The results of the electronic structure calculations are
not sensitive to a particular choice of the Wigner-Seitz (or
Voronoi) division of the elementary unit cell. The maximal
angular momentum for the Green function and the charge
density expansion was taken to be lmax = 3 and Lmax = 6,
respectively. The integrals over the Brillouin zone were per-
formed using the 16 × 16 × 2 k-point mesh.

The cation intermixing, oxygen, and cation vacancies were
simulated using a coherent-potential approximation (CPA) as
it implemented within the multiple-scattering theory [33,47].
In this mean-field approach, impurities or other lattice imper-
fections are described by an effective medium Green function,
which is determined in a self-consistent way by embedding
single-impurity matrices into the effective medium. Since the
CPA is designed for substitutional alloys, atomic relaxations
around a defect cannot be taken into account. Therefore, we
optimized crystalline structures only for defect-free surfaces
and heterostructures tracing by this mainly the chemical im-
pact of disorder. Vacancies were simulated by empty Wigner-
Seitz cells of the same geometry as for the host atoms. Oxygen
vacancies were also distributed over the O sites near the p
interface, in the interfacial SrO and AlO2 layers.

For the second scenario of buried and tunable 2DEG, we
used the slab with vacuum. The supercell combines 12 u.c. of
STO and 8 u.c. of LAO along [001]. There is the TiO2/LaO
terminated interface only. We modeled the presence of oxygen
vacancies as well as excessive oxygens at the AlO2-terminated
LAO (001). This crudely mimics the effect of liquid gating,
although the latter should involve dynamically all layers of the
LAO side. In this context, we realize that our simplified model
differs from the corresponding experimental conditions. Here
we study this issue using first principles.

III. 2DEG IN THE LAO/STO HETEROSTRUCTURES:
THE EFFECT OF DEFECTIVE p INTERFACE

The presence of interfacial defects, such as oxygen
and cation vacancies, may crucially change the 2DEG of
LAO/STO. This was discussed previously [19] for the case
when vacancies are accommodated at the same n-type in-
terface where 2DEG appears. Now, we compute 2DEG
and its changes by simulating oxygen vacancies at the p-
type interface. In the right panel of Fig. 1, we plot the
conduction/valence band (CB/VB) profile along [001] calcu-
lated for the LAO/STO heterostructure, which contains 10%
O vacancies in the interfacial AlO1.9 layer. The O vacancies
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FIG. 1. The conduction/valence band (CB/VB) profiles along [001] in the LAO/STO heterostructure, calculated for the ideal (left panel)
and for the 10% O-deficient p interface (right panel). White: the band gap with no density of states.

there should suppress the 2D hole gas (2DHG), which appears
in the perfect heterostructure, as shown in the left panel of
Fig. 1. We anticipate that for the O-vacancy compositions
>10%, the 2DHG disappears completely in this heterostruc-
ture, whereas slightly enhanced 2DEG is there. Interestingly,
the top valence-band position, which is seen in Fig. 1 and
which appears below the Fermi level, corresponds to the
AlO2−δ interfacial layer with δ = 0.1.

To evaluate the changes in 2DEG, we calculated its n-type
carrier density which emerges at the Fermi level for different
δ. The result is plotted in Fig. 2 as a function of the degree of
interfacial oxidation at the p-type interface. With increasing
the O-vacancy concentration between 0 < δ < 0.1 in both
AlO2−δ and SrO1−δ interfacial layers, the 2DEG density in-
creases. However, in the case of SrO1−δ , the effect is more
pronounced. For instance, the 2DEG density, which emerges
mainly in the interfacial and perfect TiO2 layer, increases from
0.8 × 1013 cm2 calculated for δ = 0 to 1.8 × 1013 cm2 and
3.2 × 1013 cm2 calculated for AlO1.9 and SrO0.9, respectively.
In general, the calculated 2DEG density is in good agreement
with the measured values. The explanation of enhanced 2DEG
for δ > 0 is obvious. This is because the Fermi level goes up,
cutting, therefore, the larger portion from the bottom of the
conduction band at the n-type interface.

Additionally, we simulated the effect of the cation-deficient
interfacial layers Al1−xO2 and Sr1−xO at the p interface of

FIG. 2. 2DEG density emerged in the LAO/STO heterostructure
vs the degree of interfacial oxidation at the p-type interface.

the LAO/STO heterostructure. This can also be considered
as excessive oxygen composition. Obviously, the Al and Sr
vacancies accommodated at the p-type interface should en-
hance the 2DHG there. This is because the Fermi level is
shifted down. The band bending near the CB bottom also
occurs, which affects the 2DEG density at the opposite n-
type interface. In the case of Sr vacancies, our calculations
demonstrate that 2DEG remains stable with no changes in its
density until the composition Sr0.8O, as shown in Fig. 2. It
should be noted that the ideal SrO layer was formally neutral
and, therefore, to obtain the increase in the 2DEG density due
to Sr1−xO, an unrealistically large value of x > 0.3 is needed.
In the case of Al1−xO2, we anticipate that with increasing x
up to 10%, the 2DEG density reaches about 1.6 × 1013 cm2,
which is compatible to that simulated with oxygen vacancies
in the same interfacial layer. We also modeled the effect of
cations intermixing at the p interface of the LAO/STO het-
erostructure. However, the calculated CB/VB profiles do not
show any significant changes since the Fermi level position in
the system remains stable.

IV. EFFECT OF THE LAO(001) SURFACE

A. 2DEG beneath chemically perfect surface

The CB/VB profiles, calculated along [001] for the 8-
u.c.-thick LAO (001) on 12-u.c.-thick STO, are shown in
Fig. 3. We assumed that the crystal structure is cubic, the
LAO surface is AlO2 terminated, and the TiO2/LaO interface
is perfect. To plot the band gap shown in Fig. 3, we used the
DOS calculated within each TiO2 and AlO2 layers only. Our
calculation clearly shows (i) the 2DEG which emerges at the
TiO2/LaO interface and (ii) the weakly p-doped LAO surface.
Most importantly, the 2DEG density is 3.2 × 1013 cm2, which
is four times as much as the 2DEG density of the ideal
heterostructure. The 2DEG density was integrated over a few
interfacial layers along [001]. In Fig. 4, we plot the layer-
resolved contributions calculated near the n-type interface for
the slab with ideal surface of LAO and for the heterostructure
with chemically perfect interfaces. This figure shows how
2DEG enhances in the case of an open surface. In the het-
erostructure, the LAO thickness was 8 u.c., while its 2DEG
density differs insignificantly from that of 12 u.c. thick.

The topmost AlO2 layer of LAO(001) is not flat. The O po-
sitions are always above the Al position. This issue related to
the perovskite (001) surface was discussed experimentally and
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(a)

(b)

FIG. 3. (a) Atomic structure and (b) the CB/VB profiles along
[001] of 8-u.c.-thick LAO (001) grown on 12-u.c.-thick STO. In (a),
red balls: La atoms; blue: Al atoms; golden: Sr atoms; gray: Ti atoms;
small rose-colored balls: oxygens.

theoretically [20,48]. Here, we relaxed the atomic positions of
the topmost layer and, then, the 2DEG density was calculated.
The result, which is shown in Fig. 5, indicates that the 2DEG
density increases by 0.2 × 1013 cm2 compared to that of the
unrelaxed surface. In addition, we varied the O displacements
from the surface AlO2 layer between −0.08 Å and 0.12 Å. As
Fig. 5 shows, the 2DEG density gradually increases when the
O-Al separation increases within the topmost layer.

FIG. 4. The layer-resolved contributions to 2DEG calculated
along [001] for the perfect LAO/STO heterostructure (filled blue)
and chemically perfect LAO/STO (001) surface (black solid line).
The same LAO thickness of 8 u.c. was used for the two cases. Atomic
layers are labeled and numerated along [001].

FIG. 5. 2DEG density emerged in LAO/STO (001) and calcu-
lated as a function of the O-Al displacement within the surface AlO2

layer. The vertical dashed line corresponds to the O positions after
relaxation.

B. Effect of oxygen doping at the LAO surface

We simulated both the O vacancies and excessive oxygen
compositions at the surface. This means that the oxygen
adatom sits above the topmost Al atom. This result, which
crudely mimics the effect of liquid gating, is plotted in Fig. 6.
In the case of an oxygen-deficient surface, AlO2−δ , with
increasing 0 < δ < 0.1, the 2DEG density increases up to
3.6 × 1013 cm2. For 0.1 < δ < 0.2, the calculated density of
2DEG remains robust at about 3.5 × 1013 cm2. For the O-rich
LAO surface, AlO2+δ , the calculated 2DEG density increases
gradually with increasing δ, as shown in Fig. 6. One can see
that this effect of doped surface is similar to that which is
seen in Fig. 2 for the LAO/STO heterostructure. The effect
of enhanced 2DEG, which was calculated for the surface
composition AlO2+δ , can be understood in terms of dipole
interactions between the p-charged surface and n-charged
interface through the insulating barrier. With increasing hole
carriers at the surface, the band bending results in extra

FIG. 6. 2DEG density emerged at the n-type LAO/STO (001)
interface and plotted as a function of the degree of oxidation of the
surface AlO2−δ layer.
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FIG. 7. Bloch spectral function of LAO/STO (001), which is
projected on interfacial Ti and plotted along the high-symmetry
directions of the 2D Brillouin zone.

interfacial electrons to keep the charge balance. It should be
noted that the case of AlO2+δ seems artificial. This com-
position is not favorable energetically. The relaxed oxide
surface always tends to charge neutrality. In this context, the
O-deficient surface composition AlO2−δ represents a more
robust scenario of enhanced 2DEG.

C. Transport-related properties of 2DEG

To show the key features of the electronic states of
LAO/STO (001), we plot in Fig. 7 the Bloch spectral function,
projected on the interfacial TiO2 layer and its Ti and O
sites. These projections are plotted along the high-symmetry
directions of the 2D Brillouin zone. One can see there how the
Ti d conduction band crosses EF around k = (0, 0), while the
O contribution is the result of hybridization.

In the case of heterostructure, the conduction Ti d band,
which crosses EF of LAO/STO and which forms the 2DEG
there, is isotropic. One can see that in the top panels of Fig. 8
as a plotted spherical Fermi contour. In fact, we show in
Fig. 8 the (001) cross sections of the Bloch spectral function

projected on each atomic layer near the n-type interface. The
middle panels of Fig. 8 correspond to the ideal surface com-
position AlO2, while the bottom panels display the projections
calculated for the surface layer AlO1.9, which contains the O
vacancies.

For the free surface, the 2D picture of its conducting
Fermi contours is much more complicated, as compared to
the corresponding heterostructure. First, the spherical Fermi
contour, which is formed by the Ti d states from the interfacial
TiO2 layer, dominates around the � point. Although the LaO
interfacial layer contributes there insignificantly, this is the
result of hybridization. Second, a rhombic Fermi spot appears
at � due to the d states of interfacial Ti and another one from
the second TiO2 layer. Besides, there are rather narrow Fermi
arms along the directions [10], which come from the two
TiO2 layers and which make a whole Fermi picture weakly
anisotropic. The doped LAO surface yields extra Fermi con-
tours. This is shown, for instance, in the bottom panels of
Fig. 8 for the surface composition AlO1.9. The valuable Fermi
contributions are the ellipses centered at � and elongated
along �X . These contours are formed by the Ti d states
from the second and interfacial layers of STO. Therefore,
the anisotropy of conductivity may enhance when the charge
balance at the surface differs from its nominal AlO2.

Thus, the presence of a free surface makes the 2DEG
spatially extended, which is also seen in Fig. 4. As a result,
the two new Fermi cross sections (a spot and arms), which
additionally appear at the spherical contour, may bring a
variety to the electron effective mass associated with the
2DEG. When the surface layer contains oxygen vacancies, the
Fermi-contour picture becomes even more sophisticated and
anisotropic since 2DEG becomes spatially extended. This is
shown in the bottom panels of Fig. 8. We anticipate, therefore,
that the electron effective mass can range between 0.4 and

FIG. 8. The (001) cross sections of the Bloch spectral function projected on several atomic layers near the n-type interface of LAO/STO.
The top and middle panels correspond to the perfect heterostructure and perfect surface layer AlO2, respectively. The bottom panels shows the
result calculated for the surface composition AlO1.9.
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0.6 me, which is in good agreement with the reported values
measured so far [40,49,50].

V. SUMMARY

Using ab initio calculations, we simulated the enhancement
of 2DEG at the TiO2/LaO-terminated interface of LAO/STO
(001), which may occur when the degree of oxidation changes
at the LAO surface. This model mimics the effect of liquid
gating, which has been observed in LAO/STO above the crit-
ical thickness of LAO. The degree of doping below and above
the AlO2 surface composition was modeled, within the Green
function method and the coherent potential approximation.
Based on our findings, we conclude that in the case of an
ideal surface of LAO, the 2DEG density that emerged at the
buried interface is much more pronounced, as compared to
the defect-free LAO/STO heterostructure. Moreover, we an-
ticipate that the 2DEG density can be enhanced and controlled

by the presence of both extra oxygens or oxygen vacancies at
the AlO2-terminated surface.

By inspecting the calculated Fermi cross sections, which
appear in LAO/STO (001) due to 2DEG, we conclude that
the LAO surface could affect the transport-related properties
of the studied system. As a result, the two additional and
weakly anisotropic transport channels are added to the highly
isotropic spherical Fermi contour that enhances the electron
effective mass within its wider range between 0.4 and 0.6
me. We believe that our findings can stimulate further experi-
mental and theoretical studies of the effect of liquid gating in
LAO/STO and similar interfaces of polar discontinuity.
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