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Tonic crystals terminated at oppositely charged polar surfaces are inherently unstable and expected
to undergo surface reconstructions to maintain electrostatic stability. Essentially, an electric field
that arises between oppositely charged atomic planes gives rise to a built-in potential that diverges
with thickness. Here we present evidence of such a built-in potential across polar LaAlOg thin films
grown on SrTiO3 substrates, a system well known for the electron gas that forms at the interface. By
performing tunneling measurements between the electron gas and metallic electrodes on LaAlO3 we
measure a built-in electric field across LaAlO3 of 80.1 meV/ A. Additionally, capacitance measure-
ments reveal the presence of an induced dipole moment across the heterostructure. We forsee use
of the ionic built-in potential as an additional tuning parameter in both existing and novel device
architectures, especially as atomic control of oxide interfaces gains widespread momentum.

As dictated by Maxwell’'s equations, the accumula-
tion of screening charges at the boundary between dis-
similar materials is one means' of ensuring a contin-
uous electric displacement at the interface.? For in-
stance, a layer of trapped screening charge forms the
two dimensional electron gas that compensates a po-
larization mismatch at gallium nitride® and zinc oxide*
based heterostructure interfaces. In insulating oxides,
charge accumulation was observed at the interface be-
tween SrTiOgz substrates with atomically precise surfaces
and polar LaAlOs films.® LaAlOs thin films grown on
singly terminated SrTiOs surfaces® comprise negatively
charged AlO; and positively charged LaO end planes
and are polar in the ionic limit."'"® When at least four
unit cells (u.c.) of LaAlOj are deposited on TiO5 termi-
nated SrTiOgs, an electron gas forms near the interface
in SrTi03.%%10 It is often hypothesized that at a thick-
ness of four u.c. the potential across LaAlO3 exceeds the
band gap of SrTiO3 and electrons tunnel from the va-
lence band of LaAlQOj3 to the SrTiO3 potential well, com-
pletely diminishing the potential across LaAlO3.!! Thus
within this picture, in the presence of an electron gas
no field would be expected across the LaAlO3z. How-
ever, if all the charge carriers do not lie precisely at
the interface or have an extrinsic (oxygen vacancies'? or
cation doping!'?) origin, the LaAlO3 potential will not be
fully screened and can thus be probed.!'* Alternatively,
the precise band alignment between the LaAlOs and
SrTiO3 will also determine the strength of the residual
fields in the LaAlO3.'5 Addressing this issue by determin-
ing the existence of an uncompensated built-in potential

in LaAlOs is central to understanding the true nature of
the polar LaAlO3/SrTiOj3 interface.

We probe the potential landscape across the
LaAlOj3 and the interface region in SrTiOgz by employ-
ing a typical metal-insulator-metal capacitor geometry
such that the LaAlOg thin films form the dielectric layer
sandwiched between evaporated metallic electrodes and
the electron gas, as depicted in Fig. 1a and described in
Methods. A bias voltage is applied to the top metallic
electrode while the electron gas is held at ground.

A typical current-voltage (JV) curve measured be-
tween a Pt top electrode and the electron gas for an
LaAlOs thickness, dpao, of 20 u.c. is shown in Fig. 1b
and overlayed with theoretical curves, as labeled. Simi-
lar rectifying JV curves were measured for nine different
LaAlOj films with dpao ranging from 5 to 40 u.c. Junc-
tions thinner than diao = 20 u.c. are well described by
tunneling between the metal electrode and electron gas
for both positive (+V) and negative (—V') applied bi-
ases, as described in detail in Supplementary Section I
(SSI). Figure 1b shows excellent agreement with the the-
oretically calculated curve (black) using Simmons’ direct
tunneling model for +V. For samples with dparo > 20
u.c. however, an additional contribution from interband
tunneling for negative applied bias must be included, as
shown in Fig. 1b.

The inset in Fig. 1c shows a sampling of the JV curves
for various dpao with emphasis on the negative bias re-
gion at 100 K. It is clear that for a given voltage the
current does not decrease monotonically with dyao. The
main panel of Fig. 1c shows J as a function of dr Ao (open
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circles) at V' = -0.1 V for all samples, revealing a clear
peak at 20 u.c. (7.56 nm). The same trend is observed at
all temperatures at negative bias. The dark blue curve
in Fig. 1c shows calculated values for J vs. dpao within
the direct tunneling model (see SS1), which agrees well
with the data for thicknesses below 20 u.c.

The sudden increase of tunneling current at dpao =
20 u.c. seen in Fig. 1c can be understood by considering
the polar nature of LaAlO3. We recall that in the pres-
ence of a large enough electric field, Zener breakdown oc-
curs in insulators and electrons tunnel from the valence
to conduction band.'® For materials with a built-in polar
electric field, the internal potential grows with increasing
thickness until it equals the bandgap at a critical thick-
ness, d°", giving rise to a significant increase in tunneling
current.!” For LaAlOs thin films deposited on TiOs ter-
minated SrTiOs, in the absence of complete screening an
ionic built-in potential normal to the interface, pointing
away from the SrTiOs is expected.”!! Figs. 2a and 2b
illustrate zero bias band diagrams (black outline) where
the band bending in LaAlOj reflects the unscreened po-
tential for thicknesses below (Fig. 2a) and near (Fig. 2b)
der 1819 I green, we also sketch the cases for small
positive (+V) and negative (—V) applied biases. While
precise band alignments are difficult to accurately predict
in the presence of electronic reconstruction, Fig. 2 reflects
the band diagrams inferred from our measurements (see
SSI).1°

The band diagrams shown in the upper half of Fig.
2 depict the tunneling of electrons from the SrTiOj3 to
the Pt electrode for small biases (+V). The lower half of
Fig. 2a shows electrons tunneling from the metal into the
SrTiO3 well (—V), as determined from the data shown in
Fig. 1b. Above a critical LaAlOg thickness, df’y o, we also
expect electron tunneling across the LaAlOs bandgap
(Fig. 2b), via the valence states for applied bias V' when:

qV = Eya0) — qVii- (1)

Here Ey(1 40) is the bandgap of LaAlO3 and Vj; is the net
built-in potential across LaAlOjz including contributions
from both the ionic built-in potential (V;) and contribu-
tions from the Pt and SrTiOs work function difference
(Vin), so that Vi = V; + V,, (see also Supplementary
Fig. 2). Using the diagram in Fig. 2b, the current den-
sity of electrons tunneling across the LaAlOz bandgap
was calculated for small biases within the WKB approx-
imation'®'7 as shown in SSI, using

®(dLao) = Egpao) — ¢Evidrao —qV +¢  (2)

as the potential barrier height, where ¢ is the total ki-
netic energy of the tunneling electrons, Fy; the effective
built-in electric field in LaAlOg, and V = -0.1 V. We
obtain the light blue curve shown in Fig. 1c, which is
in excellent agreement with the data using Eyr40) =
5.6 eV for LaAlQ3.2° In SSI, we also show simulations of
the JV curves using a numerical approach which com-
pliments the analysis presented thus far. A two band

Hamiltonian that accounts for interband tunneling was
simulated using the Non-Equillibrium Green’s Function
(NEGF) method. We find qualitatively that the rectifi-
cation, current density values and the peak near 20 u.c.
are reproduced in the presence of V; across LaAlOg.

A distinguishing feature of polar tunnel barriers is the
low tunnel probability just below d°.!” Our measure-
ments (Fig. 2c¢) indicate that df’y, lies somewhere be-
tween 17 u.c. and 20 u.c., or roughly 18.5 u.c. when using
Pt electrodes. Thus, using d{’y = 18.5, a = 0.378 nm?!
for the lattice constant of LaAlOs, and Eyidi’yga = ¢Vis
= Eyra0y = 5.6 eV (from Eq. 1 with ¢V = 0), we
obtain FEp; = 80.1 meV/A as an estimate for the net
built-in electric field across LaAlOj3. Alternatively FEj;
= 93.0 meV/A if the experimentally measured thin film
value,?? Eyra0) = 6.5 eV is used instead. Ej; reduces
to 50.3 meV if tunneling from the LaAlOj3 valence to the
SrTi03 conduction band is assumed instead, as discussed
in SS1 as an alternate scenario. Using the estimated
(see SSI) chemical potential difference between Pt and
the SrTiO3 (~ 1.30 eV giving 18.6 meV/A for 18.5 u.c.)
we arrive at 61.5 meV/A for the V; contribution across
LaAlO3 using the 5.6 eV bandgap (or 74.4 meV /A using
Egra0y = 6.5 eV). We note that band bending across the
LaAlOj3 resulting from the metal and SrTiO3 work func-
tion difference is thickness independent and thus cannot
account for the observed thickness dependence (see Sup-
plementary Fig. 2). It is not clear what fraction of the
V; is partially screened by the electron gas or partially
compensated by covalency within the LaAlQ3.!1:18

It is interesting to note that di’yo ~ 18.5 u.c. for
tunnel-coupling of the two LaAlO3 surfaces (in the pres-
ence of a Pt electrode) is close to the value of 15 u.c.
(using no metal electrode) above which a drop in the
in-plane mobility?® and change in the in-plane magne-
toresistance®®24 have previously been observed.

Our data clearly reveal that the electron gas does not
fully screen V; across LaAlOs. This suggests a few possi-
bilities: (i) the charge carriers do not all lie exactly at the
interface and are buried one or a few monolayers within
the SrTiOs, or (ii) the metal electrodes deposited on the
LaAlO3 modify the band alignments and thus the carrier
density of the electron gas. The latter effect may explain
the failure to detect a built-in potential using photoe-
mission experiments conducted in the absence of metal
electrodes.'%1® The present work cannot distinguish be-
tween the above two scenarios, both of which may be at
play.

Uncompensated built-in potentials across ionic insu-
lators (V;) are analogous to the built-in potentials that
arise in semiconductors due to free charge separation and
the switchable built-in potentials found in ferroelectrics,
generally resulting from covalently bonded dipoles. V; is
most similar to the piezoelectric built-in potential in the
wide bandgap polar ITI-V and II-VI wurzite semiconduc-
tor heterostructures.?42> However, the difference charac-
terizing polar insulators such as LaAlOs is the ionic ori-
gin of the built-in field, which is fundamentally different



from the piezoelectric fields in the wide bandgap semi-
conductors: The piezoelectric fields result from strain
induced atomic displacements?® while the ionic built-in
fields are inherent to the layered, ionic structure of polar
perovskite oxides and only arise in the presence of ap-
propriate atomic terminations.® Unlike the polar semi-
conductors, atomic displacements work to cancel V;.2”
In addition to the piezoelectric polarization, a sponta-
neous polarization that depends on surface termination
also arises in wide band gap semiconductor heterostruc-
tures,?%?8 the analog of which, as discussed next, may
also exist in the LaAlO3/SrTiO3 system.

The SrTiOgz interface region can be probed by tun-
ing both the charge density and the SrTiOj dielectric
permittivity, xsro, with temperature and applied elec-
tric fields.1229:30 If the LaAlO3/SrTiO3 heterostructure
is compared to the inversion layer in a lightly doped
metal-oxide-semiconductor (MOS) capacitor, we can ex-
pect changes in the charge density of the inversion layer
as a function of temperature and gate voltage.?! Alter-
natively, changes in ysro may also tune an interface
dipole layer in SrTiO3.3273% Changes in either xsro or
the charge density will be reflected in the barrier height,
®, for electrons tunneling from the SrTiOj3 potential
well.

In order to probe changes in the barrier height, we tune
xsto and the charge density using both temperature and
an applied field across Sr'Ti0O3, and measure the resulting
tunneling curves as shown in Figs. 3a and 3c repectively.
We find that in the —V region where electrons are tun-
neling from the metal electrode via the LaAlOj3 valence
band to the SrTiOs potential well, JV undergoes little
change while significant changes are observed for elec-
trons tunneling from the electron gas in SrTiOg for +V.

Both the backgate and temperature dependence data
are qualitatively in agreement with the simple barrier
height change arguments presented above. Fig. 3b shows
changes in J and ® as a function of temperature as ob-
tained by fitting to the direct tunneling model (SS1).
Here J o exp? which can be understood as follows, in
terms of the charge density: As fewer states are occupied
in the interface region with decreasing temperature, the
barrier height of electrons tunneling from the SrTiOg in-
creases. Similarly, Fig. 3¢ shows JV for the 30 u.c. sam-
ple at 50 K for several back gate fields (Ep,) applied with
respect to the electron gas, as schematically depicted in
the inset. Fig. 3d shows the corresponding changes in J
and ®. We again find that J o exp!®vsl. Here negative
Eyg reduces the charge density and thus the tunneling
current from the SrTiOz. We do not observe significant
changes in the ® for positive Ejp, since the electron gas
has a higher charge density.3"

Alternatively, a change in the dipole strength3?33 at
the interface with temperature and an applied back gate
will modify the band alignments (i.e. AE¢) and hence ®.
Since SrTiOg is an incipient ferroelectric and is sensitive
to the slightest strain perturbation, it is possible that we
are indeed observing the effects of an interface dipole.?®

Capacitance measurements are an excellent tool for
probing this latter notion. Fig. 4a shows C'V measured
between the metal electrode and electron gas at 10 K
for a 30 u.c. sample. Details of the complex impedance
analysis are discussed in Supplementary Section II, or
SSII. Figure 4b shows the phase angle, §, of the complex
impedance as a function of V' at several temperatures. §
is calculated to be exactly 90° for a perfect capacitor, be-
coming less than 90° as the dielectric becomes more con-
ducting (SSIT). As seen here, the drop off to zero in 6(V)
coincides with the sharp drop in CV in Fig. 4a and the
onset of Zener tunneling. During Zener tunneling charge
carriers are introduced into the LaAlOj3 bandgap and
LaAlQOgj is no longer a good dielectric, behaving more like
a resistor. When § = 90° however, the system behaves
like a metal-insulator-metal tunnel junction. For samples
thinner than 20 u.c., while we do observe a typical MOS
capacitor depletion capacitance at high enough negative
bias, no corresponding drop in the complex phase angle
is observed (SSII).

Figures 4b to 4d provide a closer examination of the
hysteretic behavior that appears below 100 K in both
the CV and §(V). We find that the memory window
defined by the hysteresis remains constant at AV =
0.16 V for frequencies below the RC roll off when V4.
= 0.8 V (Fig. 4b), and increases with decreasing tem-
perature (Fig. 4c). The memory window also increases
with increasing maximum applied voltage (Vpq. in Fig.
4d). The lack of a frequency dependence and decrease
in hysteresis with increasing temperature rule out the
role of interface traps which are more active at higher
temperatures and have a characteristic time dependence
associated with charging/discharging.3!

The data however compare well to the response mea-
sured for metal-ferroelectric-insulator-metal or semicon-
ductor (MFIM or MFIS) junctions.3637 Using the change
in charge density for the high and low C' values shown
in Fig. 4a, we obtain 18 nC/cm? as an estimate of the
remnant polarization for a maximum applied voltage
of 0.8 V. Given that ferroelectric behavior in LaAlOg
has never been observed and that the SrTiOs is an
incipient ferroelectric, any dipole switching can be at-
tributed to a thin layer in SrTiOs near the interface.®®
Although, we do note that recent theoretical models
of the LaAlO3/SrTiO3 system point to the possibility
of ferroelectric-like distortions in the LaAlOs layer as
well.23940 Tn accord with previous observations how-
ever,3® we suspect an interface dipole in SrTiOs, which
in turn suggests that the electron gas lies not exactly
at the interface, but burried one or a few monolayers
within the SrTiO3z. We thus speculate that the large
influx of charge carriers into the potential well at the
onset of Zener tunneling changes the local electric field
and modifies the dipole strength, causing the observed
hysteretic behaviour in C'V.

These observations support recent experimental evi-

dence of an induced polarization with bound charges in
addition to free charge near the interface in SrTiQz.4!42



Furthermore, there is evidence from both X-Ray?? and
TEM?! measurements that when LaAlO3s with a 3% lat-
tice mismatch is deposited on the (001) SrTiOs sub-
strates, distortions in the TiOg octahedra occur at the
interface. It is also well known that biaxial strain as
well as a strain gradient can induce ferroelectric** and
flexoelectric*® polarizations in SrTiOz. The resulting
bound charges would give rise to a finite electric field
and confining potential at the interface.?”46:47 This is
analogous to the mechanism that gives rise to a con-
fined electron gas in wide bandgap polar GaN (III-V) and
ZnO (II-VI) based heterostructures.®* Thus the weak po-
larity of the SrTiO3 may also play an important role
in determining the electrostatic boundary conditions at
the LaAlO3/SrTiOgs interface, in direct comparison with
the polar semiconductors. Theoretical studies that ac-
count for the weak polarity of SrTiOs predict a termi-
nation dependent electronic reconstruction even on bare
SrTiO3 (001) substrates.*®

The precise roles played by both SrTiO3 and
LaAlOj polarities in the electron gas formation remains
an open question. This issue may gain clarity by fur-
ther investigating the temperature and back gate de-
pendence of the tunneling current (shown in Fig. 3)
and in-plane transport across the electron gas. In gen-
eral the presence of built-in and induced electric fields
across the LaAlO3/SrTiO3 heterojunction highlight its
many similarities with polar wide-band gap semiconduc-
tor heterostructures. Despite the many open questions,
the compelling analogies portend use of the polar insu-
lator heterostructures as a new generation of systems
for exploring mesoscopic phenomenon in confined elec-
tron gases, while addressing unresolved issues related to
the origin of the interface conductivity. Furthermore,
the electric fields intrinsic to polar ionic insulators may
prove to be advantageous for immediate use in applica-
tions that benefit from enhanced built-in potentials, as
already demonstrated with the polar semiconductors.*’
In fact, given their larger bandgaps, polar insulators hold
the tantalizing possibility of attaining larger built-in po-
tentials than those currently attainable. As semiconduc-
tor device concepts achieve maturity, much of the same

phenomenology can be translated to the complex ox-
ides which offer many more degrees of freedom for ex-
ploration.

Methods

The LaAlO3/SrTiO3 samples used for this study
were fabricated (in Kashiwa) by epitaxially depositing
LaAlOj3 films on TiOs terminated (001) SrTiOz sub-
strates by pulsed laser deposition using a KrF laser. Be-
fore growth, the substrates were preannealed at 1223 K
for 30 min in an oxygen environment of 0.67 mPa. Fol-
lowing this anneal the growth was performed at 1073 K
in an oxygen pressure of 1.33 mPa, at a repetition rate
of 2 Hz. The total laser energy was 20 mJ, and the laser
was imaged to a rectangular spot of area approximately
2.3 x 1.3 mm? on the single crystal LaAlO3 target using
an afocal zoom stage. After growth, the samples were
cooled to room temperature in an Oy pressure of 4 x
10* Pa, with a one hour pause at 873 K.%3? Nine sam-
ples with LaAlOjz thicknesses of 5, 7, 10, 13, 15, 17, 20,
30 and 40 u.c. were deposited in this way.

Several circular metallic electrodes with diameters
ranging from 0.3 to 0.7 mm were thermally evaporated
on each of the LaAlOg films using a shadow mask. Au
was used for the 30 u.c. sample and Pt for all other sam-
ples. The backgate was thermally evaporated onto the
30 u.c. sample. Gold wire (0.0025” gauge) was man-
ually bonded to the electrodes using silver epoxy and
an Al wirebonder was used to bond to the electron gas.
The samples were cooled in (Quantum Design) PPMS
and MPMS systems. Tunneling measurements were con-
ducted in Kashiwa, Gainesville and Berkeley, using var-
ious electrometers and source-measure units, all giving
the same results. Capacitance measurements were also
performed in all three locations using (Hewlett-Packard)
HP4284 LCR meters. For the back gate measurements,
electric fields were applied in the following succession:
0 kV/cm — negative fields — positive fields.
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Figure Legends

Figure 1
Built-in polarization across
LaAlO;3/SrTiO; tunnel junction diodes | a,

Tunnel junctions are formed between thermally evap-
orated circular metallic electrodes on LaAlO3 and the
electron gas, as described in Methods. b, JV curve
measured at 10 K for a 20 u.c. sample compared to
curves calculated within the direct and Zener tunneling
models as labeled, and described in SSI. ¢, J vs.
LaAlOg3 thickness, drao, for all samples at V = -0.1 V
showing a clear peak at 20 u.c. (7.56 nm). Calculated
curves for direct tunneling (dark blue) and Zener
tunneling (light blue) are labeled and shown. The inset
provides a closer look at the negative bias region of JV
for several thicknesses showing that J does not scale
monotonically with thickness for a given V (see dotted
line at V =-0.1 V).

Figure 2

Thickness dependent built-in potential and
inter-band tunneling across polar LaAlO; | a, A
schematic band diagram of the LaAlO3 /SrTiOj3 interface
at zero bias (black outline) for LaAlOg thicknesses much
less than the critical thickness, df’y, for both small pos-
itive applied bias (+V, green outline on top sketch) and
small negative applied bias (—V, green outline on bot-
tom sketch). Unlike typical capacitors where bending
across the dielectric is induced by the electrode work
function difference alone, V,,, in LaAlO3z an intrinsic
built-in potential, V;, adds to the band bending. Follow-
ing conventions used for the polar nitrides,'® the bend-
ing in LaAlOg reflects the ionic built-in potential as well
as bending due to the Pt and SrTiO3z chemical poten-
tial difference, as described in detail in the text and
in Supplementary Fig. 2. In treating the LaAlOj3 as a
wide bandgap insulator with a midgap Fermi level, we
have not included any curvature that may appear in the
LaAlO3 bands due to metal induced gap states. b, Our
measurements suggest that at di’, 5, the valence and con-
duction band of LaAlOg align at the Fermi level giving
rise to Zener tunneling across the LaAlOs bandgap for
—V. The band diagrams shown reflect this observation:
The metal and electron gas remain pinned at the Fermi
level while the potential across LaAlOj increases with
thickness. Given the excellent screening and small skin
depth of Pt on the left, bending in the electrode is not
shown and the band alignments give the appearance of
changing. At the SrTiO3/LaAlOj3 interface, assuming
the SrTiOg is a semiconductor, a strong change in charge
density is expected with increasing thickness but not ob-
served,? and hence not shown. Thus, screening at the
LaAlO35/SrTiOj3 interface may be aided by a dipole layer
in SrTi05.23:3* We also note that surface reconstructions,
if present, add a degree of ambiguity to determining pre-
cise band alignments.'® In SSI and Supplementary Fig.
2 we provide an in-depth discussion on thickness depen-
dent band bending across LaAlO3 and the resulting band
diagrams.

Figure 3

Tuning the tunneling current across LaAlOj; by
tuning the SrTiO3; permittivity and charge den-
sity | a, JV curves for a 20 u.c. LaAlO3 sample are
shown for several temperatures with theoretical fits to the
direct tunneling model (black). The inset schematically
depicts how changes in band bending in the SrTiOj3 in-
terface region produce changes in the barrier height ®.
b, J and the barrier heights (®) extracted from fits to the
direct tunneling model for each of the JV curves shown
in a are shown as a function of temperature. Here J
exp’. ¢, JV for a 30 u.c. LaAlO3 at 50 K for several
different positive and negative applied SrTiO3 back-gate
fields, Eyq. The effect is much more pronounced for nega-



tive rather than positive biases, with J oc exp!Zvsl. (The
lowest point deviates from the linear trend likely since it
is near measurement limits). d, Each of the JV curves
shown in ¢ was also fit to the direct tunneling model.
® increases linearly with increasingly negative backgate
fields while J decreases logarithmically.

Figure 4

Capacitance measurements agree with JV while
also revealing an induced dipole across the het-
erostructure | a, CV curves for a 30 u.c. sample mea-
sured at 10 K and 10 kHz are qualitatively similar to

a metal-insulator-semiconductor (MIS) capacitor curves
with a ferroelectric contribution, or a metal-insulator-
ferroelectric-semiconductor (MIFS) capacitor. The drop
in C'V occurs during the Zener tunneling regime when
carriers are introduced into the LaAlO3 bandgap, making
it a leaky dielectric. b, The phase angle of the measured
complex impedance as shown at several temperatures. A
hysteresis appears near 100 K and increases with decreas-
ing temperature. ¢, The hysteresis is frequency indepen-
dent for frequencies below the RC' roll-off limit, and d,
the hysteresis window, AV, increases with the maximum
applied voltage, Vinqz, for a given sweep. b to d together
qualitatively provide indications of dipole switching at
the interface in SrTiOs3.
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Supplementary Information: Built-in and induced polarization across
LaAlO3/SrTiO; heterojunctions

Section I: Metal/LaAlO3/SrTiO5 tunnel junc-
tions

In order to identify the mechanisms governing the ob-
served rectifying behavior in JV (see Fig. 1b of the main
text), we have analyzed the data using standard semicon-
ductor heterostructure and transport models, and have
found tunneling between the metal electrode and the elec-
tron gas to be the predominant transport mechanism in
the low voltage ranges studied in our work.

In the subsection labeled “Band diagram” below we
give a description of the heterostructure band diagram
and details on the material bandstructures considered for
our work.

In accord with the band diagrams, the sub-section be-
low on the “WKB tunneling models,” provides a descrip-
tion of the tunneling models used to understand the data
presented in the main text.

Next, in the sub-section labeled “Discussion on tun-
neling models” we discuss the subtleties associated with
our present model.

We also compare in-plane transport measurement with
vertical transport across the heterostructure in the sub-
section labeled “Contact resistance and in-plane trans-
port measurements”. We show that nearly all of the ap-
plied voltage drops across the heterostructure and is thus
predominantly responsible for the observed effects.

Finally, we also simulate JV curves for the band di-
agrams shown in Supplementary Fig. 2 using the non-
equillibrium Green’s function approach (NEGF). We
qualitatively reproduce the observed rectification and
thickness dependence as shown in the subsection, “Two
band model simulations” below.

Band diagram:

Supplementary Fig. [I] shows a sketch of the expected

Platinum LaAlO3 SITiO3
Vacuum Level
Ec 23eV 4ev
5.6eV T Ec
2.8eV
Ef T
56eV Bf o3ev | 33ev
B 1 Ev

FIG. 1: Relative band alignments with respect to the vacuum
level for each component of the Pt, LaAlOs, SrTiOs het-
erostructure. The Fermi level is shown as determined from
measurements on bulk samples (see discussion in text), and
prior to the three materials making contact.

band gaps and Fermi level F; of each component of the
tunnel junction as measured in bulk. ! The Fermi level
for SrTiO3 is drawn at 0.3 eV below the conduction band
rather than the midgap to account for oxygen vacancy
doping in real substrates? We note that for LaAlO3 thin
films grown on SrTi0O3, a bandgap of 6.5 eV has also been
measured® and will be compared with the 5.6 eV bulk
gap™® (depicted in Supplementary Fig. [1)) using paren-
thesis in the analysis that follows. The 5.6 eV band gap
in LaAlOj3 is a direct gap that forms at the I'-point in k-
space* SrTiO3 has an indirect band gap with a valence
band edge maximum at the M-point and a conduction
band minimum at the I'-point¥ Thus in an interband
tunneling scenario between the LaAlOg valence band and
either the LaAlOgs or SrTiO3 conduction bands, momen-
tum is conserved along the I'-point. For Pt, the K and X-
points lie at the chemical potential” When tunneling be-
tween the Pt top electrode and the SrTiO3 electron gas,
electronic transitions occur from the large metal Fermi
surface of the Pt electrodes to various valley points of
the SrTiOs conduction band® Also, since the Pt elec-
trodes were thermally evaporated and are thus not single
crystalline or epitaxially matched with the (001) oriented
LaAlOg3, the wave vector will not always be conserved for
electrons traversing the imperfect interface. Hence, tun-
neling between energetically available states of the Pt and
SrTiO3 will not be prohibited for states that lie at the
same chemical potential but different points in k-space®

While it is difficult to predict the exact band align-
ments in the presence of electronic reconstruction? we
sketch thickness dependent changes in the band align-
ments in Supplementary Fig. [2] as suggested by our ex-
perimental data (and expected for a material with an
ionic built-in potential, analagous to ferroelectric insula-
tors and the III-V nitrides!¥1?). The left most column
of Supplementary Fig. [2] shows the expected band align-
ments in the absence of polarization in LaAlO3. In this
case, the amount of band bending shown, V,,,, will remain
constant with thickness. The three sketches on the right
show the band alignment of each material with respect
to the vacuum level, for the case of a built-in potential in
LaAlOs. Three different LaAlO3 thicknesses are shown
with the built-in potential, while directly below those
sketches, the band alignments after contact are shown.
We note that even the zero applied bias case has signifi-
cant tilting across LaAlO3 due to the built-in potential
These six sketches in the right column clearly show that
as the built-in potential changes across the LaAlO3z with
thickness, the alignment of the LaAlO3 and SrTiO3 con-
duction bands also gets modified ' If the band align-
ment did not change, the SrTiOz band would bend sev-
eral eV below E giving rise to a significant increase in
charge density, which is not observed3 This change in



No built-in field Below critical thickness Near critical thickness Above critical thickness
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FIG. 2: Band alignments as inferred from our experimental data with and without the presence of a built-in potential in
LaAlOgs are sketched. The top row shows vacuum level alignments for each component of the heterostructure. Dotted lines
depict the LaAlO3s and SrTiOs Fermi levels. Given its large bandgap, LaAlOs is depicted as a good insulator with a midgap
Fermi level. The bottom row shows alignments across the heterostructure after contact. Left Column: The column on the
left shows the band alignments with respect to vacuum for no built-in potential in LaAlOs (top row) and the band alignments
after contact (bottom row). The difference between the Pt work function and SrTiOs chemical potential give rise to thickness
independent band bending V;, across LaAlOs. Some curvature at the LaAlO3/SrTiO3 interface may be present in this case
as well, but is not shown. Right Column: The column on the right shows a series of three LaAlOgs thicknesses with an
ionic built-in potential (V;) that is intrinsic to LaAlOs . V; increases with thickness (arising from a constant electric field in
LaAlO3), and must thus also be included when the LaAlOgs is drawn as free standing in vacuum (top row). Bending across
the LaAlOs3 is assumed to be equal on either side of the midpoint which crosses the Fermi level ™ The bottom row shows the
band alignments of the heterostructure. The net built-in field across LaAlOs, Vi, is the sum of the ionic contribution (V;)
and the band bending caused by Pt and SrTiOs (Vi,). It can be seen that either the SrTiOs charge density gets modifed
with thickness or that the screening is aided by a surface dipole in SrTiOs ™15 Previous experiments suggest that a significant
charge in density modification can be ruled out™ Once the critical thickness is reached, the valence and conduction bands
of LaAlO3 get pinned at the Fermi level since the maximum allowed built-in potential is equal to the bandgap. In actuality,
there may be some additional curvature to the band bending or Fermi level pinning near the surface in LaAlOs, which the
present work cannot elucidate. As mentioned in the text, electronic reconstruction, if present, will add an additional degree of
ambiguity to the band alignments.

band alignment may be manifest in an interface dipole
layer in SrTiOg3, as observed in Schottky barriers with
singly terminated SrTiOs stubstrates ™15 and discussed
in the main text. Given the unknowns, these details
have not been included in the band diagram sketches.
In the band diagram sketches we show the alignments
as suggested by our data. For instance, the observa-
tion of Zener tunneling in itself suggests a particular
band line up; specifically, one in which the metal, the
LaAlOj3 valence band, the LaAlO3 conduction band and
the SrTiO3 potential well must be aligned at the fermi
level. The interface conductivity is represented by the
presence of a notched potential well in SrTiO3 near the

interface with LaAlO318 We stress again that the elec-
tronic reconstruction scenario may modify this picture in
unpredictable ways? These uncertainties however do not
affect our interband tunneing analysis which relies only
on the LaAlOs bandgap and built-in potential values.

WKB tunneling models:

Within the Wentzel-Kramers-Brillouin (WKB) ap-
proximation, the transmission factor® or the fraction of
the probability current of electrons carried by the inci-
dent plane wave which passes through the tunneling bar-
rier, ®(x) is, for a given thickness of LaAlOg:

d em*
Twky = e 20y S @) da (1)



where z is the distance across the LaAlO3 thin film, djao
is the LaAlOjs thickness and m* is the electron mass.
This expression for Tyx, was derived by modeling the
insulator as an infinite array of square potential wells®
Some assumptions implicit in the above equation with
relevance to our heterostructure include (i) a negligible
potential drop across the metal and the SrTiO3 and (ii)
assuming that the transverse wave vectors are conserved
across the heterostructure. The probability current as a
function of the electron wave function, ¥, is defined as

A

ih
= — (U — 2
J Qm( oz 8m) 2)
which gives the general expression for the tunneling cur-
rent density, again, assuming conservation of the trans-

verse wave vectors (ki):
Qem
= o dE — £ TowdE:  (3)

where fi and fy are the Fermi functions for the metal on
the left (1) and the right (2) of the insulator. The sub-
script t denotes the transverse direction while x is the di-
rection perpendicular to the thin film plane. Neglecting
the temperature dependence, within this WKB approxi-
mation, the following expression for the transmission fac-
tor was derived by J. Simmons™ for tunneling across a
metal-insulator-metal junction, using an average barrier
height®, ¢, to account for different metal work functions
on either side of the barrier.

kabfsimmons = 67(47([’(21‘1&0 )(2m*($76))1/2 (4)
where (3 is an ideality factor (and is set to 1 for our pur-
poses) and € is the kinetic energy in excess of the chemical
potential. This leads to Simmons’ basic direct tunneling
(DT) expression:

It = Sehaap
— e —47 m*)/2 _ e
{@- e mR0ln) — G Ly
(5)

eV —47Bdy a0 (2m*)/? — eV)1/2]} .

—(¢+ T)QXP[ h (¢+7

In Fig. 1c of the main text, we have simulated the ex-
act form using ¢=2.7 eV (3.75 using Ey1.00) = 6.5 V),
an average barrier height estimated from the band dia-
gram shown in Fig. 2| for samples of thicknesses between
5 u.c. to 10 u.c., and obtain a value of 0.60m, (0.46m,
using Egr,a0) = 6.5 eV) for the effective mass, which is
about twice the value measured for MOS capacitors us-
ing LaAlO3 of 0.27m, 18 Such a 50% change in effective
mass has also been observed across ultra thin SiOy tun-
nel barriers™ and given our assumptions for the average
thickness as discussed next, we expect an uncertainty in
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FIG. 3: For the higher positive applied voltages (+V'), Fowler-
Nordheim tunneling describes the data well for the 20 u.c.
sample shown.

the effective mass value. The average value used for ¢
does not accurately account for the LaAlOg built in po-
tential induced increase in barrier asymmetry with thick-
ness. This feature of tunneling across a polar insulator is
better captured using a numerical approach rather than
the approximate Simmons’ formula which only serves to
qualitatively capture the essence of the transport across
the heterojunction, confirming tunneling transport.

For the 20 u.c. sample shown in Fig. 1b on the other
hand, it is necessary to use the reduced mass m; for con-
sistency with the Zener fits discussed below since tun-
neling may now also occurr via the valence states. Sig-
nificant barrier thinning and barrier height lowering due
to the intrinsic LaAlO3 polarity, (shown in Fig. 1, main
text) give ¢ = 1.55 eV (1.23 eV for E 1,40y = 6.5 eV) at
10 K for +V using an effective mass of 0.11m, (0.14m,
for Eg,a0) = 6.5 eV, both of which are found from the
Zener tunneling fits in this thickness regime, as discussed
further below). The respective barrier heights increase
by ~ 0.01 eV for thicker samples (see Fig. 3, main text).
As shown in Fig. 1b, only a portion of the JV curve
can be fit for negative applied bias (=V)). The fits to
the remaining portion of the JV will be discussed be-
low. Interestingly, unlike typical metal-insulator-metal
tunnel junctions® where J o T2, here we observe J o
exp(T) for positive biases down to 50 K (when tunneling
from the SrTiO3 potential well, see Fig. 3b, main text),
reflecting the similarities of this system to that of the in-
version layer in a metal-oxide-semiconductor (MOS) ca-
pacitor which also exhibits temperature dependent tun-
neling currents. 84! Trap assisted tunneling also gives rise
to a temperature dependence in tunnel junctions, how-
ever, we would expect to observe this for the —V region
as well, which is not the case, as shown in the main text.

While we have hardly explored the effects of high ap-
plied bias on the tunnel junction (to avoid dielectric



breakdown), we expect that with a large enough field
across LaAlOg, the band bending will be strong enough
such that electrons can tunnel from the metal to the con-
duction band of LaAlOg for —V and, from the SrTiO3 po-
tential well to the LaAlOs conduction band for +V.
In this case, the tunneling barrier shape is triangular
and thus there is an effective barrier thickness reduction
across LaAlOg (similar to Zener tunneling), which is best
described by the Fowler-Nordheim! (FN) equation:

e?V? —4v/2m*diao(99)*/?
JrN = = exp| ] (6)
167T2ﬁ¢dLAQ 3heV

The FN plot in Supplementary Fig. [3| qualitatively
shows that the high bias region for +V is indeed de-
scribed by FN tunneling for 20 u.c.. This can also be seen
in Fig. 1b. of the main text, where the data points begin
to deviate from the direct tunneling fit at high biases.
For most of our measurements, the high bias required to
observe FN tunneling was not applied to avoid dielectric
breakdown.

The peak in J at a critical thickness of 7.56 nm shown
in Fig. 1c. of the main text can best be understood by
considering interband tunneling as depicted in the band
diagrams in Supplementary Fig.[2]and Fig. 2 in the main
text. Alternate band alignment scenarios are discussed
in the section labeled “Discussion on tunneling mod-
els,” but we note that all of the cases discussed require
LaAlOj3 to be polar with a critical thickness that aligns
either (i) the LaAlO3 valence and conduction bands, (ii)
the LaAlOj3 valence band with the SrTiO3 conduction
band or (iii) the metal with the LaAlO3 conduction band
on the SrTiOj side (i.e. triangular barrier). Thus the ex-
act band alignment does not change our main result, that
of polar LaAlO3. However, as shown below, our analysis
indicates interband tunneling is the likely scenario.

We obtain excellent fits to the data considering the
first case of interband tunneling within the LaAlOs. In-
terband tunneling current, Jz, was first used to describe
insulator breakdown by C. Zener?? and calculated within
the WKB approximation. The expressions for Zener’s
volume generation rate of electrons from the valence
band, nz, which can be use to obtain the current density,

Jz, and is given by:5:2
eVa 77r2m*ZadLAOE§(LAO)
nz = ex
“ hdLAO P h2eV
w
J, =7 -

T

Here ¢ = 3 x 1078 cm is a constant and EgLa0) is the
LaAlO3 bandgap, W is the thickness (perpendicular the
film plane) of the LaAlO3 valence band portion above the
Fermi level and 7 is the carrier lifetime for electrons tun-
neling across the LaAlOz. A number of modifications®
to Zener’s original derivation give different prefactors for

nz above, while the basic functional form remains the
same, i.e. nz < Vexp(—1/V). We find that the JV
curve shown in Fig. 1b of the main text is well described
by Eqn. 7 for -V, as shown. While Zener’s formulation
describes the basic JV trend for an interband tunneling
scenario, like the Simmons’ formula, it does not account
for a built-in potential that grows with thickness. Thus,
we turn to recent work on modeling thickness dependent
Zener tunneling across polar AIN. In this work, Simon
and coauthors simplify Eqn. [3] for small biases and ap-
proximate that:12

e3Sms T V>
Z 4m2h (8)
Here the thickness dependence comes in via Ty,rp which
is the given by Eqn. [1| with ®(z) given by

——)+e (9)
LAO

() = Eypa0)—qEpir+e = Egpa0)(1—

where © = dpao. € is the energy of the tunneling elec-
trons, df’y is the critical thickness from Fig. 2b in the
main text and Ey; = Eg40)/dfyo, the effective built
in electric field in LaAlOs.

Using Egr40) = 5.6 eV and df’yo = 18.5 u.c. from
the main text, we obtain a value of m}, = 0.11m,, for the
reduced LaAlOj3 effective mass. The calculated curve for
Jz vs. dpao is shown on the right in Fig. 1c in light blue,
and is in excellent agreement with the data. On the other
hand, using the reported thin film LaAlO3 bandgap of
6.5 eV gives m7 = 0.14m,, for a calculated curve nearly
identical to the one shown in Fig. 1c of the main text.

In Zener tunneling models, the reduced mass is an av-
erage of the light hole (my) and electron (m,.) masses.
Our values of m7 = 0.11m, and 0.14m, are about a
factor of two smaller than the value of 0.27m, found in
the literature for metal to semiconductor tunneling in
MOS capacitors fabricated using LaAlOs as the dielec-
tric¥ This seeming discrepancy can be explained as fol-
lows: The effective mass (in the absence of manybody
effects) is roughly given by m* ~ Mmo.%*% Us-
ing Eyao) = 5.6 eV as the lower bound for LaAlO3,
this gives 0.28m,,, which is nearly equal to the value re-
ported in the literature, 0.27m, 18 For interband tunnel-
ing however, the reduced mass m?% = m; must be used,
which is an average of the electron and light hole masses:
ni;‘, = mih + mie, or roughly about half of the effective
mass, m: ~ m*/2 = 0.14m, using the 5.6 eV bandgaps.
When using the 6.5 eV bandgap, m} < m*/2 = 0.16m,,.
Interestingly, the values we obtain from the simulated
curves for the m¥, 0.11m,, (using 5.6 ¢V) and 0.14m,, (us-
ing 6.5 €V), within 80% of the expected values, 0.14m,,
(using 5.6 €V) and 0.16m, (using 6.5 eV).

Discussion on tunneling models:

Given that it is not clear from our measurements what,
if any role the electronic reconstruction plays, a certain
level of ambiguity remains in the band alignments con-
sidered in Fig. 2 of the main text and Supplementary
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FIG. 4: IV curves for a 17 u.c. sample using Pt and Au
electrodes with the same area. Higher currents are measured
when using a metal (Au) with a lower work funtion than Pt.

Fig.|2l Thus it is possible that the sharp J peak observed
in Fig. 1c is due to the LaAlO3 valence band aligning to
the SrTiO3 conduction band instead, or the metal on
the left of LaAlOj aligning with the LaAlO3 conduction
band on the right (across a triangular barrier). However,
as noted earlier, we stress that regardless of the source
of electrons during the tunneling process in Fig. 1c, the
fact that a sudden increase in current density is observed
above a critical thickness is indicative of a built-in po-
tential across LaAlO3 that grows with thickness. In any
of these cases, the desired band alignment occurs at the
critical thickness, giving rise to a sharp increase in cur-
rent. Our main conclusion is the same for any of the
tunneling scenarios mentioned above.

Also, from our measurements, we cannot accurately
confirm that the built-in potential grows exactly linearly
with thickness up to 20 u.c. Accurate determination of
this fact is well beyond the scope of this present work
and the measurement techniques used here. Given the
large bandgap of LaAlOg we have also assumed no Fermi
level pinning due to charge in the LaAlOs. If however
there is charge in or at the edge of the LaAlO3 (i.e. due
to excessive band banding, etc), more complicated band
diagrams will arise than the ones discussed here. Further
experiments with other probes and numerical modeling
are needed to understand this. Another caveat is the
fact that our measurements have been conducted at rel-
atively low biases to avoid damaging our ultra thin films.
It is possible that conduction under high bias is better
described by transport mechanisms not considered here
or other effects in the SrTiOj3 electron gas. While we
have presented a model that captures the general obser-
vations, more rigorous numerical calculations and other
experimental probes are needed for a full understanding
of the LaAlO3/SrTiOs band structure and band align-
ments.

10t 4 5uc
g‘ = 20uc
&) e 40uc

Q

O

[

© 3

©n10°F

7

() ]

o n u

— A

[ ]
m102—° 1
.10 | T ‘H.l.OO

Temperature (K)

FIG. 5: Sheet resistance, Rs, as a function of temperature is
shown for three sample thicknesses: the maximum (40 u.c.),
minimum (5 u.c.) and a middle thickness (20 u.c.) used in our
study. Measurements were performed on the same samples for
which data are shown in the main text.

As a final note, we point out that in the simulations
shown in Fig. 1c of the main text, all samples employ
Pt electrodes while the 30 u.c. sample employs an Au
electrode, as noted in the Methods section. This may
explain why J is slightly higher than the theoretically
calculated value for 30 u.c. in Fig. 1c of the main text,
since Au has a lower work function than Pt.

Metal work function dependence:

As noted in the main text, depending on the relative
value with respect to the LaAlO3 Fermi level, the metal
work function will modify the net LaAlOs built-in po-
tential which adds to or subtracts from the ionic built-in
potential. The difference in current densities between a
tunnel junction with an Au vs. Pt electrode are shown in
Supplementary Fig. [

Contact resistance and in-plane transport mea-
surements

To ensure that most of the voltage drop in the metal-
LaAlO3-SrTiO3 junction occurs across the heterostruc-
ture and not the electron gas, we have also measured the
in-plane sheet resistance of the samples. Three sample
curves are shown in Fig. [f] for samples in the low, middle
and high thickness ranges of Fig. 1c in the main text.
More resistivity data on LaAlO3/SrTiO3 interfaces fab-
ricated under the same conditions can be found in Ref
[5]13

Fig. 1c in the main text reveals that the lowest vertical
resistivity occurs for the 20 u.c. thickness. In this case,
for an applied V' = -0.1 V (electric field, E = V/dpa0
= 132 kV/cm) at 100 K, we measure a current density
of J = 6.23 pA/cm?, which in turn gives a junction re-
sistivity, p; = 21.2 GQ-cm. In comparison, the in-plane
resistivity of the 20 u.c. sample at 100 K can be estimated
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FIG. 6: IV measured between two wire-bonded contacts on
a 15 u.c. and a 17 u.c. thick sample at room temperature.
Such linear IV curves were measured on all samples to ensure
metallic contacts to the electron gas.

from the sheet resistance, Ry, shown in Fig. [5) which is
~ 1.5 kQ/O. The in-plane resistivity is given by p; =
tRs, where t is the electron gas thickness estimated to
be between 7 and 15 nm,2? for which the upper limit can
then be estimated using the 15 nm thickness, giving, p|
= 2.25 mQ-cm. Thus, we have p; ~ pj| x 10° for the
most conducting heterojuntion at 100 K under a -0.1 V
applied bias.

Using R, we can also estimate the voltage drop in the
electron gas plane (V})) for the 20 u.c. sample at 100 K.
In this case Vjj = JAR, where A = 0.3217 mm? is the
electrode area and J = 6.23 pA /cm? when a total voltage
of -0.1 V is applied across the sample. Using Ry for the
resistance across the 5 mm X 5 mm square, we obtain
V| = 30 pV. This is four orders of magnitude smaller
than the total voltage drop across both the junction and
the electron gas, 0.1 V. Thus, in this case, 99.97% of
the voltage drop occurs across the heterostructure. The
remaining samples, which are more insulating than the
20 u.c. sample, will have an even larger percentage of the
voltage drop occurring across the heterostructure.

Additionally, JV curves between two contacts to the
electron gas at approximately the diagonals of each 5 mm
X 5 mm sample were measured to ensure linearity. See
Supplementary Fig. [] and compare to Supplementary
Fig. As can be seen, the in-plane currents are nearly
six orders of magnitude higher than the vertical transport
currents. Fig. 4 also demonstrates ohmic contacts to the
electron gas. Overall, our in-plane vs. vertical measure-
ment analysis ensures that the electron gas is not the
source of the observed rectifying JV or the thickness de-
pendence.

Two-band model simulations:

To compliment the analytical tunneling model used to
describe the transport across the LaAlO3/SrTiO3z het-
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FIG. 7: Two band calculations reveal qualitative agreement
with measured data shown in Fig. 1c of the main text: 1) The
observed rectifying behavior is reproduced, 2) the same cur-
rent value range is reproduced, and 3) the observed thickness
dependence is reproduced.

erostructure, we use a simple numerical approach to sim-
ulate JV curves across the band diagrams shown in Sup-
plementary Figs. [T and

Current voltage characteristics were calculated using
the so called Keldysh formalism within the Non Equilib-
rium Green’s Function approach (NEGF)2% A two band
Hamiltonian was set up where the band gap and effec-
tive mass of the conduction band and valence bands can
be used as input parameters. The advantage of using
such a two-band model is the fact that any interband-
tunneling process is automatically included. Finally a
real space Hamiltonian was formed assuming nearest
neighbor coupling. To set up the electrostatic profile,
a built in field Ej; was assumed to be present across
LaAlOj3. Furthermore, a band offset AE, was assumed
at the LaAlO3/SrTiO; interface. 1D electronic transport
was calculated by solving for the Green’s function assum-
ing infinite leads where the lead self-energies were calcu-
lated in a recursive fashion following a modified Sancho-
Rubio approach?? Finally, the the total current was cal-
culated by summing over the modes in the transverse
directions.

Fig. [7]shows the calculated JV for various thicknesses
of the LAO layer. For this we have used a bandgap of
Egyra0) = 6.5 eV rather than the bulk value of 5.6 eV,
a conduction band offset AE,. = 3.3 ¢V and a built in
electric field Ep; = 0.9 V/nm, corresponding to the band
diagrams shown in Supplementary Figs. [[] and 2l The
SrTiO3 was modeled as a wide bandgap semiconductor.
Band profiles similar to those shown in Supplementary
Figs. [l and [2| were used as an input for various thick-
nesses. For consistency with the tunneling model fits,
the effective mass was chosen to be 0.14m,. In addition,
since applied voltages are much smaller than the internal
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FIG. 8: a, shows both Cp and Cgs for the 10 u.c. sample.
The ideal and measured capacitance across the LaAlOs are
labeled. b, Complex phase angle for the 10 u.c. sample. c,
Cp and Cs for a 30 u.c. sample. Cp is also shown in Fig.
4a, main text. d Circuit diagram for the parallel and series
complex impedance model.

energy scales (e.g. band-gap, built-in voltage etc), charge
self-consistency was ignored.

The calculated JV show asymmetric behavior quali-
tatively reproducing the features obtained in the exper-
iment. The local density of states confirms direct tun-
neling in the forward bias (+V') and interband tunneling
in the reverse bias region (—V'). The results also repro-
duce the intriguing thickness dependence of the reverse
bias (—V) current (with a maximum current density mea-
sured for the 20 u.c.). Although no particular effort was
made to optimize the parameters to exactly fit the exper-
iment, the chosen set of parameters reproduce the values
of the current in the same quantitative range as obtained
in the experiment. A more rigorous analysis will require
a self-consistent evolution of the band profile as the thick-
ness is changed.

Section II. Capacitance measurements across
metal/LaAlO3/SrTiO; tunnel junctions

Capacitance measurements are often ambiguous and
complicated by the fact that commercial capacitance
bridges compare the measured complex impedance to ei-
ther a series or parallel resistor-capacitor model shown at
the bottom right of Supplementary Fig. [8] For an ideal
capacitor the series resistance (contact resistance) Rg is
negligible while the parallel resistance (dielectric resis-
tance) Rp is very large, and the measured capacitance
is model independent (both Rp and Rg can be ignored).
Hence Cp = Cg for an ideal capacitor and the measured
phase angle (§) of the complex impedance will be § =
90°.

Supplementary Fig. shows capacitance-voltage or

CV curves measured for a 10 u.c. sample, which is typ-
ical for samples with thicknesses below 20 u.c.. Supple-
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FIG. 9: Cp vs. fand § vs. f for both a 5 u.c. and a 30 u.c.
sample showing the RC' roll-off frequencies.

mentary Fig. shows the complex phase angle, which
remains at § = 90°, except for a peak during the de-
pletion transition to the low C value. Thus, the sample
exhibits near ideal capacitor response throughout the ap-
plied voltage range and is qualitatively similar to the re-
sponse expected for a MOS capacitor Y The dashed lines
indicate the ideal and measured capacitance expected
across the LaAlO3 assuming bulk dielectric constant of
~ 20. The measured capacitance gives an LaAlO3 di-
electric constant of ~ 10, which is a factor of two less
than expected. This is however not unusual for ultra
thin films since there are voltage drops associated with
the electrode-dielectric interface which strongly affect the
measured capacitance .28

Supplementary Fig. [8c shows a C'V curve for the same
30 u.c. sample shown in Fig. 4a of the main text. The
associated §(V') curves are shown in Fig. 4 of the main
text. For samples with thicknesses > 20 u.c., we find
that C'p and Cg diverge while § becomes less than 90°,
coinciding with the onset of Zener tunneling. Thus as
charge carriers are introduced into the LaAlO3 bandgap,
the LaAlOg effectively becomes a leaky dielectric. Thus
we observe the sudden deviation in ¢ from 90° while the
capacitance values strongly depend on the circuit model
chosen to analyze the data. In the main text, we show
Cp in Fig. 4a since that is the value generally reported
in the literature for MFIS or MFIM capacitors.

The measurement frequencies for all data shown in Fig.
4, main text, were 100 Hz to 10 kHz. As can be seen in
Supplementary Fig. [0 these are mostly below the RC roll-
off limit at 10 K.
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