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The origin of the 2-dimensional electron system (2DES) appearing at the (001) interface of band
insulators SrTiOs and LaAlOgs has been rationalized in the framework of a polar catastrophe sce-
nario. This implies the existence of a critical thickness of polar LaAlO3 overlayer (4 u.c.) for the
appearance of the 2DES: polar catastrophe for thick LaAlOg overlayer is avoided either through a
Zener breakdown or a stabilization of donor defects at the LaAlOs surface, both providing electrons
to dope the substrate. The observation of a critical thickness is observed in experiments, support-
ing 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 mech-
anisms 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 occur at a smaller LAO thickness

than required for Zener breakdown.

I. INTRODUCTION

Functionalities offered by oxides compounds (TMOs),
related to their electronic structures, sparked tremen-
dous interest for technological applications. Moreover,
further interests has been attracted by interfaces be-
tween TMO compounds, which exhibit emerging proper-
ties not present in either parent compounds at the bulk
level. One of the most studied emerging property is 2-
dimensional conductivity at interfaces between wide-gap
insulator TMOs, which has been originally observed at
the (001) interface between LaAlOz (LAO) and SrTiOs
(STO). The origin of the observed conductivity is mainly
attributed to a 2-dimensional electron system (2DES).
In addition to conductivity, several other properties have
been attributed to this 2DES, such as superconductivity,
magnetism, confinement effects, etc [IH8]. The appear-
ance of the 2DES has been attributed to a polar discon-
tinuity [9] between between STO and LAO. Hence, grow-
ing a LAO overlayer on top of a STO(001) substrate can
trigger conductivity as long as the LAO film is thicker
than 3 units 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, 0] (or Zener breakdown), or
as a polarity-driven stabilization of oxygen vacancies (or
other donor defects) at the LAO surface [IIHI3], pro-
viding electrons which remain confined near the inter-
face. Nevertheless, the existence of an electric field in
the LAO layer remains debated, although some exper-
iments support this [I4HI6]. Other hypotheses include
as-grown oxygen deficiency, off-stoichiometry, or surface

adsorption [I7H20]. It remains unclear how these mecha-
nisms coexist or dominate.

In this study we re-examine, using a combination of
first-principles calculations and phenomenological mod-
els, the electric-field driven mechanisms at the origin of
the 2DES. Our study focuses on the TiO3/LaO interface.
The different models are analyzed in turn and explored
through hybrid functional DFT calculations. We then
compare them and rationalize experimental findings ob-
tained from STO/LAO heterostructures. A specific focus
is given to the surface redox model, and we discuss how
the tunability of the crystal thickness obtained by alloy-
ing 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.

A Gaussian basis set was used to represent the elec-
trons. All the electrons have been included for Ti [22],
O [23] and Al [24], while we use a Hartree-Fock pseudopo-
tential [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 shells (0.5279,
0.1967), and 5d, 6d, 7d shells (2.0107, 0.9641, 0.3223), to-
gether 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
several previous studies about STO, LAO and their in-
terfaces [T4HI6], 27H30]. 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 re-
fined into a 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 vibrational modes at the T point
in the irreducible Brillouin Zone (IBZ).

Concerning the heterostructures, different sizes of sim-
ulation cells have been used, shown in Fig. [1} (b) and .(c),
have been used in the study (2 x 2 and 2 x 3 supercells),
with adapted Brillouin zone sampling with respect to su-
percell size. For the 1 x 1 simulation cell (see Fig|lp) and
the 2 x 2 simulation cell (see Fig[Ib) the Brillouin Zone
sampling is adapted to a 6 x 6 x 1 mesh and 3 x 3 x 1
respectively. It is then refined to 12 x 12 x 2 (respectively
6% 6x2) to compute the electronic band structure and re-
lated DOS. A smearing of the Fermi surface has been set
to kgT = 0.001 Ha. The self-consistent DFT cycles are
considered to be converged when the energy change be-
tween cycles are smaller than 10~ 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 10~2 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
double donors according to the following surface redox
reaction:

1
}3—>502+V3+2e’ (1)

For the rest of the manuscript, we shall refer to these
charged oxygen vacancies as just Vg. The technical de-
tails for the calculations of the systems with oxygen va-
cancies are similar to the ones used for the pristine slabs
in term of basis sets, convergence threshold and investi-
gated geometrical configurations for the heterostructures.
Oxygen vacancies have been modelled by removing ex-
plicitly 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 va-
cancy.

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

Ef =0 = 1 By —[Ey — nU}Eoz] (2)
Ny 2

where Ey and Ej are the calculated total energy of the
systems with and without Vo (and same cell size), n,, the
number of Vo in the supercell, and Eq, the calculated
total energy of the single O5 molecule in the triplet state.
We remark that the formation energy as calculated from
Eqn. [2] implicitly accounts for all effects induced by the
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FIG. 1. Examples of simulation cells used for calculations:
(a) a1 x 1 simple cell, (b) a 2 x 2 supercell with one Vo 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 Vo or adsorbed His n = 1/4a% = 1/40. 2x 3
supercells have also been used in this study (not shown). The
films are symmetric, the symmetry plane is shown in purple.

defects, such as charge transfer, electric-field compensa-
tion, interface band bending, etc. This will be further
addressed in Section

Equation[2only considers the enthalpic contribution at
0 K to the formation energies. To account for the atmo-
sphere during growth at finite temperature and pressure,
considering the environment as a reservoir, one has to
consider the chemical potential of oxygen uo(p,T) rela-
tive to the gaseous phase at finite oxygen partial pressure
p and temperature 7', such:

1

1
Ef,p, = Tliy Ey — [EO - n'ug(EOQ + :u’Oz)(pv T)] (3)

Ef,,u = Ef,u:O + NO(T,p02) (4)

In the relation above, po(p,T) is calculated from the
thermodynamic model [33] [34]: the details of the calcu-
lation can be found in Appendix |Al po(p,T) is usually
considered as a parameter depending on the environment;
for the purpose of this study, we consider puop = —2 eV ac-
cording to the growth conditions of standard STO/LAO
heterostructures (identical to the value used in Refer-
ence [I3)) and consider variations due to growth according
to the thermodynamical model (Appendix [A)).

Finally, we also consider the surface redox hydroxyla-
tion process, where H atoms are adsorbed at the LAO



surface. The chemical reaction of this process is written
as:

1
2O’é+H20—>§Og+2OH'+2e’ (5)

This process provides 1 donor electron per hydroxyl
OH~ (in contrast to the non-redox hydroxylation pro-
cess, HbO — H™ + OH™, which does not provide any
carriers). Hence, the adsorption energy of hydrogen ac-
cording to the process of Eqn. is calculated from DF'T,
in the supercell approach, as:

na
EA,,u = (EA + T[E02 + po, (Ta pOQ)]>

1
na

1
S (Eo n

TLA[
na 2

EH‘ZO + MH‘ZO(T7PHQO)]) (6)
where n4 is the number of adsorbed H atoms in the
cell, E4 the total energy of the heterostructure with the
adsorbed H atoms, Ep,o the total energy of a water
molecule, and pm,o the chemical potential of water in
gaseous form, calculated from the thermodynamic model.

All the other quantities in Eqn. [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 sur-
face oxygen vacancies. The mechanisms can be explained
in the framework of a polar catastrophe, where the di-
verging electrostatic potential in the LAO film is the driv-
ing force behind the instability leading to the appearance
of the 2DES. The main argument in favor of these mech-
anisms 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 fol-
lowing discussion, the intricacies of the different mecha-
nisms result in differences in properties.

The parameters of each model are evaluated through
hybrid functional DFT, using the B1-WC hybrid func-
tional. This functional predicts good properties for bulk
STO and LAO, and has been used extensively to study
the STO/LAO interface. As an example, we mention
the electronic band gap of cubic STO and rhombohedral
LAO as calculated from B1-WC: EgSTO’C = 3.56 eV and
ELAOr — 578 eV, showing good agreement with experi-
ments (3.25 eV [35] and 5.6 eV [36] respectively). In ad-
dition, the B1-WC hybrid functional predicts with good
accuracy the dielectric constant of LAO, which is an im-
portant parameter in all explored models: EI;AO’C =27
for cubic LAO and eXA©¢ = 21 for rhombohedral LAO.

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

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 po-
lar 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 popu-
lation 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 differ-
ent hypotheses.

The Zener breakdown stems from the electrostatic be-
havior of the STO/LAO interface and can be formulated
in terms of the conservation of the normal component
of the displacement field D across the interface [37]. In
the (001) direction, the LAO layers can be considered as
a serie of capacitors with (LaO)'* and (AlO2)'~, corre-
sponding to surface charge O'(%'AO = 0.5 ¢/0, where e is
the electron charge and O is the in-plane unit cell area
(O = a?). Hence, considering the polarity of each LAO
monolayer, the LAO film has a formal polarization of
PFAO = —¢/20. 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:

P30 =0 (7)
PIAO = _¢/200 (8)

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

DSTO — EoEgTO + POSTO (9)
DUAO = ¢ EIAO 4 phAo (10)
D¥e =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
EgTO = —7080 =0 (12)
ELAO — _P&‘AO — ii (13)
0 €0 €0 201

Since LaAlOs is an insulator, the material will polarize
under the effect of an electric field, leading to a depolar-
izing field and surface induced bound charges o249, The
polarization induced in LAO is therefore screened by the
depolarizing field E(I;AO by inducing a dielectric contribu-
tion opposite the the formal polarization. This screening
depends on the dielectric constant (X409 ~ 24).

The resulting electric field E*© and surface charge



are given by:

ELAO _ ELAO Ell;ﬁo
1
-~ —025V/A 14
T £oelAO QD / -
gLAO _ ELAO. (.02 ¢/ (15)
oHAO0 = GLAO _ GLAO _ 48 ¢ /] (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 EYA0 ~ 0.9 eV per monolayer (¢ being the out-of-
plane lattice parameter 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 O 2p states at
the surface of LAO are raised above the STO conduction
band minimum, and a charge transfer occurs from the
O 2p to the Ti ty, states of STO: a 2DES appears at
the interface, as shown in Fig. (b); as a by-product of
the charge transfer, a 2-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/LAO,, pristine heterostructures. Fig. (a) shows
the evolution 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 potential 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 po-
tential varies linearly with increasing LLAO 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 = a5TO):
eLAO ~ 24 in between 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 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 increas-
ing 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 on-
set 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 O 2p valence states
overlap with the Ti ¢y, conduction states of the STO
substrate in the DOS:

d?B =42 u.c. (17)

The Zener breakdown occurs when the drop of electro-
static potential A across the LAO film is equal to the sum
of the band gap of STO, ESTO and the valence band off-
set VBO, as shown in Flg I . Hence, it is possible to
calculate d“B from the Zener breakdown model, by es-
timating the thickness needed to reach a potential drop

equal to A if the slope of the potential is a constant field
ELAO:

which predicts the same value as in Equation [L7] by tak-
ing the following values, calculated from DFT on the bulk
compounds, ¢ = 3.79 A, E;TO =3.57eV and eb4° = 24.

The critical thickness d“ depends on different physical
parameters: the electronic band gap of STO, the valence
band offset, the dielectric constant of LAO and the LAO
formal charges, which are all intrinsic parameters to the
system. Our first-principles calculations predicts d2® be-
tween 4 and 5 monolayers of LAO. This is an overesti-
mation if we compare to the experiments, for which the
onset for conductivity is between 3 and 4 u.c. [40} 41].

This overestimation may be attributed to the overes-
timation of the band gap: all things being equal, cor-
recting the value of the band gap by the experimen-
tal one (3.25 eV [35]), the critical thickness becomes
d?® = 3.8 u.c., in better agreement with the experi-
ments. 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 DF'T is also sen-
sitive: LDA and GGA severely underestimate the STO
band gap, hence the predicted critical thickness reported
from DFT studies based on these functionals is slightly
underestimated compared to the 4 u.c. value (for exam-
ple, 3 u.c. in Ref. 42). Correction to the band gap error
using an on-site Hubbard-like U correction [43] eventu-
ally 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 [I3] 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 inter-
face. 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
LAO _
EMO = s (19)

Assuming that A is constant, the field in LAO decreases
as 1/d“A0 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
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FIG. 2. Band diagram representation of the Zener breakdown scenario (a) for a LAO thickness d below the critical thickness
de, (b) for a LAO thickness d above the critical thickness d..
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FIG. 3. (a) Electronic band gap for STO/LAO, /vacuum heterostructures, for different LAO thicknesses m (u.c.), calculated
as the difference between the bottom Ti t24 band and the top of the LAO O 2p band. The negative values corresponds 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.

a sheet charge density o [42] as calculated from Equa-

tions , and .
le

d%AO

=25 (1 - dLAO>
The sheet carrier density depends on the dielectric con-
stant of LAQO, the thickness of the LAO overlayer and
the band gap of STO. In the limit of an infinitely thick
LAO overlayer, o, converges to oyA° = 0.5 e¢/00. The
evolution of the built-in field E*A© and the sheet car-
rier density os with respect to LAO thickness are given
in Fig. bl as computed from first-principles and with the
model based on the parameters ¢, E5T9 and 0. The
overall agreement between the model and the DFT result
is satisfying.

(20)

Os

The main features of the Zener breakdown model can
be summarized as follows: i) below a LAO critical thick-
ness 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 d%B, the surface O 2p
valence states reach the energy of the unoccupied Ti ta,
states of the STO substrate, raised by the electrostatic
potential: a Zener breakdown occurs, and the charges are
transferred from the surface to the interface; iii) above
the critical thickness d%B, 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.
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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.

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 break-
down hypothesis. 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 (ns ~ 4 — 9 x
10'3 em™2 measured at low LAO thicknesses < 8 u.c.)
is in good agreement with the densities estimated from
HAXPES [6] 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 sce-
nario. There has been mention of sizeable density of
Ti 3d-like states measured below the critical thickness
(as early as 2 u.c. of LAO), with core-level spectroscopic
measurements suggesting that the breakdown occurs al-
most immediately [40] 46, [47]; however, as these charges
remain trapped and do not contribute to interface con-
ductivity, they may not originate from a polar catastro-
phe, and it is possible that they originate from oxygen
vacancies buried in the STO substrate. In addition to
the presence of sub-critical Ti 3d carriers, no mobile holes
have been found at the LAO surface, and no hole states
have been detected near the Fermi 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 sub-
critical LAO thicknesses [49H5I]. In References 49 and
50 however, the holes are attributed to the O 2p states of
the surface TiOy layer, whereas in Reference51, 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 AlOy layer at the p-type interface
with the capping layer. Finally, there has been reports of



suppressed conductivity at any LAO thickness for sam-
ples grown at very high po, (~ 1072 —1072 mbar) [52,[53].

The Zener breakdown scenario, and its simulation from
first-principles is a consequence of considering pristine
systems, without any defects which may alter the elec-
tric field in the LAO overlayer, its dielectric properties,
etc. However, other compensation mechanisms may oc-
cur earlier than the Zener breakdown, which might ex-
plain some of the discrepancies 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
pristine heterostructure. STO is sensitive to doping, and
donor impurities have been suspected to be at the ori-
gin 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 oxy-
gen 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 prop-
erties 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 [62, 67H59]. Three regimes have been identified:
low po, (~107% mbar), high po, (~10~* mbar) and
very high po, (~1072 mbar). For samples grown at
low po, as in Reference [9, the sheet carrier densities
are in the range 10'* — 10'7 e¢m?, with mobilies around
10* em? V=1s™! and sheet resistance around 1072 .
For high po,, the carrier density is significantly 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 magnitude.
Samples grown at low po, have carrier densities around
10*® — 10 ecm~2 if annealed after growth, suggesting
that the carriers found in the unannealed low pp, sam-
ples originates from vacancies. Finally, samples grown or
annealed at high po, remain insulating.

These results question the validity of the Zener break-
down 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 system-
atic 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 [TTHI3] [39].

Theoretical studies based on DFT [ITHI3] have consid-
ered the possibility of intrinsic doping from polarity in-
duced oxygen vacancies at the LAO surface. They high-
light the possibility of an electric-field driven stabilization
of vacancies at the LAO surface, which reconcile the ex-
istence 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 catastrophe, even though the mech-
anisms behind the charge transfer differ from the Zener
breakdown model. The first DFT studies [11] [I2] explor-
ing this hypothesis were performed in the GGA, which is
known to underestimate band gaps and to predict spuri-
ously the properties of defects [61I]. The last study [13]
are based on a partial implementation of Hartree-Fock
exchange (at fixed geometry, after relaxation using semi-
local functionals), and goes beyond oxygen vacancies,
considering other intrinsic defects. However, the study
is limited to a single defects planar density, which can
be expected to be far from the thermodynamical equilib-
rium, as argued in Refs. [12] and B39l The present study
reconsiders these theoretical developments: on one hand,
in the calculations performed for this study, we fully re-
lax 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 vacan-
cies considering a uniform distribution of oxygen va-
cancies at different positions in an otherwise pristine
STO/LAQO,, /vacuum heterostructure with a n-type in-
terface, modelled through a symmetric slab as shown in
Fig. [1} For a 2 x 2 supercell containing one Vg, the area
density 7 is equal to 1/40. We first analyze the electronic
structure of the defective system STO/LAO,/vacuum
with oxygen vacancies (n = 1/400). Without any va-
cancies, this heterostructure is still predicted insulating
within our formalism, just below the onset for Zener
breakdown. It is therefore the ideal system to study dif-
ferent cases, based on the position of the vacancies. The
layer-resolved DOS of such defective systems are given in
Figs. [6] (a-d), for vacancies located (a) in the TiOs layer
at the interface; (b) in the middle of the LAO overlayer;
(c) in the AlOg layer at the surface; (d) in the TiO layer
at the interface and in the AlOs layer at the surface.

It follows, based on these results: (i) oxygen vacan-
cies 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 Ti 3d3,2_,2 character, which
does not compensate the field in LAO as the donor elec-
trons remain within the STO system; (ii) if the oxygen



oo

v @) / /

0:0°:0°:0:0:0-0-0 0:0:-0:0:-0 0:0°:0°:0:-0:-0-0:°0 0:0°:0:-0:0:-0- 0
0°0°0°0°0°0°20°0 > @ 0°0°0°0°0°0°0 0°0°0°0°09°0°0°0 ©0°0°0°0°0°0°20°0
0:0:0:-0:-0 () 0:0:0:0:-0 0:0°:0°:0:-0:-0-0:°0 0:0:0:0:°-0:-0
0°0°0°0°0°0°0°0 0°0°0°0°0°0°0°0 ©0°0°0°0°0°0°0°0 ©0°0°0°0°09°0°0°0
500.000000 0:0:0:0-0 o 0:0:0°:0:-0:-0-0:-0 0:0°:0°-0:-0 )
T T b a1 T b T T da T T[T e ]
25 — — b —
L A | \,r/NC’ [ Y | | M\ | \Md I VR \A | ]
50 =+ = S I P T e R A
- LAO 3 - LAO 3 - LAO 3 1 LAG 3 -
25 - M . .
Seopt el LA TR e ”:‘:‘:‘:“‘:‘”“:‘:‘: S
R LAY LB % S B B | IR B |_A62 VL hda T T LAdz ]
o L T 1 n i
8 50— e e ‘
- LAO 1 1t |_A61 - LAO 1 1F ) Ad1
P I W T O AL 1\ U L Y [ A
50 [ __.,.“._ _.,._“,,W”.“.,._wl,W,._
o5 L L / | T|egx |
L \ TO substrate L STO ubstrate 4k STO substrate | \ STO substrate |
A y
Py PRSI O i o I AP I O SR P TR AR/ B S N Cl s TN AT T T
8 6 -4 2 0 2 4 6 88 6 -4 2 0 8 6 4 2 0 2 4 6 88 -6 -4 2 0 2 4 6 8
Energy (eV Energy - E. V Energy - E_ (eV Energy - E_ (eV|
F F

FIG. 6. Layer-resolved DOS of STO/LAO,/vacuum heterostructures with Vo (n = 1/40) 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; (d) in the TiO3 layer at
the interface and in the AlO; layer at the surface. The arrows indicate the positions of the Vo in the schematic representation
of the heterostructures (top), and show the localized in-gap defect states in the densities of state.

vacancies are within the LAO layer, the defect in-gap
states (shown with black arrows in Fig. @ 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 < 1/40; (iii) if the vacancies
are 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 the LAO plane containing the vacancy; (iv) as the
defect states are empty if the vacancies are in the LAO
layer, the Vo act as double donor. For n = 1/400, the car-
riers 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 trans-
ferred 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 dur-
ing growth at low pressure [62], these surface vacancies
results from a thermodynamical equilibrium, mainly set
by the built-in field in LAO.

Figs. [(a-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 impor-
tantly, in contrast to the Zener breakdown scenario, oxy-
gen vacancies at the LAO surface leave no mobile holes.

If we consider that each Vg at the LAO surface provide
2 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 of donor defects and how they may
explain the experimental data where the Zener break-
down hypothesis fails. The model of Zhong et al. [63] is
adapted for the superlattice geometry, whereas the one of
Bristowe et al. [12], 9] account for heterostructures 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. [§]
and is valid as long as the defect state is above the con-
duction band of STO (for m > 1).

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

Er(n) =

where C is the energy cost of creating 1 Vo at the sur-
face 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 V-V interac-
tion (beyond electrostatics).

From Equation , we consider the surface excess
energy (), accounting for the built-in electric field and

C+E.(n)+an (21)
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the presence of an area density of 77 oxygen vacancies at
the surface:

o = [ B an
= 0) = On+ Qepnoln) + 50 (22)

where the term Q. 1,a0(n) accounts for the gain of elec-
trostatic 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 Ti to4 states of STO, which depends on the defect
state binding energy Ecp and the conduction band offset
W

C=E},—Z(W — Ecp) (23)

where E07 is the formation energy of one single Vg at the
AlO, surtace of LAO, W and E¢ D are defined in Fig.

and Z is the number of carrier released by a single defect.
The term Q. 1,a0(n) takes the following analytical form:

dLAO 5 9
Qe Lao(n) = 5:LA0 [(Uc —nZe)” — Uc] (24)

This term is basically the energy gain of discharging a
capacitor, and depends explicitly on the amount of trans-
ferred donor electrons Z per Vo. The electron charge is
e. o. corresponds to the charge density at the interface
required to cancel the built-in field: o, = 1/2 ¢/0. The
equilibrium density of Vo 74 is the one minimizing Q(n):

ol
an N="Neq

B dtAO Z e g, — C A0
- dLAO(Ze)Q +a€LAO

The stabilization of Vo (e, > 0) occurs at a critical
thickness d>t:

(25)

C ELAO

ot = T oo, (26)



Above this critical thickness d5®, and for large values of
d-AO, Neg 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 (Equa-
tion ) the band gap however can affect C'. The model
can be compared to first-principles results by comparing
the DFT formation energies EDFT and the model Ey:

/ Efd?’]

=C+ QE .Lao(n) + Zom (27)

which is the energy difference between the system with
a given density 7 of surface Vo and the pristine system
(n = 0), per surface Vo, and is basically the quantity cal-
culated from Equation . The parameters of the model
are set in the following way: the chemical potential po
is set to —2 eV (see Appendix [A| for details), similar to
the value used in Refs. [12 and [13} for the Vo-Vo mean-
field interaction, we do not find a significant difference in
formation energy between oxygen vacancies at the sur-
face of STO/LAO; heterostructures at different densi-

ties 77, hence we set « = 0 eV A®. Given that the donor
state is always above the conduction band minimum (for
m > 1), we have Z = 2. These parameters set, C' and
eLAO 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 ¢V in Ref. [12))
and eXAO = 22 (slightly inferior to the value estimated
from the Zener breakdown model). The comparison be-
tween the model and the DFT formation energies esti-
mated from Equation [3] are given in Fig. [9] (a), showing
that the model is in satisfying agreement with our calcu-
lations, despite the high density of Vo in the simulation
cell, as the heterostructures are modelled through 2 x 2
and 2 x 3 supercells (nP¥" = 1/40 and 1/60J).

In the limit of low density, we predict that Ef =
Q(n)/n becomes negative as early as d“A° = 2.5 u.c.,
which corresponds to the onset for stabilization of sur-
face Vo as shown in Fig. @ . Accounting for the band
gap error contribution to the C’ term, d“A0 = 2.1 u.c..
The equilibrium density of surface Vg, 7.4, with respect
to LAO thickness is given in Fig. [0}(b): we also con-
sider 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 puo toward 0 eV, hence we also con-
sider this case in Fig. [9](b): the threshold thickness is
shifted to 3.5 u.c.. In all cases, the model predicts the
stabilization of surface Vo below the critical thickness
for Zener breakdown:

&R < @’ (28)

This means that the redox process is energetically more
favourable than the creation of an electron-hole pair
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FIG. 9. (a) Formation energies of Vo at the LAO surface

versus LAO thickness d“4© for different vacancy densities
n = 1/40, 1/60, 1/90 and the limit toward n = 0, with
parameters po = —2 eV (see Appendix |A| for the details),
elA0 =922 C=53eVand o =0eV A®. 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 chemical poten-
tial. On the right axis, the corresponding carrier density at
the interface if all the transferred charges contribute to trans-
port (o = Zn), and the predicted carrier density calculated
within the Zener breakdown model. The arrows show the
threshold thicknesses predicted by the surface redox (dER) or
the Zener breakdown (d%®) models. The grey area highlight
the variability with po.

across the LAO film: this occurs when C < Ze A. Simi-
larly to the Zener breakdown model, and for o = 0, the
surface redox model predicts a 1/d“A0 thickness depen-
dence for the carrier density at the interface above the
threshold thickness, if all the charges released by surface
Vo contribute to transport.

These results also highlight an important point about
computing defect formation energies in these heterostruc-
tures: the calculated values from DFT, using Eqn. ,
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
Equation [22f (and possibly the third), which is implicitely
accounted for in the DFT calculations due to the sys-



tematic charge transfer (Fig. (7). This has a significant
implication: the defect densities simulated in previous
studies [I1l 13| [63] (and this one as well), are actually
far from equilibrium, as shown in Fig. [0} 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
mechanism 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 sur-
face and provide carriers, such as hydrogen atoms orig-
inating from water. Indeed, surface protonation is an-
other 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 inter-
faces, as argued from experimental [I7H20] and theoret-
ical work [64] [65]. To adapt the surface redox model to
the specific case of hydrogen adsorbates resulting from
water splitting (Eqn ), 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 a term must also be reconsid-
ered to account for the interaction between adsorbates.

In this Section, we are mainly interested in surface
protonation with ambient humidity as the source of the
donor defects. We consider the water splitting process
as given in Eqn. where both gaseous dioxygen and
water partial pressures (po, and pm,0, respectively) are
parameters accounted through their respective chemical
potentials.

DFT calculations performed on 2 x 2 supercells includ-
ing 1 or 2 H adsorbates have been used to perform a fit of
the model to the adsorption energies as calculated from
DFT using Eqn. @, in the same fashion as done in the
previous Section for oxygen vacancies.

The layer-resolved DOS for STO/LAO,4 with n = 1/40
and 7 = 1/200 are shown in Figs. The DOS are sim-
ilar overall to the ones with oxygen vacancies as surface
defects (Figs. |§| and , with the absence of a well defined
donor state near the Fermi level. Electrons are directly
transfered to the interface, and leaves no mobile hole at
the surface. For the n = 1/400 case, there remains a
non-zero electric field in the LAO overlayer.

The results are shown in Fig. for po, = 0 eV and
pr,0 = 0 eV. The fit results in Cf_y = 2.6 eV, efA° =

92 and a = 0 eV A”. Accounting for finite temperature
and pressure, the CH term is modified as follows:

1 1
Cl=Cly+ 7102 — SHH20 (29)

It is however difficult to determine the values of
chemical potential for standard growth conditions of
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FIG. 11. Adsorption energies of H adatoms at the LAO sur-
face versus LAO thickness d“*© for different adsorbate den-
sities n = 1/20 and 1/40, and the limit toward n = 0, with
parameters (10, = pH,0 = 0 €V, E%AO =22, C =26¢eV and
a=0eVA® The magenta (blue) dots are the values calcu-
lated from DFT using a 2 x 2 supercell in the slab geometry
with two identical surfaces and two (one) H per cell on each
surface, using Eqn. [f}

STO/LAO heterostructures, as pg,o is not usually pro-

vided in the literature. Nevertheless, using po, and pm,0

as free parameters, it remains possible to predict the crit-

ical thickness for exothermic surface protonation from:
H_LAO

dSP — CM €
(&

Zeo, (30)

where Z = 1. The critical thickness determined from
Eqn. is shown in Fig. with respect to po, and
t,0. 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 experi-
ments of Scheiderer et al. [18], who managed to induce
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model, d57, with respect to 1o, and pH,0, as calculated from

Eqn. using the parameters CE:O = 2.6 eV, efA0 = 22
2

and @ =0 eV A

a metallic sheet conductance for an otherwise insulating
STO/LAO; heterostructure through exposition to wa-
ter 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
So of dioxygen and water in gaseous form, then we
can approximate puo, & pp,o if the partial pressures
of both gases are the same order of magnitude. Then
C,I} ~ CE:O — $10,- 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° — o), the Zener break-
down 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:

dLAO

V:(Uc—nze)m (31)
As we have o = 0, and substituting 7., to 1 above the
threshold thickness, the potential drop across the LAO
film is roughly equal to C/Ze, essentially independent of
LAO thickness, as in the Zener breakdown scenario. The
potential drop is pinned as the Vg are stabilized at the
surface.

The reduction in rumpling (cation-anion displace-
ments) as measured by surface x-ray diffraction [67] and
the sudden drop of the c-axis expansion above the thresh-
old thickness [T4] (reaching the elastic limit as early as
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m = 6 u.c.), is achieved quicker than predicted by the
Zener breakdown alone, suggesting an earlier onset for
charge transfer, in agreement with the surface redox sce-
nario. Additionally, no holes have ever been found at the
LAO surface. The surface redox model is in better agree-
ment with this observation, given that the donor states
are ~1 eV away from the Fermi level (pinned near the
bottom of the STO conduction band) in absence of field,
as in the fully compensated regime shown in Figs. [f[(b-c).
The po, dependence of the sheet resistance also finds an
explanation.

There remain open questions about the 2DES at the
interface: if the origin of the carriers are Vg, which arise
for LAO thickness below 4 u.c., why are the samples with
smaller LAO thicknesses insulating ? It has been sug-
gested that charge localization occurs through the An-
derson mechanism [68]. In-gap states with a Ti 3d char-
acter have also been observed, at higher binding ener-
gies [41], 69H7I], around —1 eV below the Fermi level.
This description also fits the binding energy of the elec-
tron stuck in a Vg inside the STO substrate. Another
possibility is that the growth process induces acceptor
defects, such as cation intermixing, already observed in
experiments [67, [72H78]. Tt has also been suggested [12]
that such trapping states may be induced by the same
donor Vg at the LAO surface: for low LAO thickness,
surface Vo generate trapping potentials with a deep char-
acter, which become more shallow and numerous with in-
creasing 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 mention-
ing that our calculations involving Vg are still very close
to pristine STO/LAO,, heterostructures, with a perfect
interface, and no defects within the STO and LAO sub-
systems. 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 sto-
ichiometry (inter-diffusion of atoms across the interface,
such as Sr <+ La or Ti <> Al ), and off-stoichiometric de-
fects. The former is known to alter slightly quantitatively
the expectations of the electric-field driven mechanisms,
by inducing a potential shift at the interface [39], yet does
not dope the interface [79], nor change the overall dielec-
tric properties of the subsystems. The laters however
may impact significantly the properties of the interface.
A more detailed discussion can be found in Reference
Moreover, there has been several studies highlighting ad-
ditional aspects related to potential build-up compensa-
tion in oxides heterostructures, such as non-stoichiometry
compensation in the polar layer [80H82]. Finally, for het-
erostructures grown with a metallic capping layer charac-
terized by a high work function ¢,;, x-ray photo-emission
spectroscopy spectra [83] display signatures of metal ox-
idation, implying a chemical reaction between the LAO
layer and the metallic capping layer. The degree of oxi-
dation 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 pro-
cess of the LAO surface: in this case, the oxygen atoms
originating from the LAO remain trapped by the metal-
lic layer, and the chemistry process and energetics will
be different 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 be-
tween 3 and 4 u.c.; this might explain the consistency
of the values obtained in experiments, even if no Zener
breakdown is occuring.

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 mech-
anisms. 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, Sry_,La,Ti;_,Al.Ogs,
referred to as LASTO:z in Reference [15 where x is the
compositional ratio. This observation can be rational-
ized within the electric field driven mechanisms. The
rationale is that the formal polarization of the LASTO:x
overlayer Pyqr0.. can be changed continuously as:

P&AASTO:Q: — POLAO (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 = (1 — z) 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 z =
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 prop-
erties of the polar layer close to that of LAO, the pre-
dicted threshold thickness for a Zener breakdown model
becomes:

. 1
d?B,LASTO.m == dEB,LAO (33)

Therefore, for a composition x = 0.5, the threshold thick-
ness is expected to be twice the threshold thickness ex-
pected for the STO/LAO heterostructure. To investigate
the specific case of LASTO:0.5, we performed calcula-
tions on heterostructures where the LAO overlayer is re-
placed by LASTO:0.5, with thicknesses m =1 to 7 u.c.;
the alloy is modelled as a homogeneous solid solution in
a “checkerboard” configuration, as shown in Fig. [I3]
The layer-resolved DOS for overlayer thicknesses up to
7 u.c. is given in Fig. (a—g): in all cases, the interface
remains insulating, and we observe a linear decrease of
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FIG. 13. Geometry of the investigated system: the
STO/LASTO:0.5/vacuum system is modelled in a symmetric
slab geometry (only half the slab is shown for clarity), with
a central off-stoichiometric STO layer and two LASTO:0.5
overlayers at each side of the slab, treated equivalently. The
overlayer solid solution is modelled in a “checkerboard” con-
figuration, alternating the cations along the transverse direc-
tion. Here the polar overlayer thickness is 6 u.c.

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 £,
(Fig. 7 we estimate a critical thickness

dZBLASTOw — 9 3 4 c. (34)

which is in agreement with the Zener breakdown model
for eLASTO:0:5 — 97 (this value is confirmed by our hy-
brid functional ab initio calculation of the bulk solid so-
lution dielectric constant in the same atomic configura-
tion). 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 agree-
ment with the DFT calculations. Nevertheless, looking
at the actual experimental [I5], [84] threshold thickness
for x = 0.5, the MIT occurs between 5 — 6 u.c., thus the
Zener breakdown model overestimates the critical thick-
ness (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 overesti-
mation of the STO band gap within the hybrid functional
approach (d%B = 8.5 u.c.) as we did for the z = 1.00 case.
It is therefore warranted to see to which extent the sur-
face redox model predicts a threshold thickness in better
agreement with the experimental value, given that both
models predict a composition dependence of the thresh-
old 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 cal-
culated for the LAO surface, the equilibrium density of
surface Vg n¢q can be estimated for the alloy case by set-
ting eLASTO05 = 97 and 0, = ze/20 = 0.25 ¢/0. For
simplicity, we keep a = 0 as for the z = 1.00 composi-
tion. The results are displayed in Fig. 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 e~ /0 is re-
quired to completely screen the built-in field in the polar
layer in this case. This value is however only reached in
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FIG. 15. Electronic band gap for
STO/(LASTO:0.5),, /vacuum heterostructures, for dif-

ferent thicknesses m (u.c.), calculated as the difference
between the bottom Ti ¢4 band and the top of the LAO
O 2p band. The yellow area designate the thickness above
which the interface is expected to be metallic as a result of a
Zener breakdown.

1.75 T I T I T I T I T I T I T I T I T I T I T I T I T I T I T
15 | 18
L Ho=0eV STO(001)/LASTO:x |
Ho=-15eV -05 - 25
125 ug=-20eV ——  (x=05) Iy
I =-25eV 1S
5 1= Ho OeZB - 12 s
< ] <
— - '_O
2075 4152
o L 1 )
g o
= 05 = 1 o
025 S 0.5
0 PR T I PO O 2 il IO Ly el BTN T PO IO

0
2 345 6 7 8 9 10111213 14 15
diasTo:0.5 (U-C.)

0 1

FIG. 16. Equilibrium density of Vo at the surface of the
LASTO:0.5 overlayer 7.4 calculated within the surface redox
model with parameters C = 7.3 eV + po, exA5T0:0:5 = 97,
oc = 0.25 ¢/00, @ = 0. On the right axis, the corresponding
electron density at the interface, with the prediction from the

Zener breakdown model oZ5.

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 experi-
mental value compared to the Zener breakdown scenario
(6.1 u.c.). The threshold thicknesses for each composi-
tion are shown in Fig. [I7 with respect to uo. Of course,
all of these predictions 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:z-based
heterostructures, it would be worthwhile to see to
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FIG. 17. Polar layer threshold thickness of STO/LASTO:x
heterostructures as a function of oxygen chemical poten-
tial po as predicted by the surface redox model St =
CetASTOw /705, estimated by fixing C to its value calcu-
lated for the x = 1.00 composition (pure LAO overlayer).
The grey band indicates the variation in puo based on exper-
imental setup for standard STO/LAO growth (see Fig.

Appendix .

what extent the surface redox model performs for
heterostructures based on other polar alloys, such as
(LagSr1—,) (Al Ta;_, )O3 (LSAT) [85, [86].

IV. CONCLUSIONS

In this manuscript, we have re-examined the two most
popular hypotheses for the origin of the carriers at the
interface, namely the Zener breakdown and the polarity-
induced surface redox mechanisms. The key physical pa-
rameters of these two models are notably well described
with the BI-WC hybrid functional, which motivates the
review of these models from first-principles with this
novel approach. We show and discuss how the predic-
tions 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 thick-
ness than the onset for Zener breakdown; this is related
to the lower energy cost to form oxygen vacancies or Hy-
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drogen adatoms at the LAO surface compared to the
creation of an electron-hole pairs across the LAO film.
Hence, for typical growth conditions of STO/LAO het-
erostructures, the Zener breakdown is unlikely to occur
first. This justifies how some properties expected from
the electron reconstruction, such as a metallic LAO sur-
face, 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 fea-
tures of the 2DES witnessed in experiments, such as the
sheet carrier density, 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 elec-
tron density at the interface [87]. The screening of elec-
trons at the interface likely affects the stabilization of
polarity-induced surface V. 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
mechanisms may explain the experimental results ob-
tained from STO/LASTO:z heterostructures [I5], and
highlight how the surface redox model may be more ap-
propriate to explain the measured threshold thicknesses
with respect to the composition of the polar layer.
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Appendix A: Chemical potential of oxygen

We calculate the chemical potential of oxygen at fi-
nite temperature and pressure from the thermodynamic
model, inspired by the developments of References/33land
34l Considering the environment as a gas reservoir of N
particles at pressure p and temperature 7', the chemi-
cal potential is given by the derivative of the Gibbs free

energy:
0G &

(&) & Al

" (aN)T,p < (A1)



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

G oG
() 0+ ()

= —SdT +Vdp (A2)

From the ideal gas equation of state (pV = NkgT), the
partial derivative of G(p,T) with respect to p is:

(5_0) _y o NksT
op ) ¢ P

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

m:
P0G
6.1) - 1) = [ (5) a
Po p T

— NkpT Int
Do

(A3)

(A4)

Combining the first Equation and the last one, we have:

10, (0, T) — 10, (po, T) = kpT znpﬂo (A5)
Hence we have:
po(p,T) = %uoz (», T)
= po(po, T) + %kBT lnp% (A6)

From the knowledge of temperature-dependant po (po, T)
at fixed pressure py and Equation [AG one can calculate
the chemical potential po at given p and T' using tabu-
lated values for the Oy standard enthalpy Hy and entropy
So (at Ty = 298 K and Py = 1 atm) through:

= Ly + AH(T)

=T [So+AS(T)])

o (po,T)
(A7)

T
where AH(T) = C,(T —Tp) and AS(T) = Cpln T For
0
typical growth conditions for the STO/LAO heterostruc-
tures, we use p = 3.0 x 10~% atm (oxygen partial pressure
po,) and temperature 7' = 1123 K [60]. As for the stan-
dard values Hy, Sy and heat capacity Cp, we use values
from the NIST-JANAF thermochemical Tables [66]:
Hy =0 kJmol™!
Sy =205 Jmol 'K™?
Cp=29.39J mol 1Kt
With these data, we find:

H(T = 1123 K) = 24.24 kJ mol~*
S(T = 1123 K) = 38.99 Jmol 'K ™!

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

P

1
,uo(p, T) = :uo(p07T) + EkBT l’I’L
Po

=—-2.13 eV
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FIG. 18. Chemical potential of oxygen po(p,T), the black
dots correspond to growth conditions extracted from the lit-

erature B}, [16], 47, 69, 84] 88-H91]. The two blue diamonds

correspond to the growth conditions from Reference 49 for
p =3x107° mbar and p = 2x 1073 mbar at T = 1153 K. The
green pentagons correspond to annealing conditions reported
in References [16] and [02] while the red diamonds correspond
to the annealing conditions of bare STO films in ultra-high
vacuum [93] [04] with a reported metallic surface.

In the manuscript, we mainly use a rounded value of
o = —2.0 eV, which is the same value used in Refer-
ence[I3and close to the value used by Bristowe et. al. [12]
(—1.9 e€V). The chemical potential of oxygen with re-
spect to p and T is given in Fig. along with growth
conditions (p,T") extracted from the literature, allowing
us to determine the variation of puo across the average
value for the different experiments, determined to lie be-
tween —2.2 eV 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 up-
per bound of chemical potential to be roughly —1.0 eV.
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