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Two-dimensional electron gases (2DEG) at oxide interfaces, such as LaAlOs/SrTiO;3 (001), have
aroused significant interest due to their high carrier density (~10'* cm™) and strong lateral
confinement (~1 nm). However, these 2DEGs are normally hosted by the weakly dispersive and
degenerate d-bands (e. g., Ti-3d bands), which are strongly coupled to the lattice, causing
mobility of such 2DEGs to be relatively low at room temperature (~1 cm?/Vs). Here, we propose
using oxide host materials with the conduction bands formed from s-electrons to increase carrier
mobility and soften its temperature dependence. Using first-principles density functional theory
calculations, we investigate LaScO3/BaSnO; (001) heterostructure and as a model system, where
the conduction band hosts the s-like carriers. We find that the polar discontinuity at this interface
leads to electronic reconstruction resulting in the formation of the 2DEG at this interface. The
conduction electrons reside in the highly dispersive Sn-5s bands, which have a large band width
and a low effective mass. The predicted 2DEG is expected to be highly mobile even at room
temperature due to the reduced electron-phonon scattering via the inter-band scattering channel.
A qualitatively similar behavior is predicted for a doped BaSnOs, where a monolayer of BaO is
replaced with LaO. We anticipate that the quantum phenomena associated with these 2DEGs to

be more pronounced owing to the high mobility of the carriers.



I.

Introduction

An interface between polar and non-polar complex oxides hosts a two-dimensional
electron gas (2DEQG), as well known when a polar LaAlO3; (LAO) thin film is grown epitaxially
along the [001] direction on a non-polar SrTiO; (STO) substrate. ' Due to LAO consisting of the
alternating (LaO)™" and (MO,)" charged planes, polar discontinuity at the interface creates an
increasing electrostatic potential in the system. To eliminate the diverging potential, half an
electron per unit cell area is transferred to the LaO/TiO,-terminated LAO/STO (001) interface —
the mechanism known as electronic reconstruction induced by polar catastrophe,” forming a

2DEG.

The 2DEG gas has high carrier density (~10"* cm™), strong lateral confinement (~1 nm),
and relatively high mobility (~10* cm?/Vs) at low temperature, which makes it attractive for
various electronic and optoelectronic applications. The mobility, however, decreases quite
dramatically as a function of temperature, and at room temperature its becomes ~1 cm?/Vs.'
This significant reduction is largely due to the nature of the orbitals involved in the electronic
reconstruction. In the LAO/STO system, the conduction electrons are hosted by the Ti-3d
orbitals of the t,, symmetry forming the STO conduction bands. In bulk STO, these bands are
relatively non-dispersive and have large effective mass, m*, which on its own reduces the
electron mobility, yu, = et/m* (here e is electronic charge and 7' is the scattering rate). In
addition, these bands are fully degenerate at the Brillouin zone center and partly degenerate
along high symmetry directions. The carriers residing on these bands can therefore scatter by an
impurity or a phonon via multiple scattering channels involving intra-band or inter-band
transitions. The electron mobility is therefore reduced in comparison to a system with a single
non-degenerate conduction band due to a higher scattering rate and have a stronger temperature

dependence due to opening multiple scattering channels on thermally populated phonon modes.

In LAO/STO (001) heterostructure, the quantum confinement splits the t,, symmetry

band to a lower energy d,, band and higher energy d,, and d,, bands’. At low temperature, the
conduction is dominated by a dispersive non-degenerate d,, band and hence the mobility is

high. However, when temperature increases, heavier degenerate d,,, and d,, bands get involved



in the conduction by providing states for scattering of the mobile d,, electrons via electron-

phonon-coupling and inter-band transitions. In addition, the electron-phonon coupling leads to

the formation of polarons, which reduce the electron mobility when temperature increases.”

The low mobility and high carrier concentration at the LAO/STO interface makes it
harder to study quantum phenomena expected for a 2DEG, such as the fractional and quantum
Hall effects.” To realize such effects at a reasonable magnetic field, B ~ 10T, the condition for
quantum conductance oscillations requires the cyclotron frequency, w, = eB/m”, to satisty the
condition, w,T = u,B > 1, ¢ which in turn requires the mobility p, to be higher than 1000
cm?/Vs.” A large effective mass reduces the energy separation (~w,) between the Landau levels
and makes observing the quantized levels more difficult. Since m* is determined by the materials
choice, one can enhance the electron mobility by decreasing carrier density, e. g. using the
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891011 syrface adsorbates,'” or interface engineering.'”> However, so far

electrostatic field effect,
the quantum Hall effect has not been reported for the LAO/STO and related systems with the

exception of the delta-doped STO.’

These fundamental problems associated with the d-orbital character of the conduction
bands can be alleviated by choosing host materials with the conduction bands fully composed of
highly dispersive non-degenerate s-orbitals. An s-band has a large band width, a low effective
mass, and due to their non-degenerate character is expected to have fewer scattering channels —
in fact, the inter-band scattering channel is entirely turned off. The lighter carriers with a longer
life time give rise to higher mobility. As the result, one would expect a weaker temperature
dependence compared to the system where the conduction is controlled by multiple d-bands. In
addition, quantum phenomena associated with such a 2DEG electron gas are expected to be more

pronounced and easier to observe.

As a model system for the host oxide materials with s-like conduction bands, we consider
an interface between non-polar perovskite BaSnO; (BSO) and polar perovskite LaScO; (LSO)
stacked along the [001] direction. Using first-principles density functional theory calculations,
we find that the polar discontinuity induced carriers reside in the conduction band of BaSnO;
formed from the Sn-5s orbitals. These bands have low effective mass and low density of states
and hence are expected to have high mobility. The highly dispersive conduction bands form well

separated quantized energy levels and step-like quasi two-dimensional density of states.
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II. Computational Methods

We employ the projected augmented wave (PAW)'* method for the electron-ion potential and
the local density approximation (LDA) for exchange-correlation potential,'” as implemented in
Vienna ab-initio simulation package (VASP).'® The pseudopotential includes non-linear core-
correction'” as described in ref. 15. The Ba pseudopotential includes the semi-core 5s states
along with the valence 5p°6s” states, while the pseudopotentials of other elements include only
the valence states: 4s'3d° for Ti, 4s°3d" for Sc, 45*4p°6s”5d" for La, 555p” for Sn, and 2s2p* for
O. The calculations are carried out using the kinetic energy cutoff of 340 eV and 6x6x1 k-point
mesh for Brillouin zone integration. We fully relax ionic coordinates with the force convergence

limit of 0.001 eV/atom.

III. Results and Discussion
A. Bulk BaSnO; and LaScO;

Perovskite BSO and LSO single crystals are both large band gap semiconductors with
experimental lattice constants of 4.05 A18 and 4.12A "and band gaps of ~3 eV ***'*% and
5.7eV*, respectively. The Goldsmith tolerance factor is ~0.92 for BSO and supports its
pseudocubic structure, whereas that is much lower, i.e. ~0.8, for LSO and produces octahedral
distortions resulting in the orthorhombic structure.”® Fig. 1a shows the cubic unit cell of BSO,
and Fig. 1b shows the orthorhombic unit cell of LSO where GdFeO;-type distortions have
a~b*a~ distortion pattern in the Glazer notation. On their own, epitaxial LSO films*® have
been investigated as high-k dielectrics,”’ while BSO has been considered as high mobility
transparent conducting oxide.”***”**! At room temperature doped BSO films reveal mobility of
~320 cm?/Vs ** compared to ~10 cm?/Vs for doped STO.>* This relatively high mobility of
BSO originates from the highly dispersive conduction bands, which are formed from the non-
degenerate Sn-5s orbitals (Fig. 1a). This is very different from STO, where the conduction bands
are formed of the non-dispersive Ti-3d orbitals degenerate at the I point (Fig. 1c). The low

effective mass (~0.3 my, where my is a free electron mass) and a non-degenerate character of the

s-orbitals support the high carrier mobility in BSO up to room temperature.
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In our calculations, the pseudocubic lattice constants of bulk BSO and LSO are found to
be 4.10 and 3.99 slightly smaller than the experimental counterparts 4.05 '* and 4.12 "
respectively. The calculated band gaps of bulk BSO and LSO are found to be 0.96 eV and 2.7
eV, which are again lower than the respective experimental values of ~3 eV ** 2> % and 5.7eV
* respectively. This underestimation of lattice constants and band gaps is well known deficiency
of the local density approximation. We find that in both compounds the valence band maxima
are formed from the oxygen p-orbitals. The conduction band minimum is dominated by the Sn-

5s orbitals in BSO and by the Sc-3d orbitals in LSO.

{a) BaSnQ, {c) SITiO,

E-Eqpyu(eV)

r M
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Figure 1: Calculated atomic (top panels) and electronic (bottom panels) structures of bulk cubic
BaSnO; (a), orthorhombic LaScO; (b), and cubic SrTiOs (c). Insets in the bottom panels show

the Brillouin zones of the compounds.

B. BaSnO3/LaScO;3 (001) Heterostructure

We explore the electronic properties of the LSO/BSO (001) interface using theoretical
calculations based on density functional theory (DFT). The LSO/BSO (001) interface is
modelled using a (LSO),,/(BSO), slab (Fig. 2a) with n = 5 unit cells (u.c.) and m =1, 2, ... 6 u.c.




separated by a 16A vacuum layer. In the calculations, we assume the in-plane theoretical lattice
constant of BSO, a = 4.10 A, which leads to the top LSO layer being under tensile bi-axial strain
of about 2.7%. A dipole layer is introduced in the vacuum region of the supercell to eliminate a
non-physical electric field emerging in vacuum due to the periodic boundary conditions. ** The
dielectric constants of BSO and LSO are calculated using density functional perturbation

3435 a5 implemented in VASP. We find that the dielectric constant &, = 68 for BSO and

theory
&- =29 for LSO, both being dominated by the ionic contribution with values of about 62 and 24,
respectively. The calculated value of the dielectric constant of LSO is in line with the known

experimental values of 22 for LSO films grown in SiO,*® and 32 for LSO films grown on LAO."®

In the charge neutral BSO, Sn is nominally in 4+ oxidation state, Ba is in 2+ oxidation
state, and O is in 2— oxidation state, so that along the [001] direction both SnO, and BaO layers
are charge neutral. However, in LSO, La and Sc are in 3+ oxidation state, while O is in 2—
oxidation state, so that along the [001] direction LaO layers are is positively charged, while ScO,
layers are negatively charged. In bulk, these ionic charges cancel each other so that the system
remains neutral. However, in the slab geometry, where the bottom layer of LSO is terminated
with positively charges (LaO)"' while the top layer is terminated with negatively charged
(ScO,)!, the charge compensation is incomplete resulting in a surface polarization charge. This
polarization charge has positive surface charge density of 6, = +e/2a? on the bottom surface of
the slab and the negative surface charge density of —a, = —e/2a? on the top surface of the slab.
When such a LSO slab is stacked on top of the SnO,-terminated BSO layer, as shown in Fig. 2a,
the polarization charges induce an electric field of Ey = oy/€ 50 (Where €59 = €& 1S the
dielectric permittivity of LSO) pointing from the interface to the surface of LSO, resulting in the
increasing electrostatic potential when the LSO thickness increases. To eliminate (reduce) an
energetically unfavorable electric field an electron charge is deposited onto the LSO/BSO

interface, which is known as electronic reconstruction.

Electronic reconstruction leads to thickness dependent electron accumulation at the
interface. The electric field in LSO leads to the potential buildup, AV = E,t (where ¢ is LSO
layer thickness) which shifts its bands up. This is seen from the calculated density of states
(DOS) in Fig. 2b, where the LSO-projected DOS shifts rigidly up when moving from the
LSO/BSO interface to the LSO surface. At a critical thickness t., the LSO valence band shift



becomes equal to the band gap of BSO ( , i.c. , so that at larger LSO thickness
electrons start to transfer from the top of the LSO valence band to the bottom of the BSO
conduction band. Using the calculated band gap BSO of 0.96 eV and the calculated dielectric
constant of LSO of = 29 we find, according to this model, that the LSO critical
thickness is 2 u. c. Our DFT calculation predicts however that the charge transfer to the
LSO/BSO interfaces occurs when LSO has 3 u. c. thickness. Some disagreement between the
polar catastrophe model and the explicit calculation likely comes from the LSO surface, which
produces a stronger dielectric response to the electric field not taken into account within the
simple model. Fig 2¢c shows BSO-projected DOS in the LSO/BSO heterostructure for different
LSO thickness as a function of energy. It is seen that when LAO thickness is more than 3 u.c.,
the Fermi level (the zero energy) cuts through the bottom of the conduction bands, indicating that
the LSO/BSO interface is n-type, while for smaller LSO thickness it lies below the conduction

band minimum so that the interface is insulating.

—

o
Nt
a
i

o o
DOS (V" huc)

E M fﬂ 025 (d}

DOS(EeV ' fuc)
= [¥ T ¥ ] = un =2 W S WA = (¥ ] = W = w

s
3.0.2
i)
g
—% 01
| @]
s 6 4 =2 o0 2 ¢ ot
E—EF(::V) LSO thickness (uc)

Figure 2: Atomic structure (a), layer-dependent (b) and BSO-projected (c) density of states
(DOS) as a function of energy for (LSO)s/(BSO)s heterostructure. The vertical lines in (b) and
(c) indicate the Fermi energy. In (b) y-coordinate scale at left and right are different to reflect

very different magnitude of DOS for the valence (black lines) and conduction (red lines) bands.



(d) — charge density o as a function of LSO layer thickness m (given in unit cells) in a
(LSO),/(BSO)s heterostructure. Points are the result of the DFT calculation, whereas the solid

line is prediction of the model.

With increasing LSO thickness ¢, the electron charge o(t) transferred to the LSO/BSO

interface reduces the electric field in LSO so that E(t) = [0y - 0(t)]/€Ls0. The corresponding
potential drop is bounded by the band gap of BSO, which implies that E (t)t = Et. , resulting in
o(t) = 0y(1 — t./t). This result is well known for the LAO/STO case.”’ In Fig. 2d we plot the
transferred charge per area of the psedocubic unit cell, which is calculated explicitly by
integrating the DOS of the BSO conduction band up to Fermi level (dots in Fig. 2d), and
compare it to the prediction of this simple model (the solid line in Fig. 2d) where t, was assumed
to be 3 u.c. As seen from the plot, the calculated carrier density is roughly consistent with that

predicted using this simple model.

The electric field in LSO induces polarization pointing to the surface. The off-center
displacement directly captures magnitude and direction of the polarization. Fig. 3a shows the
off-center displacement in the BSO and LSO layers. Here, we define the off-center displacement
as the difference between the longer and shorter bonds, b; and b along the z-direction in B-
centered (Sn in BSO and Sc in LSO) octahedral cage as shown in inset of Fig. 4a. Due to the
electric field pointing away from the interface, the B-site cation moves towards the surface
resulting the Sc-O bonds to be shorter toward the surface and longer toward the interface. The
difference between these bonds is positive and large in LSO indicating that the LSO polarization
is pointing from the interface to the surface. As expected, the off-center displacement in BSO
drops down quickly as a function of distance from the interface, as there is no field to push ions.
Similar to B cations, A cations (La in LSO and Ba in BSO) are also pushed away from the
interface by the polar field. As a result, the A-O displacement along the z-direction is positive in
LSO and negative nearby the interface in BSO as shown in Fig 2b. The later displacement drops
down in BSO similar to the off-center displacement as there is no field to sustain it in a long

range. These structural changes are similar to those known for the LAO/STO interface.™®
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Figure 3: Structural distortions in the (LSO);3/(BSO)s heterostructure as a function of reduced

coordinate (z/c): (a) B-cation displacement with respect to center in oxygen octahedral cage, (b)
A- cation displacement with respect to the oxygen in the plane. The off-center B-cation
displacement is defined as difference in bond lengths shown in inset. Positive
displacement in LSO and negative displacement in BSO imply movement of cations away from

the interface.

Despite similarity of the mechanisms behind appearance of 2DEG and structural changes
associated with the polar interfaces in the LSO/BSO and LAO/STO systems, the character of the
2DEG at the LSO/BSO interface is quite different. Fig. 4a shows the band structure of the
LSO/BSO heterostructure with 3 unit cells of LSO. As can be seen from the figure, the
conduction bands are very dispersive and formed from the Sn-5s orbitals at the center of the
Brillouin zone. In table I, we tabulate the effective mass of the lowest five quantized bands
along the high symmetry and directions in the orthorhombic Brillouin zone. From
the table it can be seen that the effective mass is , 1. e. it is similar to that observed for

bulk BSO. This value is in a qualitative agreement with the effective mass of ~0.2 calculated



using a hybrid functional.® There is some anisotropy in the effective mass: it is lower along the

direction as compared to the direction. Additionally, the bands become
progressively heavier at higher energy due to stronger hybridization with the O-p, orbitals. Fig.
4b shows the DOS of the occupied Sn-5s bands as a function of energy. The density of states
increases in a stepwise fashion at each quantized level revealing a possibility of quantized

conductance as a function of voltage.
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Figure 4: Band structure of the (LSO)3/(BSO)s heterostructure (a) and density of states (DOS)
projected to the BSO (b). In (b) only the conduction band DOS is shown. The dotted horizontal

line represents the Fermi energy.

This behavior is different from what is known for the LAO/STO (001) interface, where
2DEQG is hosted by rather localized Ti-3d bands. Due to the quantum confinement the T», bands

split into the bands and bands. The bands are relatively dispersive and have a

low effective mass (~0.4  40) at the zone center. They lie at a lower energy and thus are
occupied first.*' With increasing the carrier concentration above critical density
e/cm’ the carriers start to occupy the bands, which are less dispersive and have much

11,42

higher effective mass (up to ) affecting the overall mobility. Hybridization between

the bands of different symmetry as well as open channels for inter-band transitions leads to
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stronger scattering and low mobility. The latter contribution contributes significantly to the
mobility drop with increasing temperature due to population of phonon modes with higher
energy and electron-phonon scattering. The room temperature mobility of 2DEG at the
LAO/STO interface is dismal ~1 cm?/Vs despite its promising value of >10,000 cm?/Vs at low

temperature. '

Table 1: Effective mass of the conduction bands in the LSO (3 u.c.)/BSO (5 u.c.) heterostructure
and delta-doped BSO along the ' =X and I' — S lines in the Brillouin zone. The bands are

numbered starting from bottom of the conduction band as indicated in Figs. 4a and 5Sc.

Band Heterostructure Delta-Doped
[-X =S -X [-M
1 0.35 0.33 0.31 0.32
2 0.47 0.44 0.34 0.36
3 0.68 0.64 0.31 0.33
4 0.93 0.89 0.44 0.48
Bulk 0.29 0.30 0.29 0.30

The electron mobility at the LSO/BSO interface is expected to be higher for two reasons.
First, the effective mass of the 2DEG at the LSO/BSO (001) interface (~0.3 mg) is lower than
the effective mass of the lightest d,, electrons at LAO/STO (001) interface (~0.4 m,). Second, in
the low carrier density limit, the conduction happens through a single non-degenerate Sn-5s band
and there is no scattering channel for carriers via inter-band transitions. At higher carrier density,
several quantized level are populated, but they have similar velocity and the effective mass. The
quantized bands a well separated in energy not allowing for the inter-band transitions to occur
driven by impurity scattering. The wide Sn-5s conduction band can accommodate the maximum
possible 2DEG density of 0.5 e/a”, which is not possible in the for the d,, band in the LAO/STO
system. The 2D free-electron model predicts the energy increase of AE = h’mn/m~2.4 eV

when depositing # = 0.5 e/a* in BSO, while the s-state is ~ 4 eV wide. In fact, the value is AE is
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expected to be even lower due to the presence of multiple quantum states, as will be seen from

the results discussed below for the delta-delta doped BSO.

Furthermore, the temperature dependence of the carrier mobility in the LSO/BSO system
is expected to be softer than that in the LAO/STO case. The temperature dependence of mobility
u = net/m”" is largely determined by the temperature dependence of the relaxation time . The
latter is controlled by electron-phonon coupling, which produces scattering between different
electronic states through intra-band and inter-band transitions and involves an electron-phonon
coupling matrix and phonon-mode population.” The former is largely temperature independent,
whereas the latter changes with temperature. In the LAO/STO system, where the electronic
density of states is large, there are many channels open for scattering due to the d-bands being
flat and nearly degenerate. With increasing temperature, more phonon modes are populated
allowing for transitions between these electronic states. On the contrary, in the LSO/BSO where
the s-bands control the conduction, the electronic density of states is small due to the dispersive
nature of the s-bands. The inter-band scattering is therefore reduced as there are no many
electronic states available in the energy range of phonon spectrum. The inter-band transition
channel for electron-phonon scattering is fully suppressed due to the quantized bands being well-
separated in energy. Thus, it is expected that reduction in mobility with increasing temperature
will be much weaker for the LSO/BSO interface as compared to the LAO/STO interface. In fact,
the doped bulk BSO is reported to have room temperature mobility of about 1 = 320 cm?*/Vs **

and conductivity o~ 10* S/cm * compared to y ~ 10 cm*/Vs and ¢~ 10 S/cm for doped STO.
45,46

C. Delta Doped BaSnO;

Another way of attaining a 2DEG is delta-doping when a neutral ionic AO monolayer in
an ABO; perovskite is replaced with (A'0)™.*”** Such an approach can be applied to BSO by
substituting a BaO monolayer with a (LaO)'" monolayer, as shown in Fig 5a. The (LaO)'"
monolayer serves a donor providing one electron per lateral unit cell area a® which is
accumulated in BSO equally on either side of LaO. Comparing to the LSO/BSO case, the delta-
doped system can be thought as an overlap of two interfaces with the interfacial charge density
of 0.5 e/a’, which is approached at the LSO/BSO interface when the top LSO layer thickness

becomes large.
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Figure 5: Atomic structure (a) and layer-dependent density of states (DOS) as a function of
energy (b) and band structure (c) of a delta doped BSO with LaO layer at the middle. The
vertical line indicates the Fermi energy. In (b) the y-coordinate scale at left and right are different
to reflect very different magnitudes of DOS for the valence (black lines) and conduction (red

lines) bands.

The atomic and electronic structure calculations of the delta-doped BSO are performed
using a 10 u.c. BSO where the middle BaO layer is replaced with LaO (Fig. 5a). Fig 5b shows
the calculated layer resolved DOS. Overall, it looks similar to the layer resolved DOS at the
LSO/BSO interface (Fig 1b). However, in the case of the delta-doped BSO, the Fermi level lies
much deeper in the conduction band of the BSO due to higher electron density. The band
structure of the delta-doped BSO shown in Fig. 5c also resembles the band structure of the
LSO/BSO heterostructure (Fig. 4a). There are several quantized states, four of them being partly
filled in the delta-doped case. These bands are made of Sn-5s orbitals, are highly dispersive, and

have low effective mass as shown in Table .
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Figure 6: Charge density n as a function of z in a 51 u.c. BSO with a LaO monolayer replacing

BaO in the middle of the supercell. LaO monolayer is positioned at z = 0. Results of the DFT

calculation (dots) are fitted with n(z)=o0,exp(—z/A)/A (Fitting 1, dashed line) and
n(z)=568"c,/(x+06)° (Fitting 2, solid line), for o, =0.5¢/a’, resulting in A=0.96nm and
0=4.8nm.

D. 2DEG Confinement Width

In order to explore the scale over which the 2DEG is confined, we performed an
additional calculation using a large 1x1x51 supercell of BSO with a LaO monolayer replacing
BaO in the middle of the supercell. Figure 6 shows the calculated charge density as a function of
distance from the LaO layer positioned at z = 0. Here each point in the plot was obtained by
integrating the local DOS in a unit cell of BSO located at a certain distance from LaO. Due to
mirror symmetry of the structure with respect to the LaO layer, the distribution is symmetric with
respect to the z = 0 plane so that it has the same shape for negative z (not shown). It is evident
from Fig. 6 that the charge density has a peak centered at z = 0 and the 2DEG is confined within
a region of about 3 nm around LaO (where about 70% of carriers is located). A tail of the

distribution extends somewhat up to 6 nm from the origin.

This behavior can be qualitatively understood within the Thomas-Fermi model (see, e.g.,

ref. 49), according to which the local chemical potential (z) is determined by the local charge
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density n(z) and related to the electrostatic potential ¢(z) as follows: —e@ + u = E ., where E,

is the Fermi energy (which we assume to be zero). 4 and » are linked through n = J_ﬂ p(E)dE

, where p(FE) is the density of electronic states. The above equations couple ¢(z) and n(z)

which allows solving the Poisson equation d°@/dz’=en/e, where e in the dielectric
permittivity of BSO. If the electron density is low, then only the lowest 2D sub-band is populated
(band 1 in Fig. 5c) and in a free electron approximation the areal DOS p,, is independent of
energy E,i.e. p,, =m/(7xh’), where m is an effective mass. The volume charge density can be
estimated as p = p,,, / a, where a is the lattice constant of BSO. In this case, n = pu = ep@ , and

solution of the Poisson equation is straightforward, resulting in n(z)=n,exp(—z/A), where

A=.\e/ (e’ p). n, is determined from charge neutrality condition o, =e _[:n(z)dz , where o, is

the surface charge density (in our case 0.5 e/a’). Within this model, we obtain
A= W /2, where ay is the Bohr radius, &, is the relative dielectric constant of BSO,
and m, =m/m, is the reduced effective mass. Using &€, =68, m, =0.35, and a =4.1A, we
find A =1.0 nm. This estimate is surprisingly close to the value of 1 we find by fitting the DFT
results with the exponential function o,exp(—z/A)/ A (normalized to provide the total surface
charge density 0, =0.5¢/a”). The best fit is obtained for 4=0.96 nm and shown in Fig. 6 by
the dashed line.

In reality, however, when 0, =0.5¢/a’, it is not just the lowest energy sub-band which
is populated, but there are 4 bands crossing the Fermi energy (Fig. 5¢). In this case, p(F) is a

step function of energy (like that shown in Fig. 4b). In this case, solution of the Poisson equation
can be represented in terms of the piecewise exponential functions having different decay

constants A in different ranges of ¢(z) and hence n(z). In the limit of large electron density
(when many sub-bands are populated), we can assume that the charge density is given by a 3D

free-electron model, n=Q2m/k)Y? 1’ /(Bx*), resulting in the Poisson equation
d’pldz* = 2m/ 1) ¢* | 3r’e). Solution of this equation is given by

o(z)=A(e/ &)/ (z+0)', where A=(2257/32)(a,e,/m.)’. This leads to the charge density
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n(z)=204/(z+65)°, where charge neutrality requires &=(44e/0,)”. Using the known

constants appropriate for BSO, we find within this approximation that 6 =7.8 nm. This value is
somewhat larger than that we obtain by fitting the DFT results with the

n(z)=56°(0,/e)/(x+35)° function (normalized to provide the total surface charge density

0,=0.5¢/a’), where J is treated as a fitting parameter. The best fit is obtained for §=4.8nm

and shown in Fig. 6 by the solid line. It is evident from Fig. 6 that both approximations provide a

similar and qualitatively reasonable trend describing the charge density as a function of z.

IV. Conclusions

We predict the presence of a two-dimensional electron gas at the polar LaO/SnO,-
terminated LaScO3/BaSnO; (001) interface. The 2DEG is derived from the Sn-5s bands, which
are highly dispersive and have effective mass of about 0.3 my. Contrary to the well-known
LaAlOs/SrTiOs (001) system, the predicted 2DEG is expected to reveal high mobility at room
temperature. The s-character of the conduction bands and their low effective mass allow for
accommodation of the largest possible carrier density of 0.5 electrons per lateral unit cell area
without populating orbitals of other character. This property is demonstrated using a relevant
example of the 2DEG at the delta-delta doped BaSnOs, where a BaO monolayer is replaced with
LaO. We find that the confinement width is about 3 nm and that the electron confinement can be
reasonably well described with the Thomas-Fermi model. The electron confinement produces a
number of non-degenerate quantized electronic states well separated in energy. This feature may
be interesting for observing a quantized conductance in this system. We encourage the

experimentalists working in the field of oxide heterostructures to explore the proposed systems.
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