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The origin of the two-dimensional electron system (2DES) appearing at the (001) interface of band insulators
SrTiO3 and LaAlO; has been rationalized in the framework of a polar catastrophe scenario. This implies the
existence of a critical thickness of polar LaAlO; overlayer (4 u.c.) for the appearance of the 2DES: a polar
catastrophe for thick LaAlO; overlayer is avoided either through a Zener breakdown or a stabilization of donor
defects at the LaAlO; surface, both providing electrons to dope the substrate. The observation of a critical
thickness is observed in experiments, supporting these hypotheses. Yet, there remains an open debate about
which of these possible mechanisms actually occurs first. Using hybrid functional density functional theory,
we re-examine these mechanisms at the same level of approximation. Particularly, we clarify the role of donor
defects in these heterostructures and argue that, under usual growth conditions, electric-field driven stabilization
of oxygen vacancies and hydrogen adsorbates at the LAO surface occurs at a smaller LAO thickness than required

for the Zener breakdown.

DOLI: 10.1103/PhysRevB.102.115309

I. INTRODUCTION

Functionalities offered by oxides compounds (TMOs),
related to their electronic structures, sparked tremendous
interest for technological applications. Moreover, further
interests has been attracted by interfaces between TMO com-
pounds, which exhibit emerging properties not present in
either parent compounds at the bulk level. One of the most
studied emerging property is two-dimensional conductivity at
interfaces between wide-gap insulator TMOs, which has been
originally observed at the (001) interface between LaAlO;
(LAO) and SrTiO3 (STO). The origin of the observed con-
ductivity is mainly attributed to a two-dimensional electron
system (2DES). In addition to conductivity, several other
properties have been attributed to this 2DES, such as su-
perconductivity, magnetism, confinement effects, etc. [1-8].
The appearance of the 2DES has been attributed to a polar
discontinuity [9] between between STO and LAO. Hence,
growing a LAO overlayer on top of a STO(001) substrate can
trigger conductivity as long as the LAO film is thicker than
3 unit cells (u.c.). This critical thickness is though to originate
from to the presence of an electric field in the LAO layer: for
a sufficiently thick overlayer, charge transfer occurs to avoid
a divergence of the electrostatic potential.

In spite of considerable research, there remains a de-
bate around the origin of the 2DES. The polarity-driven
mechanism has been formulated either as a purely elec-
tronic reconstruction [9,10] (or Zener breakdown), or as a
polarity-driven stabilization of oxygen vacancies (or other
donor defects) at the LAO surface [11-13], providing elec-
trons which remain confined near the interface. Nevertheless,
the existence of an electric field in the LAO layer remains
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debated, although some experiments support this [14—16].
Other hypotheses include as-grown oxygen deficiency, off-
stoichiometry, or surface adsorption [17-20]. It remains
unclear how these mechanisms coexist or dominate.

In this study, we re-examine, using a combination of first-
principles calculations and phenomenological models, the
electric-field driven mechanisms at the origin of the 2DES.
Our study focuses on the TiO,/LaO interface. The different
models are analyzed in turn and explored through hybrid
functional DFT calculations. We then compare them and
rationalize experimental findings obtained from STO/LAO
heterostructures. A specific focus is given to the surface redox
model, and we discuss how the tunability of the crystal thick-
ness obtained by alloying the polar overlayer is rationalized
within this model.

II. TECHNICAL DETAILS

Before going further, we specify the technical details of our
first-principles calculations. We use the CRYSTAL code [21]
to compute from DFT the atomic and electronic structure of
bulk LaAlO3 and SrTiO3 systems, as well as heterostructures
based on these compounds. Examples of simulation cell in
slab geometry used in this study are shown in Fig. 1.

A Gaussian basis set was used to represent the electrons.
All the electrons have been included for Ti [22], O [23], and
Al [24], while we use a Hartree-Fock pseudopotential [23] for
Sr and the Stuttgart energy-consistent pseudopotential [25] for
La. The basis sets of Sr and O have been optimized for STO.
In the basis set of La, the Gaussian exponents smaller than 0.1
were disregarded and the remaining outermost polarization
exponents for the 10s, 11s shells (0.5672, 0.2488), 9p, 10p
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FIG. 1. Examples of simulation cells used for calculations: (a) a
1 x 1 simple cell, (b) a 2 x 2 supercell with one Vg at the LAO
surface and (c) a 2 x 2 supercell with one H atom adsorbed on
the LAO surface. In the last two examples, the area density of Vg
or adsorbed H is n = 1/4a> = 1/40. 2 x 3 supercells have also
been used in this study (not shown). The films are symmetric, the
symmetry plane is shown in purple.

shells (0.5279, 0.1967), and 5d, 6d, 7d shells (2.0107, 0.9641,
0.3223), together with Al 4sp (0.1752) exponent from the
8-31G Al basis set, were optimized for LAO.

The exchange-correlation energy is modelled with the
B1-WC hybrid functional [26], which have been used in sev-
eral previous studies about STO, LAO and their interfaces
[14-16,27-30]. A Monkhorst-Pack mesh [31] of 6 x 6 x 6
special k-points is used for cubic bulk LAO and STO, ensuring
a proper convergence of the total energy below 1 meV per
formula unit. The sampling is then refined intoa 12 x 12 x 12
mesh of special k-points for the computation of properties
such as the electronic density of states (DOS) or the vibra-
tional modes at the I" point in the irreducible Brillouin zone
(IBZ).

Concerning the heterostructures, different sizes of simu-
lation cells have been used, shown in Figs. 1(b) and I(c),
have been used in the study (2 x 2 and 2 x 3 supercells),
with adapted Brillouin zone sampling with respect to supercell
size. For the 1 x 1 simulation cell [see Fig. 1(a)] and the 2 x 2
simulation cell [see Fig. 1(b)], the Brillouin zone sampling is
adapted to the 6 x 6 x 1 and 3 x 3 x 1 meshes, respectively.
It is then refined to 12 x 12 x 2 (respectively 6 x 6 x 2)
to compute the electronic band structure and related DOS.
A smearing of the Fermi surface has been set to kg7 =
0.001 Ha. The self-consistent DFT cycles are considered to be
converged when the energy change between cycles are smaller
than 1078 Ha. The optimization of the atomic positions are
performed with convergence criteria of 1.5 x 10~* Ha/Bohr
in the root-mean square values of the energy gradients and

1.2 x 1073 Bohr in the root-mean square values of the atomic
displacements. The evaluation of the Coulomb and exchange
series is determined by five parameters, fixed to their default
[32] values: 7, 7,7, 7, and 14.

We consider the effect of oxygen vacancies, acting as dou-
ble donors according to the following surface redox reaction:

05— 10+ Vy +2¢. (1)

For the rest of the manuscript, we shall refer to these charged
oxygen vacancies as just Vo. The technical details for the
calculations of the systems with oxygen vacancies are similar
to the ones used for the pristine slabs in term of basis sets,
convergence threshold and investigated geometrical configu-
rations for the heterostructures. Oxygen vacancies have been
modelled by removing explicitly an oxygen atom from its
site (core and electrons), while leaving “ghost” oxygen basis
functions on the site to properly model the electron density
within the vacancy.

Formation energies Ey ,— are calculated in the O-rich
limit from the relation:

1 1
Ef,—o = n—[Ev - (Eo —n, EEOZ)} 2)
v

where Ey and Ej are the calculated total energy of the systems
with and without Vg (and same cell size), n, the number of
Vo in the supercell, and Ep, the calculated total energy of
the single O, molecule in the triplet state. We remark that
the formation energy as calculated from Eq. (2) implicitly
accounts for all effects induced by the defects, such as charge
transfer, electric-field compensation, interface band bending,
etc. This will be further addressed in Sec. III B.

Equation (2) only considers the enthalpic contribution at
0 K to the formation energies. To account for the atmosphere
during growth at finite temperature and pressure, considering
the environment as a reservoir, one has to consider the chemi-
cal potential of oxygen po(p, T ) relative to the gaseous phase
at finite oxygen partial pressure p and temperature 7 such

1

E;, =—
fou n,

1
[EV - |:E0 - nUE(EOZ + MOz(ps T))]:|’ (3)

Ef,//. = Ef,u:O + wo(p, T). 4

In the relation above, uo(p, T) is calculated from the ther-
modynamic model [33,34]: the details of the calculation can
be found in Appendix. puo(p, T) is usually considered as a
parameter depending on the environment; for the purpose
of this study, we consider o = —2 eV according to the
growth conditions of standard STO/LAO heterostructures
(identical to the value used in Ref. [13]) and consider varia-
tions due to growth according to the thermodynamical model
(Appendix).

Finally, we also consider the surface redox hydroxylation
process, where H atoms are adsorbed at the LAO surface. The
chemical reaction of this process is written as

20§ +H0 —> 10, +20H +2¢. 3)

This process provides 1 donor electron per hydroxyl OH™
(in contrast to the nonredox hydroxylation process, H,O —
H*™ + OH™, which does not provide any carriers). Hence, the
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adsorption energy of hydrogen according to the process of
Eq. (5) is calculated from DFT, in the supercell approach, as

na

1
EA,M - E(EA + 4

[Eo, + 1o, (T, Poz)]>

L (Eo + n_A[EHZO + nmo(T, PHZO)]), (6)
na 2

where ny4 is the number of adsorbed H atoms in the cell, E,4 the
total energy of the heterostructure with the adsorbed H atoms,
Ey,0 the total energy of a water molecule, 1o, the chemical
potential of dioxygen and uy,0 the chemical potential of
water in gaseous form, calculated from the thermodynamic
model. All the other quantities in Eq. (6) are the same as
defined earlier.

III. RESULTS

We will now provide a description of the electric-field
driven hypotheses at the origin of the 2DES at the (001)
STO/LAO interface, the Zener breakdown and the surface
oxygen vacancies. The mechanisms can be explained in the
framework of a polar catastrophe, where the diverging electro-
static potential in the LAO film is the driving force behind the
instability leading to the appearance of the 2DES. The main
argument in favor of these mechanisms is the existence of
threshold LAO thicknesses to witness different phenomena,
such as signatures of Ti*3> valence at the interface from
spectroscopy, or the change in sheet resistance. Indeed, as will
be argued in the following discussion, the intricacies of the
different mechanisms result in differences in properties.

The parameters of each model are evaluated through hybrid
functional DFT, using the B1-WC hybrid functional. This
functional predicts good properties for bulk STO and LAO,
and has been used extensively to study the STO/LAO inter-
face. As an example, we mention the electronic band gap of
cubic STO and rhombohedral LAO as calculated from B1-
WC: EJT%¢ = 3.56 eV and E;*%" = 5.78 eV, showing good
agreement with experiments (3.25 eV [35] and 5.6 eV [36], re-
spectively). In addition, the B1-WC hybrid functional predicts
with good accuracy the dielectric constant of LAO, which is
an important parameter in all explored models: e-A0-¢ = 27
for cubic LAO and ¢-4°-¢ = 21 for rhombohedral LAO.

We discuss first of the pure electric-field driven Zener
breakdown, then we discuss in detail the surface redox pro-
cesses.

A. Electric-field driven Zener breakdown

For the STO/LAO interface, it is a priori possible for the
electrons to rearrange themselves to avoid a polar catastrophe,
as the electrostatic potential diverges with increasing LAO
thickness. This is the so-called Zener breakdown scenario,
and does not involve any atomic reconstruction, since only
the electronic population changes. In this section, we will
focus on the Zener breakdown hypothesis and its description
from first-principles calculations based on the hybrid func-
tional formalism, with the B1-WC hybrid functional. This will
benchmark our results based from the different hypotheses.

The Zener breakdown stems from the electrostatic behavior
of the STO/LAO interface and can be formulated in terms

of the conservation of the normal component of the displace-
ment field D across the interface [37]. In the (001) direction,
the LAO layers can be considered as a serie of capacitors
with (LaO)'* and (AlO,)!~, corresponding to surface charge
0420 = 0.5¢/0, where e is the electron charge and [J is
the in-plane unit cell area (OJ = a®). Hence, considering the
polarity of each LAO monolayer, the LAO film has a formal
polarization of PYA? = —e/2[0. As the STO atomic planes are
neutral, there is no formal polarization in the STO substrate.
The formal polarizations of STO and LAO are therefore

P =0, (7

PiAO = —e/200. (8)

The transverse component of the displacement field, in each
environment (STO, LAO, vacuum) is then

DSTO — EOE()STO + POSTO, (9)
D0 = g EFA0 4 pLAo, (10)
D™ = 0. (11)

In the absence of free charges, which is the case for band
insulators, the normal component of the displacement field
has to be preserved [38]. Hence, the vacuum fixes D = 0
across the whole heterostructure, and an electric field appears
in the LAO overlayer, such that

PSTO
EfT0O=-L— =0, (12)
)
PLAO 1
EMo_— 0 _ ¢ (13)
&0 N 201

Since LaAlOs is an insulator, the material will polarize under
the effect of an electric field, leading to a depolarizing field
and surface induced bound charges o.-4°. The polarization
induced in LAO is therefore screened by the depolarizing field
E} by inducing a dielectric contribution opposite the formal
polarization. This screening depends on the dielectric constant

(e£0 ~ 24).

The resulting electric field E© and surface charge are
given by
0 0 0
EM0 = BP0 gl
_ L ¢ _oasv/A (14)
T geelA0 20 '
o0 = M9, = 0.02¢/00, (15)
o0 = giA0 — oh00 = 0.48 ¢/00. (16)

Within this model, the built-in electric field is estimated to be
equal to 0.25 V/A. Consequently, the electrostatic potential
increases linearly with LAO thickness, by about ¢ x EM0 ~
0.9 eV per monolayer (¢ being the out-of-plane lattice pa-
rameter of LAQO). This effect can also be viewed in a band
diagram, where the valence states of LAO are raised to higher
energy with the electrostatic potential, as shown in Fig. 2(a).
For a LAO thickness d above a threshold value d.., the valence
O2p states at the surface of LAO are raised above the STO
conduction band minimum, and a charge transfer occurs from
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FIG. 2. Band diagram representation of the Zener breakdown scenario (a) for a LAO thickness d below the critical thickness d,, (b) for a

LAO thickness d above the critical thickness d..

the O2p to the Tity, states of STO: a 2DES appears at the
interface, as shown in Fig. 2(b); as a byproduct of the charge
transfer, a two-dimensional hole system (2DHS) is expected to
exist at the surface of LAO according to the Zener breakdown
picture. Further insights on the electronic reconstruction and
reformulation of the model can be found in Ref. [39].
First-principles calculations have been performed on
STO/LAOQO,, pristine heterostructures. Fig. 3(a) shows the evo-
lution of the heterostructure electronic band gap with respect
to the number of LAO monolayers m, and in Fig. 3(b) the
profile of the macroscopic average of the electrostatic poten-
tial across the heterostructures. From these results, we make
the following observations: (i) the electrostatic potential in the
STO is flat, as expected from our earlier considerations; (ii)
the electrostatic potential varies linearly with increasing LAO
thickness, the slope is estimated to be —0.25 V/A for 1 <
m < 4, and this results in the linear decrease of the band gap
with increasing LAO thickness, with a slope of —0.9 eV /u.c..
This is in agreement with the value calculated for a LAO cell
with a tetragonal constraint (a = b = a>1°): SI;AO ~ 24, in be-
tween the value calculated for cubic and rhombohedral LAO
(respectively 27 and 21); (iii) the field in LAO is expected to
raise the valence states in the LAO system, which is shown

A
)
—_

o
AS)

in the layer-resolved DOS for the different heterostructures
(Fig. 4); and iv) for m > 5 u.c., the system is metallic, and
for the metallic phases, the slope of the electrostatic potential
decreases with increasing LAO thickness. A metal-insulator
transition (MIT) is expected to occur at m = 4.2 u.c. based on
the linear projection of the evolution of the band gap below the
onset for charge transfer. This is the critical thickness of LAO
at which an electronic reconstruction occurs (also referred to
as a Zener breakdown in the literature). It is also the onset
above which the LAO O2p valence states overlap with the
Tity, conduction states of the STO substrate in the DOS:

d”® =42u.c. (17)

The Zener breakdown occurs when the drop of electrostatic
potential A across the LAO film is equal to the sum of the
band gap of STO, EgTO, and the valence band offset VBO,
as shown in Fig. 2(a). Hence, it is possible to calculate d?®
from the Zener breakdown model, by estimating the thickness
needed to reach a potential drop equal to A if the slope of the
potential is a constant field E-A9:

LAO

A
= Flao — f0&

7B
dc

P (18)

3333333
LI T [ TR T}
ouhWN=O

4 T T

1l <22t
3 1 S 20}
. "qc: L
— | = 18 F
3 ? 18 b
= L 16
w1 — © L
| Insulating Metallic 8 145
] e - B[
D 12 5
L . o ] P

-1 1 | 1 | 1 | 10
0 2 4 6 8 0

m (u.c.)

z (Ang.)

FIG. 3. (a) Electronic band gap for STO/LAO,,/vacuum heterostructures, for different LAO thicknesses m (u.c.), calculated as the differ-

ence between the bottom Ti f,, band and the top of the LAO O 2p band. The negative values correspond to metallic phases. (b) Macroscopic
average of the electrostatic potential in a STO/LAO,, for varying LAO overlayer thicknesses m. The slope of electrostatic potential in the
LAO layer is estimated to be —0.25 V/A below the onset for Zener breakdown. Above this threshold (m > 4 u.c.), the slope decreases with
increasing LAO thickness, as the interface progressively gets doped.
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which predicts the same value as in Eq. (17) by taking the fol-
lowing values, calculated from DFT on the bulk compounds,
c=3.79 A, ESTO =3.57 eV, and 9 = 24. The critical

thickness d“® depends on different physical parameters: the
electronic band gap of STO, the valence band offset, the di-
electric constant of LAO and the LAO formal charges, which
are all intrinsic parameters to the system. Our first-principles
calculations predicts d“® between 4 and 5 monolayers of
LAO. This is an overestimation if we compare to the exper-
iments, for which the onset for conductivity is between 3 and
4 u.c. [40,41].

This overestimation may be attributed to the overestima-
tion of the band gap: all things being equal, correcting the
value of the band gap by the experimental one (3.25 eV
[35]), the critical thickness becomes d“® = 3.8 u.c., in better
agreement with the experiments. We must stress that, as the
parameters of the model are sensitive to the methodology
(specifically the approximation for the exchange-correlation
energy), then the critical thickness as determined from DFT
is also sensitive: LDA and GGA severely underestimate the
STO band gap, hence the predicted critical thickness reported
from DFT studies based on these functionals is slightly under-
estimated compared to the 4 u.c. value (for example, 3 u.c. in
Ref. [42]). Correction to the band gap error using an on-site
Hubbard-like U correction [43] eventually fixes this. Another
solution to the shortcomings of LDA/GGA consists of using
hybrid functional for the exchange-correlation term, such as
the one used in this study (B1-WC). Another example, HSE
[13] yields band gap of ~3 eV and a similar critical thickness
as the one determined in this study, 4.3 u.c.

Above the critical thickness, each additional LAO layer
have their valence electrons at higher energies than the bottom
of the conduction band of STO. These electrons are therefore
transferred from the surface to the interface. This transfer pins
the valence band edge of the LAO system to the conduction
band minimum of STO, which implies that the field in LAO
is modified by the charge transfer, according to the following
law:

A
EYA0 = yIvR (19)
Assuming that A is constant, the field in LAO decreases
as 1/d™© as the LAO thickness increases. Additionally, the
electron transfer leads to the appearance of a 2DES system in
the STO subsystem as shown in Fig. 2, with a sheet charge
density o [42] as calculated from Eqgs. (19), (18), and (14).

LAO
o, = %é(1 - ZCLAO)- (20)
The sheet carrier density depends on the dielectric constant of
LAO, the thickness of the LAO overlayer and the band gap
of STO. In the limit of an infinitely thick LAO overlayer, oy
converges to 04 = 0.5¢/0. The evolution of the built-in
field EXA0 and the sheet carrier density o, with respect to LAO
thickness are given in Fig. 5, as computed from first principles
and with the model based on the parameters ¢, ESTO and £-4°.
The overall agreement between the model and the DFT result
is satisfying.

The main features of the Zener breakdown model can be
summarized as follows: (i) below a LAO critical thickness

—~ 0.25 _
o
é 4
E 0.2 —_
2 015 —
L 4
01 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1
T I T I T I T I T I T I T I T I T T
03— —
n - ® DFT results
s 0.2 — Electronic reconstruction —
) 4
o 01 =
L1

FIG. 5. Comparison between the Zener breakdown model (the
parameters set in the main text) and the DFT results, for the electric
field in the LAO overlayer and the charge density within the STO
substrate.

d?B, the interface is insulating, with the presence of a built-in
field in LAO. The electrostatic potential drop across the LAO
layer linearly evolves with the thickness of LAO; (ii) at a
critical thickness dCZB, the surface O 2p valence states reach
the energy of the unoccupied Tit, states of the STO sub-
strate, raised by the electrostatic potential: a Zener breakdown
occurs, and the charges are transferred from the surface to the
interface; and (iii) above the critical thickness dCZB , the valence
band edge of LAO is pinned to the bottom of the conduction
band of STO by the charge transfer, and the band gap remains
closed. This leads to the presence of a 2DES in STO, confined
close to the interface, and the presence of holes at the AlO,
surface of LAO.

The predictions of the model are in good agreement with
first-principles results. Moreover, there is a large array of
experimental results supporting the Zener breakdown hypoth-
esis. Notably, the critical thickness has been consistently
determined to be 4 u.c. by several groups and methods, for
films grown either from PLD [44] or MBE [45] at high po,,
with the contribution of Vg to the conductivity removed by
annealing.

Additionally, the sheet carrier density (n; ~4-9 x
10" cm~2 measured at low LAO thicknesses < 8 u.c.) is in
good agreement with the densities estimated from HAXPES
[46] and RIXS [40] experiments at the same thicknesses.
However, at higher LAO thicknesses, the measured carrier
densities do not increase, in contrast with the predictions of
the Zener breakdown model. There are other experimental
evidences against this scenario. There has been mention of
sizable density of Ti 3d-like states measured below the critical
thickness (as early as 2 u.c. of LAO), with core-level spectro-
scopic measurements suggesting that the breakdown occurs
almost immediately [40,46,47]; however, as these charges re-
main trapped and do not contribute to interface conductivity,
they may not originate from a polar catastrophe, and it is
possible that they originate from oxygen vacancies buried in
the STO substrate. In addition to the presence of subcritical
Ti3d carriers, no mobile holes have been found at the LAO
surface, and no hole states have been detected near the Fermi
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level [41,48]. There have however been recent reports of the
existence of a hole-sheet if the LAO is capped with STO,
even at subcritical LAO thicknesses [49-51]. In Refs. [49] and
[50], however, the holes are attributed to the O 2p states of the
surface TiO, layer, whereas in Ref. [51], the LAO interlayer
thickness is larger than the threshold thickness value and the
authors attribute the 2DHS to stem from the O 2p states of
the AlO; layer at the p-type interface with the capping layer.
Finally, there has been reports of suppressed conductivity at
any LAO thickness for samples grown at very high po,(~
1073-10~2 mbar) [52,53].

The Zener breakdown scenario, and its simulation from
first principles is a consequence of considering pristine sys-
tems, without any defects which may alter the electric field
in the LAO overlayer, its dielectric properties, etc. However,
other compensation mechanisms may occur earlier than the
Zener breakdown, which might explain some of the discrep-
ancies between this simple, naive picture and the experiments.

B. Electric-field driven surface redox mechanism

Until now, we have discussed how the electronic struc-
ture of STO/LAO heterostructure behave if no atomic
reconstruction/defects occurs during growth, assuming a pris-
tine heterostructure. STO is sensitive to doping, and donor
impurities have been suspected to be at the origin of the
2DES at its interface. Indeed, acceptor doping in LAO and
other wide band gap oxides are naturally expected to be
compensated by oxygen vacancies, rather than electron-hole
formation (see, for example, Ref. [54]). In fact, it is well
known that La impurities [55] and oxygen vacancies [56] act
as n-type donors. The present section focuses on the role of
oxygen vacancies in such heterostructures.

Even if the STO substrate is insulating before the growth of
the LAO epitaxy, it could be expected that the growth process
induces oxygen vacancies. In the original paper [9], it was
already reported that the 2DES properties are affected by the
growth conditions, in terms of mobility, sheet resistance and
electron densities. Since then, there have been several studies
focusing on the role of oxygen partial pressure (po,) during
growth, as well as the effect of annealing on the 2DES proper-
ties [52,57-59]. Three regimes have been identified: low po,
(~107¢ mbar), high po, (~10~* mbar), and very high po,
(~10~2 mbar). For samples grown at low po, as in Ref. [9],
the sheet carrier densities are in the range 10'-10'7 cm?,
with mobilies around 10* cm?> V~'s~! and sheet resistance
around 102 Q. For high po,, the carrier density is signifi-
cantly reduced to 10'3-10'* cm™2, in better agreement with
the polar catastrophe (at least, for low LAO thicknesses),
and with the resistance increasing by a few orders of magni-
tude. Samples grown at low po, have carrier densities around
10'3-10'* cm~2 if annealed after growth, suggesting that the
carriers found in the unannealed low po, samples originates
from vacancies. Finally, samples grown or annealed at high
Po, remain insulating.

These results question the validity of the Zener breakdown
scenario, which cannot explain by itself the po, dependence
of the transport properties. Moreover, they imply that the
growth process triggers the conductivity, by inducing oxygen
vacancies within the substrate of the STO. Growth at low

po, induces a 3D-like conductivity in samples [60], which
indicates that this might be the case. However, annealing
processes suppress the 3D-like conductivity. Furthermore, the
existence of a systematic critical thickness cannot be easily
rationalized within such a scenario.

It has been proposed that the origin of the carriers are not
the vacancies in the STO substrate, but the vacancies that
exists at the surface of the LAO films [11-13,39].

Theoretical studies based on DFT [11-13] have consid-
ered the possibility of intrinsic doping from polarity induced
oxygen vacancies at the LAO surface. They highlight the pos-
sibility of an electric-field driven stabilization of vacancies at
the LAO surface, which reconcile the existence of a threshold
thickness as well as the sensitivity to conditions of growth.
This process is different than as-grown creation of oxygen
vacancies at the STO surface or in the LAO overlayer. In a
sense, this scenario can still be considered as a polar catastro-
phe, even though the mechanisms behind the charge transfer
differ from the Zener breakdown model. The first DFT studies
[11,12] exploring this hypothesis were performed in the GGA,
which is known to underestimate band gaps and to predict spu-
riously the properties of defects [61]. The last study [13] are
based on a partial implementation of Hartree-Fock exchange
(at fixed geometry, after relaxation using semi-local function-
als), and goes beyond oxygen vacancies, considering other
intrinsic defects. However, the study is limited to a single de-
fects planar density, which can be expected to be far from the
thermodynamical equilibrium, as argued in Refs. [12,39]. The
present study reconsiders these theoretical developments: on
one hand, in the calculations performed for this study, we fully
relax the structures within the hybrid functional formalism,
and we consider different densities of defects, at the limit of
our computational capacity.

We first investigated the effect of oxygen vacancies consid-
ering a uniform distribution of oxygen vacancies at different
positions in an otherwise pristine STO/LAO,,/vacuum het-
erostructure with a n-type interface, modelled through a
symmetric slab as shown in Fig. 1. For a 2 x 2 supercell
containing one Vo, the area density n is equal to 1/40[].
We first analyze the electronic structure of the defective sys-
tem STO/LAO,/vacuum with oxygen vacancies (n = 1/400).
Without any vacancies, this heterostructure is still predicted
insulating within our formalism, just below the onset for
Zener breakdown. It is therefore the ideal system to study
different cases, based on the position of the vacancies. The
layer-resolved DOS of such defective systems are given in
Figs. 6(a)-6(d), for vacancies located (a) in the TiO, layer at
the interface; (b) in the middle of the LAO overlayer; (c) in
the AlO; layer at the surface; and (d) in the TiO, layer at the
interface and in the AlO; layer at the surface.

It follows, based on these results: (i) oxygen vacancies in
the TiO, layer at the interface are characterized by in-gap
states slightly below the conduction band (up to ~1 eV), with
a main Ti3d;,._,» character, which does not compensate the
field in LAO as the donor electrons remain within the STO
system; (ii) if the oxygen vacancies are within the LAO layer,
the defect in-gap states (shown with black arrows in Fig. 6)
are always empty: they are always above the STO conduction
band (~1 eV), hence the electrons will always be transferred
to the interface for any n < 1/40J; (iii) if the vacancies are
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FIG. 6. Layer-resolved DOS of STO/LAQO,/vacuum heterostructures with Vo (n = 1/400) at different positions: (a) in the TiO, layer at
the interface; (b) in the middle of the LAO overlayer; (c) in the AlO, layer at the surface; and (d) in the TiO, layer at the interface and in the
AlO; layer at the surface. The arrows indicate the positions of the V¢ in the schematic representation of the heterostructures (top), and show

the localized in-gap defect states in the densities of state.

at the LAO surface, the field is compensated over the whole
LAO film. For vacancies buried within the LAO, the field will
only be compensated between the interface the LAO plane
containing the vacancy; (iv) as the defect states are empty
if the vacancies are in the LAO layer, the Vg act as double
donor. For n = 1/40, the carriers released by vacancies at
the LAO surface completely compensate the field in LAO, the
electrostatic potential is completely flat.

The case where the vacancies are at the LAO surface is
the most interesting case, since the carriers are transferred to
the interface and they contribute the most to the screening of
the built-in field. It must be stressed that, unlike vacancies
that are kinetically induced during growth at low pressure
[62], these surface vacancies results from a thermodynamical
equilibrium, mainly set by the built-in field in LAO.

Figures 7(a)-7(c) show the layer-resolved DOS for
STO/LAO,, heterostructures with oxygen vacancies at the

surface. For m = 1, the donor state is occupied, and below the
conduction band of STO (hence, no charge transfer occur),
for m > 1, the donor states are always above the conduction
band, and charge transfer occurs. Hence, even in the absence
of built-in field, it is always more favourable for the donor
electrons to transfer to the interface rather than staying at the
surface. More importantly, in contrast to the Zener breakdown
scenario, oxygen vacancies at the LAO surface leave no mo-
bile holes.

If we consider that each Vg at the LAO surface provide
two electrons to the n-type interface, it is then interesting to
know if the formation of these defects can be stabilized by
the built-in electric field, and for which LAO thickness this
stabilization occurs (it could occurs either before or after the
threshold thickness for the Zener breakdown). The question
has been addressed by Zhong et al. [63] and Bristowe et al.
[12,39], who build a generic model to understand the role
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FIG. 7. Layer-resolved DOS of STO/LAO,,/vacuum heterostructures with Vo (n = 1/40) located in the AlO, layer at the surface.
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FIG. 8. Schematic band diagram of the STO/LAO interface along the transverse direction z: (a) the system below the critical thickness;
(b) the creation of a double donor state through the formation of Vg at the surface. The donor electrons are transferred to the interface; and
(c) the charge transfer compensates the built-in field in LAO, depending on the charge density at the interface.

of donor defects and how they may explain the experimental
data where the Zener breakdown hypothesis fails. The model
of Zhong et al. [63] is adapted for the superlattice geometry,
whereas the one of Bristowe et al. [12,39] account for het-
erostructures with a bare LAO surface, as in real samples. We
therefore aim to exploit this model, where the parameters are
set by our predictions from first principles, and to compare the
results with the polar catastrophe expectations. The model is
shown as a schematic representation in Fig. 8, and is valid as
long as the defect state is above the conduction band of STO
(form > 1).

The model consider the following: the formation energy of
a single Vg at the surface of the film, E¢(n), in the presence
of an area density n of surface Vg, can be expressed as

Er(n) = C+E:(n) +an, Q1)

where C is the energy cost of creating 1 Vo at the surface
of LAO (in the absence of electric field), E.(n) is the energy
associated with the electric field in the polar layer, and the last
term is a mean-field Vp-Vg interaction (beyond electrostat-
ics).

From Eq. (21), we consider the surface excess energy €2,
accounting for the built-in electric field and the presence of an
area density of  oxygen vacancies at the surface:

n
Q) = /0 Ef(m)dn

= Q) = Cnt Qs + 5o, ()
where the term €2, 1 A0 (77) accounts for the gain of electrostatic
energy subsequent to the charge transfer. The C term is a
chemistry related term and depends on the energy cost of
breaking bonds and on the overall chemical process. We also
include within that term the electronic energy gain of the
electron transfer from the defect state to the Tit, states of
STO, which depends on the defect state binding energy Ecp
and the conduction band offset W:

C = E}),N —Z(W — Ecp), (23)

where E 0’ .. 1s the formation energy of one single Vo at the
AlO, surface of LAO, W and EcD are defined in Fig. 8, and Z
is the number of carrier released by a single defect. The term

Q. Lao(n) takes the following analytical form:

LAO

Qerao(n) = iglee —nZey o] 24

This term is basically the energy gain of discharging a capaci-
tor, and depends explicitly on the amount of transferred donor
electrons Z per Vg. The electron charge is e. o, corresponds to
the charge density at the interface required to cancel the built-
in field: o. = 1/2 e/0]. The equilibrium density of Vg 7¢q is
the one minimizing €2(n):

|:8Qi| —0
an N="1eq

d“0 7 ¢ g, — C £LA0
d"0(Ze)? + a g0

The stabilization of Vg (1., > 0) occurs at a critical thickness
dCSR:

— Neqg = (25)

C 8LAO

dR = (26)

Zeo,
Above this critical thickness d CSR, and for large values of d LAO,
Neq converges toward o./Ze, toward a complete screening of
the LAO electric field. In contrast to the Zener breakdown
scenario, the critical thickness does not depend explicitly on
the value of the band gap [Eq. (17)], the band gap however
can affect C. The model can be compared to first-principles
results by comparing the DFT formation energies E ?FT and

the model E:
E = Lam I/HE dn/
! n nJo !

—c+ %QS,LAow) +gem, @7)
which is the energy difference between the system with a
given density n of surface Vg and the pristine system (n = 0),
per surface Vo, and is basically the quantity calculated from
Eq. (2). The parameters of the model are set in the following
way: the chemical potential uo is set to —2 eV (see Appendix
for details), similar to the value used in Refs. [12,13]; for the
Vo-Vo mean-field interaction, we do not find a significant dif-
ference in formation energy between oxygen vacancies at the
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FIG. 9. (a) Formation energies of Vg at the LAO surface ver-
sus LAO thickness d*° for different vacancy densities n = 1/40,
1760, 1/90 and the limit toward n = 0, with parameters o =
—2 eV (see Appendix for the details), e-° = 22, C = 5.3 eV, and
o =0 eV A2, The dots are the values calculated from DFT using a
2 x 2 (blue) and 2 x 3 (black) supercells; (b) equilibrium density of
Vo with respect to LAO thicknesses for different values of the chem-
ical potential. On the right axis, the corresponding carrier density
at the interface if all the transferred charges contribute to transport
(0 = Zn), and the predicted carrier density calculated within the
Zener breakdown model. The arrows show the threshold thicknesses
predicted by the surface redox (d>®) or the Zener breakdown (d%B)
models. The grey area highlight the variability with pe.

surface of STO/LAO, heterostructures at different densities
n, hence we set « =0 eV A2. Given that the donor state is
always above the conduction band minimum (for m > 1), we
have Z = 2. These parameters set, C and 8,LAO are calculated
through a fitting procedure of the model on DFT formation
energies, yielding C = 5.3 eV (slightly larger than the value
of ~4.8 eV in Ref. [12]) and “A° = 22 (slightly inferior
to the value estimated from the Zener breakdown model).
The comparison between the model and the DFT formation
energies estimated from Eq. (3) are given in Fig. 9(a), showing
that the model is in satisfying agreement with our calculations,
despite the high density of Vg in the simulation cell, as the
heterostructures are modelled through 2 x 2 and 2 x 3 super-
cells (nPFT = 1740 and 1/60).

In the limit of low density, we predict that £, = Q(n)/n
becomes negative as early as d“*° = 2.5 u.c., which corre-
sponds to the onset for stabilization of surface Vo as shown
in Fig. 9(b). Accounting for the band gap error contribution

to the C term, d"“A° = 2.1 u.c.. The equilibrium density of
surface Vo, 7.4, with respect to LAO thickness is given in
Fig. 9(b): we also consider a range of 1 eV across po to
account for variations between the different growth conditions
available in the literature, however this does not significantly
alter the predicted threshold thickness. The effect of post-
growth annealing is to shift ;o toward O eV, hence we also
consider this case in Fig. 9(b): the threshold thickness is
shifted to 3.5 u.c. In all cases, the model predicts the stabi-
lization of surface Vg below the critical thickness for Zener
breakdown:

dR < d’®. (28)

This means that the redox process is energetically more
favourable than the creation of an electron-hole pair across
the LAO film: this occurs when C < Ze A. Similarly to the
Zener breakdown model, and for o =~ 0, the surface redox
model predicts a 1/d"“A° thickness dependence for the carrier
density at the interface above the threshold thickness, if all the
charges released by surface Vg contribute to transport.

These results also highlight an important point about com-
puting defect formation energies in these heterostructures: the
calculated values from DFT, using Eq. (2), shows a large
dependence on defect density n and LAO thickness [Fig. 9(a)].
This apparent dependence is not an artefact: it results directly
from the second term in Eq. (22) (and possibly the third),
which is implicitely accounted for in the DFT calculations due
to the systematic charge transfer (Fig. 7). This has a significant
implication: the defect densities simulated in previous studies
[11,13,63] (and this one as well), are actually far from equi-
librium, as shown in Fig. 9, and one should remain cautious
when analyzing the DFT results.

C. Electric-field driven surface protonation

We have considered in the previous section a doping mech-
anism which does not require the presence of dopant species.
However, after growth, real samples are exposed to air, which
contains species that may adhere at the surface and provide
carriers, such as hydrogen atoms originating from water. In-
deed, surface protonation is another process from which the
interface may be doped: hydrogen atoms adsorbed at the LAO
surface are known to modulate the charge density at the
STO/LAO interfaces, as argued from experimental [17-20]
and theoretical work [64,65]. To adapt the surface redox
model to the specific case of hydrogen adsorbates resulting
from water splitting [Eq. (5)], using the same equations as in
the previous section. Specifically, the C term will be different
(CH) as it depends on the chemical process; the Z term is
now equal to 1, as hydrogen adsorbates acts as single donors.
Finally, the o term must also be reconsidered to account for
the interaction between adsorbates.

In this section, we are mainly interested in surface pro-
tonation with ambient humidity as the source of the donor
defects. We consider the water splitting process as given in
Eq. (5), where both gaseous dioxygen and water partial pres-
sures (po, and pp,o, respectively) are parameters accounted
through their respective chemical potentials.

DFT calculations performed on 2 x 2 supercells including
1 or 2 H adsorbates have been used to perform a fit of the
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FIG. 10. Layer-resolved DOS of STO/LAO,/vacuum het-
erostructures with H adsorbates at the surface: (a) n = 1/40] and (b)
1/200.

model to the adsorption energies as calculated from DFT
using Eq. (6), in the same fashion as done in the previous
Section for oxygen vacancies.

The layer-resolved DOS for STO/LAO, with n = 1/400
and 1/200 are shown in Fig. 10. The DOS are similar overall
to the ones with oxygen vacancies as surface defects (Figs. 6
and 7), with the absence of a well defined donor state near the
Fermi level. Electrons are directly transferred to the interface,
and leaves no mobile hole at the surface. For the n = 1/40]
case, there remains a nonzero electric field in the LAO over-
layer.

The results are shown in Fig. 11, for po, =0 eV and

t,0 = 0eV. The fitresults in Ci'_j = 2.6 eV, etAO0 = 22 and

a = 0eV A2, Accounting for finite temperature and pressure,

Qm)m (eV)

diao (u.c)

FIG. 11. Adsorption energies of H adatoms at the LAO sur-
face versus LAO thickness d“A° for different adsorbate densities
n = 1/20 and 1/40, and the limit toward n = 0, with parameters
o, = Mo = 0eV, e =22,C =2.6eV,and @ = 0 eV A2, The
magenta (blue) dots are the values calculated from DFT usinga?2 x 2
supercell in the slab geometry with two identical surfaces and two
(one) H per cell on each surface, using Eq. (6).
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FIG. 12. Critical LAO thickness for the surface protonation
model, d5F, with respect to Mo, and fy,o, as calculated from Eqn.
(30) using the parameters Cf_, =2.6 eV, % =22, and « =
0eV A2

the CM term is modified as follows:

Cyl =CiLy+ 1o, — 3 1m0- (29)

It is however difficult to determine the values of chemical
potential for standard growth conditions of STO/LAO het-
erostructures, as py,o is not usually provided in the literature.
Nevertheless, using (o, and up,o as free parameters, it re-
mains possible to predict the critical thickness for exothermic
surface protonation from:

H _LAO
a® = 2 (30)
Zeo,

where Z = 1. The critical thickness determined from Eq. (30)
is shown in Fig. 12 with respect to (o, and pp,o. Using
the upper bound of chemical potentials, the lower bound of
LAO critical thickness is determined to be 2.6 u.c. This is
in agreement with the experiments of Scheiderer er al. [18],
who managed to induce a metallic sheet conductance for
an otherwise insulating STO/LAO; heterostructure through
exposition to water vapor. For typical growth conditions of
STO/LAO heterostructures, the critical thickness is expected
to be closer to 4 u.c. In a first approximation, given the
similarities [66] of standard entalphies Hy and entropy Sy of
dioxygen and water in gaseous form, then we can approximate
1o, ~ um,o 1if the partial pressures of both gases are the
same order of magnitude. Then CE ~ C};IZO — % Ho,. Hence,
in the surface protonation picture, the effect of annealing is
to shift d5F to lower LAO thicknesses. This contrasts with the
case of oxygen vacancies, where it shifts d5F to larger LAO
thicknesses.

D. Discussion

In the thick layer limit (d“A° — o0), the Zener breakdown
and the surface redox model predict the same charge density at
the n-type interface. In the surface redox model, the potential
drop is given by

LAO

VZ(O'C—T}ZE)m. (31)
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drop of the c-axis expansion above the threshold thickness
[14] (reaching the elastic limit as early as m = 6 u.c.), is
achieved quicker than predicted by the Zener breakdown
alone, suggesting an earlier onset for charge transfer, in agree-
ment with the surface redox scenario. Additionally, no holes
have ever been found at the LAO surface. The surface redox
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field, as in the fully compensated regime shown in Figs. 7(b)
and 7(c). The po, dependence of the sheet resistance also finds
an explanation.

There remain open questions about the 2DES at the in-
terface: if the origin of the carriers are Vg, which arise for
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such as cation intermixing, already observed in experiments = 2 _
[67,72—78]. It has also been suggested [12] that such trapping _ ,:j( ig g ] ?'i
states may be induced by the same donor Vg at the LAO L [ =T 4° 92

surface: for low LAO thickness, surface Vo generate trapping
potentials with a deep character, which become more shallow
and numerous with increasing LAO thickness, releasing the
carriers which may contribute to transport. In all cases, these
hypotheses imply that the onset for conductivity is different -
than the onset for surface Vg stabilization. It is worth men- =
tioning that our calculations involving V¢ are still very close B2
to pristine STO/LAO,, heterostructures, with a perfect inter- =
face, and no defects within the STO and LAO subsystems.
Accounting for possible intrinsic defects change the results
expected from a pristine interface, as studied in the present
manuscript. The interfacial defects may be characterized as
either deviations respecting the stoichiometry (interdiffusion
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FIG. 14. Layer-resolved DOS of STO/(LASTO:x),,/vacuum heterostructures, for varying overlayer thicknesses m (from m = 0 to m = 7 u.c.). The orange area is the total DOS.
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of atoms across the interface, such as Sr <> La or Ti <> Al),
and off-stoichiometric defects. The former is known to alter
slightly quantitatively the expectations of the electric-field
driven mechanisms, by inducing a potential shift at the inter-
face [39], yet does not dope the interface [79], nor change the
overall dielectric properties of the subsystems. The laters how-
ever may impact significantly the properties of the interface.
A more detailed discussion can be found in Ref. [39]. More-
over, there has been several studies highlighting additional
aspects related to potential build-up compensation in oxides
heterostructures, such as nonstoichiometry compensation in
the polar layer [80-82]. Finally, for heterostructures grown
with a metallic capping layer characterized by a high work
function ¢, x-ray photoemission spectroscopy spectra [83]
display signatures of metal oxidation, implying a chemical
reaction between the LAO layer and the metallic capping
layer. The degree of oxidation is also found to be correlated to
the sheet carrier density. These results cannot be explained by
the Zener breakdown alone, and are consistent with a redox
process of the LAO surface: in this case, the oxygen atoms
originating from the LAO remain trapped by the metallic
layer, and the chemistry process and energetics will be dif-
ferent than that of the bare LAO surface process. From our
analysis of the surface protonation process, it is likely that
the shift of po, does not simply change the critical thickness
observed in experiments. Rather, a shift in po, determines the
dominant redox mechanism and bounds the values of the LAO
critical thickness between 3 and 4 u.c.; this might explain the
consistency of the values obtained in experiments, even if no
Zener breakdown is occurring.

E. Tuning the polar discontinuity at oxide interfaces

The existence of a threshold thickness for conductivity is
a strong argument in favor of electric-field driven mecha-
nisms. Indeed, it has been shown that the threshold thickness
can be tuned by replacing the LAO overlayer by an alloy
made of STO and LAO, Sr;_,La,Ti;_,Al,O3, referred to as
LASTO:x in Ref. [15] where x is the compositional ratio.
This observation can be rationalized within the electric field
driven mechanisms. The rationale is that the formal polar-
ization of the LASTO:x overlayer P,¢r0., can be changed
continuously as

PLASTOx _ o pLAO (32)
if we assume a random alloying of both the A (Sr and La)
and the B (Ti and Al) cations through the film so that x
(1 —x) is the probability of occupation the La/Al (Sr/Ti)
cations at a given A/B site, in a virtual crystal approximation
approach. Hence, for a composition x = 0.5, then the formal
polarization of the alloy is half the formal polarization of the
pristine LAO overlayer.

If the band gap of the alloy remains larger than the band
gap of STO, the band alignment remains similar to that of the
STO/LAO interface, and the dielectric properties of the polar
layer close to that of LAO, the predicted threshold thickness
for a Zener breakdown model becomes:

dCZB,LASTO:x — ldCZB’LAO. (33)
X

m (u.c.)

FIG. 15. Electronic band gap for STO/(LASTO:0.5),,/vacuum
heterostructures, for different thicknesses m (u.c.), calculated as the
difference between the bottom Tit,, band and the top of the LAO
O2p band. The yellow area designate the thickness above which the
interface is expected to be metallic as a result of a Zener breakdown.

Therefore, for a composition x = 0.5, the threshold thickness
is expected to be twice the threshold thickness expected for
the STO/LAO heterostructure. To investigate the specific case
of LASTO:0.5, we performed calculations on heterostructures
where the LAO overlayer is replaced by LASTO:0.5, with
thicknesses m = 1 to 7 u.c.; the alloy is modelled as a ho-
mogeneous solid solution in a “checkerboard” configuration,
as shown in Fig. 13.

The layer-resolved DOS for overlayer thicknesses up to
7 u.c. is given in Figs. 14(a)-14(g): in all cases, the interface
remains insulating, and we observe a linear decrease of the
band gap, in agreement within the Zener breakdown scenario.

Without performing an in-depth analysis as we did for the
LAO case, by extrapolating the linear decrease of E, (Fig. 15),
we estimate a critical thickness

dCZB,LASTO:x —93 u.c., (34)
175 T | T | T | T | T | T I T | T I T | T I T | T I T | T I T
15| 3
[ Hoz0eV --oo--- STO(001)/LASTO:x |
Up = -15eV --enn-e N 1 o5
« 125 |- ug=-2.0ev (x=0.5) ] o
§ [ to=Bogl 1, &
< - <
¢ I o
lo_/ 0.75 - 1.5 IV—
g r ] 2
= 05 ©
0.25 |-
0 | | | | |

0
01 2 3 456 7 8 9 1011121314 15
diasTo:0.5 (U-C.)

FIG. 16. Equilibrium density of Vo at the surface of the
LASTO:0.5 overlayer 7., calculated within the surface redox model
with parameters C = 7.3 eV + o, e-451905 = 27, 0, = 0.25¢/00,
a = 0. On the right axis, the corresponding electron density at the
interface, with the prediction from the Zener breakdown model o%2.

115309-13



LEMAL, BRISTOWE, AND GHOSEZ

PHYSICAL REVIEW B 102, 115309 (2020)

1 0 T T T T T T

x=0.50

x=0.75

LAO
d
[
o
I

x=1.00

Growth

1 1 | 1 | 1 | 1 | 1 | 1
25 2 -15 -1 -05
o (6V)

o IIIIIIIIII|IIIIIIIIII|IIIII IIII|IIIIIIIIII|IIIIII III|IIIIIIIIII|IIIIIIIIII|IIII IIII|IIIIIIIIII

FIG. 17. Polar layer threshold thickness of STO/LASTO:x het-
erostructures as a function of oxygen chemical potential o as
predicted by the surface redox model d5® = CetASTO% /Zeo,, es-
timated by fixing C to its value calculated for the x = 1.00
composition (pure LAO overlayer). The grey band indicates the
variation in (o based on experimental setup for standard STO/LAO
growth (see Fig. 18, Appendix).

which is in agreement with the Zener breakdown model for
gLASTO0S — 27 (this value is confirmed by our hybrid func-
tional ab initio calculation of the bulk solid solution dielectric
constant in the same atomic configuration). This corresponds
to a built-in field of 0.11 V/A before the breakdown.

The tunability of the critical thickness rationalized with
the Zener breakdown scenario is in good agreement with
the DFT calculations. Nevertheless, looking at the actual ex-
perimental [15,84] threshold thickness for x = 0.5, the MIT
occurs between 5-6 u.c., thus the Zener breakdown model
overestimates the critical thickness (in our DFT calculations,
the structure with m = 7 u.c. is insulating, with a band gap of
0.86 eV), even when adjusting the potential drop to correct
the overestimation of the STO band gap within the hybrid
functional approach (d“® = 8.5 u.c.) as we did for the x =
1.00 case. It is therefore warranted to see to which extent
the surface redox model predicts a threshold thickness in
better agreement with the experimental value, given that both
models predict a composition dependence of the threshold
thickness [39].

For the case of Vg stabilized at the surface, let us first
consider the x = 0.50 composition case. If we assume that
the chemical term C remains close to the value calculated for
the LAO surface, the equilibrium density of surface Vo 7¢q
can be estimated for the alloy case by setting e-ASTO05 = 27
and o, = xe/200 = 0.25 /0. For simplicity, we keep o = 0

as for the x = 1.00 composition. The results are displayed in
Fig. 16: we predict a threshold thickness between 6 and 7 u.c.
of LASTO:0.5, closer to the experimental result. In addition,
we can see that the predicted surface density of Vg is lower
than for the bare LAO case: only a transfer of 0.25¢~ /00 is
required to completely screen the built-in field in the polar
layer in this case. This value is however only reached in the
infinitely thick limit.

For x = 0.75, we predict a threshold thickness between
4 and 5 u.c., also in better agreement with the experimental
value compared to the Zener breakdown scenario (6.1 u.c.).
The threshold thicknesses for each composition are shown in
Fig. 17, with respect to pg. Of course, all of these predic-
tions are based on the hypothesis that C is the same in all
cases, which remains to be proven; as the term is related to
the chemistry of the surface, it is reasonable to expect some
change.

Eventually, beyond our study of the LASTO:x-based het-
erostructures, it would be worthwhile to see to what extent the
surface redox model performs for heterostructures based on
other polar alloys, such as (La,Sr;_,)(AlL/Ta;_,)O3 (LSAT)
[85,86].

IV. CONCLUSIONS

In this manuscript, we have re-examined the two most pop-
ular hypotheses for the origin of the carriers at the interface,
namely the Zener breakdown and the polarity-induced surface
redox mechanisms. The key physical parameters of these two
models are notably well described with the B1-WC hybrid
functional, which motivates the review of these models from
first principles with this novel approach. We show and discuss
how the predictions of these models and ab initio calculations
compare with the experimental results. Our results indicate
that oxygen vacancies and surface protonation at the LAO
surface are typically stabilized at a lower LAO film thickness
than the onset for Zener breakdown; this is related to the lower
energy cost to form oxygen vacancies or Hydrogen adatoms at
the LAO surface compared to the creation of an electron-hole
pairs across the LAO film. Hence, for typical growth con-
ditions of STO/LAO heterostructures, the Zener breakdown
is unlikely to occur first. This justifies how some properties
expected from the electron reconstruction, such as a metallic
LAO surface, are not witnessed in experiments. Of course,
the models and the first-principles calculations only involve
pristine interfaces and surfaces. This may explain the failed
predictions of the models with respect to some features of the
2DES witnessed in experiments, such as the sheet carrier den-
sity, typically overestimated within the models (for large LAO
film thickness). The introduction of acceptor trapping states
in these models is therefore worth investigating. Moreover, it
is known that other defect concentrations scale with oxygen
partial pressure, such as Sr cation vacancies, which affects the
overall electron density at the interface [87]. The screening
of electrons at the interface likely affects the stabilization
of polarity-induced surface Vp. Hence, the introduction of
additional terms in the redox model will likely improve its
overall agreement with experimental data.

Finally, we also discuss how the electric-field driven mech-
anisms may explain the experimental results obtained from
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STO/LASTO:x heterostructures [15], and highlight how the
surface redox model may be more appropriate to explain the
measured threshold thicknesses with respect to the composi-
tion of the polar layer.
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APPENDIX: CHEMICAL POTENTIAL OF OXYGEN

We calculate the chemical potential of oxygen at finite
temperature and pressure from the thermodynamic model,
inspired by the developments of Refs. [33,34]. Considering
the environment as a gas reservoir of N particles at pressure
p and temperature 7, the chemical potential is given by the
derivative of the Gibbs free energy:

_(9G G

=\ ), TN

As G is a potential function depending on p and T, we can
write, using the Maxwell relations:

G G
dG = —) dT + —) dp
or/, op /) r

= —SdT +V dp.

(AD)

(A2)

From the ideal gas equation of state (pV = NkgT), the partial
derivative of G(p, T') with respect to p is

<8G> NkgT
op/)r

In turn, a finite change of pressure from py to p results in

P 9G
)4 T

(A3)

o \Op
p
= NkgT In —. (A4)
Po
Combining the first equation and the last one, we have
p
1o,(p, T) — po,(po. T) = kT In P (A5)
0
Hence we have
1
l"LO(pv T) = EMOz(p’ T)
1 p
= po(po, T)+ kT In —. (A6)
2 Po

0

-1
E 23
= o
a 3 =
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FIG. 18. Chemical potential of oxygen uo(p,T), the black
dots correspond to growth conditions extracted from the literature
[5,16,47,69,84,88-91]. The two blue diamonds correspond to the
growth conditions from Ref. [49], for p = 3 x 107> mbar and p =
2 x 1073 mbar at T = 1153 K. The green pentagons correspond to
annealing conditions reported in Refs. [16,92], while the red dia-
monds correspond to the annealing conditions of bare STO films in
ultrahigh vacuum [93,94] with a reported metallic surface.

From the knowledge of temperature-dependant po(po, T) at
fixed pressure py and Eq. (A6), one can calculate the chemical
potential po at given p and T using tabulated values for the
O, standard enthalpy H, and entropy Sy (at Tp = 298 K and
Py = 1 atm) through:

po(po, T) = 5([Ho + AH(T)] — T[S + AS(T)]), (A7)

where AH(T) = C,(T — Ty) and AS(T) = C, In . For typ-
ical growth conditions for the STO/LAO heterostructures, we
use p=3.0 x 107 atm (oxygen partial pressure po,) and
temperature 7 = 1123 K [60]. As for the standard values Hj,
So and heat capacity C,, we use values from the NIST-JANAF
thermochemical tables [66]:

Hy = 0kJmol™!,

Sp = 205 Jmol 'K !,

Cp =29.39 Jmol 'K~
With these data, we find

H(T = 1123 K) = 24.24 kI mol !,
S(T =1123K) = 38.99 Jmol ' K.

This leads to pwo(po, T = 1123 K) = —1.29 eV. Finally, at
pressure p = 3.0 x 1078 atm:

1
1o T) = po(po. T) + ~ksT In -
2 Po
= —2.13eV.

In the manuscript, we mainly use a rounded value of pup =
—2.0 eV, which is the same value used in Reference [13] and
close to the value used by Bristowe et al. [12] (—1.9 eV).
The chemical potential of oxygen with respect to p and T is
given in Fig. 18, along with growth conditions (p, T') extracted
from the literature, allowing us to determine the variation of
Ko across the average value for the different experiments,
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determined to lie between —2.2 and —1.7 eV. The effect of
post-growth annealing is to shift the chemical potential toward

zero; depending on the annealing conditions, we expect the
upper bound of chemical potential to be roughly —1.0 eV.
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