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As a quest for two-dimensional conducting interface with exotic functionalities for future electronic devices, the
perovskite heterointerface of LaAlO3/SrTiOs (LAO/STO) has been intensively studied. For the LAO/STO heter-
ostructure, the critical thickness of the LAO layer for metallic conduction is 4 unit cells (uc) according to the
polar catastrophe scenario. However, we find that metallic conduction can also be induced at the LAO/STO
interface with only 1 uc of LAO, as long as it is capped by 3 or more uc of STO. Consistent results are obtained
from density functional theory calculations. For this STO/LAO/STO trilayer, we also confirmed a peculiar non-
BCS-type superconductivity with a suppressed superconducting gap, which may imply a superconducting
coupling distinct from previously reported BCS-type superconductivity in LAO/STO heterointerface. These ob-

servations suggest that the STO/LAO/STO trilayer can be another testing board to explore carrier conduction in
two-dimensional electron systems for electronic device applications utilizing exotic functionalities.

1. Introduction

Since its discovery by Ohtomo and Hwang in 2004 [1], the two-
dimensional electron gases (2DEGs) formed at the interface between
the band insulators LaAlO3 (LAO) and SrTiO3 (STO) have attracted great
interest. Besides the striking formation of 2DEGs, various properties
including Rashba spin—orbit coupling [2,3], ferromagnetism [4,5], and
superconductivity [6] were also reported from this heterostructure
system. Some scenarios involving oxygen vacancies [7], cationic inter-
diffusion [8], a polar catastrophe [9,10] have been suggested for re-
searchers to understand the origin of the 2DEGs formed at the hetero-
interface between the two different band insulators of LaAlOsz and

SrTiOs. The polar catastrophe scenario explains the emergence of 2DEGs
by an electronic reconstruction (transfer of negative charges from the
LAO surface to the embedded interface), which prevents the divergence
of electrostatic potential built up by layer-by-layer addition of the
alternating polar LaO and AlO; slabs on the TiO; terminated STO(1 0 0)
substrate. This scenario requires that the LAO thickness is equal to or
larger than 4 unit cells (uc), so that an overlap occurs between the
conduction band of the surface LAO layer and the valence band of the
interface STO to enable the charge transfer for the electronic recon-
struction. For the ‘critical’ thickness of LAO (4 uc), there have been ef-
forts to reduce it by capping surface with various metals [11-13].
Two-dimensional interfacial conduction between metallic
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Fig. 1. (a) RHEED intensity of (SrTiO3)4/(LaAlO3),/SrTiO3. Red line shows one-unit cell of LaAlO3 and blue line shows four-unit cell of SrTiOs. (b) AFM image of the
trilayer system. (c) Cross-sectional HR-TEM image for (SrTiO3)30/(LaAlO3)1/SrTiO3. A one unit-cell-thick LaAlO3 stands out from the SrTiO3 background of the
substrate and the capping layer. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

perovskites was also reported in STO/LAO/STO triple-layered system,
which provides an alternative to the LAO/STO [14-16]. The interface
conduction appears after depositing a capping STO on LAO/STO even
when the thickness of the LAO layer is less than 4 uc. The common
observation in these reports is the parallel two-dimensional conducting
channels, unlike what is observed from uncapped LAO/STO, consisting
of electron- and hole-type carriers at the two different interfaces: elec-
tron conduction at the interface of LAO and STO substrate (LaO/TiO5)
and hole conduction at the interface between the LAO and the STO
capping layer (SrO/AlO2). However, there is discrepancy in the mini-
mally required thickness of the sandwiched LAO layer for the onset of
metallic conduction. Huijben et al. observed the metallic conductivity
even from sample with a 1-uc-thick LAO layer [14] whereas other
studies [15,16] reported that at least a 2- or 3-uc-thick LAO layer is
needed to induce the accumulation of carriers at the interfaces. Also,
about the origin of observed metallicity, it was suggested that the polar
discontinuity, accompanying the shift of the O 2p states and expanded
dispersive O 2p surface state trigger the electronic reconstruction [15].
Recently, however, Su et al. suggested head-to-head polarization, arising
from the strain-field interference due to the tensile strain at the bottom
interface and a parasitic flexoelectriclike effect exerted onto the top
counterpart [17].

As mentioned above, although there have been such reports on the
trilayer STO/LAO/STO with LAO slabs with a thickness larger than 2-uc,
focused study on the same system but with extremely thin (1 uc) LAO is
absent up to now. Moreover, the superconducting property of this ‘triple
structure’ has never been reported to our knowledge. In this work, we

studied electronic transport properties of LAO/STO capped with STO.
Even though the LAO layer is thinner than the critical thickness, 4 uc,
interface conduction in this trilayer system occurs if the total thickness
of the LAO and STO films equals or exceeds 4 uc even with a 1-uc-thick
LAO layer. Additionally, we studied the superconductivity in LAO/STO
capped with STO by investigating the supercurrent transport in a ver-
tical superconducting tunnel junction with an Al counter electrode. We
found that this trilayer system exhibits superconductivity, and the
temperature dependence of the superconducting energy gap does not
follow BCS theory. Our results not only contribute to the study of
reducing the critical thickness of LAO less than 4 uc in LAO/STO, but
also suggest that two-dimensional electron system in trilayer STO/LAO/
STO may be another conducting interface with yet unexplored
functionalities.

2. Materials and methods
2.1. Preparation of the STO/LAO/STO trilayer

TiO9-terminated SrTiO3 (STO) substrate was prepared by selectively
etching SrO by using buffered oxide etch. Before film growth, the STO
substrates were annealed at 950 °C under an oxygen pressure of 2 x 107
Torr for 2 h. LaAlO3 (LAO) film of 1-4 uc and then STO capping layers of
1-10 uc were deposited on the STO substrate at 750 °C under an oxygen
pressure of — 107> Torr. The laser pulse energy was 120 mJ with a
repetition rate of 1 Hz. After growth, the samples were annealed in situ
in an oxygen-rich atmosphere (500 mTorr) at 750 °C for 30 min and then
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Fig. 2. (a) Schematic atomic structures of (SrTiO3),/(LaAlO3),,/StTiO3. Blue(gray) octahedral represents SrTiO3(LaAlO3). Small red spheres at the vertices of the
octahedron are oxygen atoms. For simplicity, cations and the bottom two unit cells of SrTiO3 substrate are not shown. (b) Temperature dependence of sheet resistance
for (SrTiO3),/(LaAlO3),/SrTiO3. Inset is a zoomed graph at low temperature. (c) and (d) Temperature dependences of carrier density and mobility for (SrTiO3),/
(LaAlO3),/SrTiOs. (e) Conductivity of the interface at room temperature as a function of the thickness of the LaAlO3(m) and SrTiO3(n) layers. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

cooled to room temperature under the same oxygen pressure.

2.2. Fabrication of superconducting tunnel junction

A Hall bar pattern with dimensions of 5 pm x 20 pm was litho-
graphically defined on the (STO);/(LAO);/STO trilayer. To prevent
probable current leakage, the edges of the conducting interface in this
heterostructure were covered by hardened PMMA (polymethyl meth-
acrylate). An Al (140 nm)/Ti (10 nm) top electrode was then deposited
on the oxide Hall bar by rf sputtering to make a vertical superconducting
tunnel junction.

2.3. Electrical transport measurements

The temperature-dependent sheet resistance of the unpatterned tri-
layer samples was measured using the van der Pauw method (Quantum
Design PPMS). For experiments on the superconducting tunnel junction,
we used a dilution refrigerator to measure the superconducting energy
gap of the trilayer. We measured I-V and dI/dV-V for the interface
channel and the tunnel junction by using the conventional four-point dc
and ac technique.

2.4. Density functional calculations

Density functional theory (DFT) simulations were performed using
Vienna ab initio simulation package (VASP) [18] with generalized
gradient approximation (GGA) for the exchange correlation potential in
projector augmented-wave basis. Experimental lattice constant (0.3905
nm) of STO was used for the in-plane lattice in calculations. Considering
the coherent in-plane lattice constant of LAO slab (~0.379 nm) to that of
STO revealed by transmission electron microscopy measurement in
Fig. 1c, the sandwiched LAO layer is subjected to tensile strain due to
lattice mismatch. Dipole corrections were included to eliminate any

artificial electric field across due to supercell configurations. Energy
cutoff of 600 eV and a 15 x 15 x 1 k-point grid are used where force
criteria of 10-2 eV/A is employed for atomic relaxations

3. Results and discussion

LAO and STO layers of various thickness were grown on TiOz-
terminated STO substrates. The layer thickness was controlled by
observing reflection high-energy diffraction (RHEED) patterns during
growth. Fig. 1a is RHEED intensity graph showing that the LAO and STO
layers were deposited in a layer-by-layer growth mode. As shown in the
AFM image of Fig. 1b, the final trilayer surface was smooth and fine with
wide terraces. Fig. 1c is high-angle annular dark-field and annular
bright-field scanning transmission electron microscopy images of
(STO)30/(LAO)1/STO sample. The 1-uc-thick LAO film can be seen
clearly, with the La atoms standing out from the array of Sr atoms. It
appears that the LAO film is fully strained, and that the interfaces are
atomically sharp and free of defects such as misfit dislocations.

We investigated the electrical transport property of the (STO),/
(LAO),,/STO samples measured by the van der Pauw method, and its
dependence on the number of unit cells n and m (see Fig. 2a). Fig. 2b is
the temperature dependence of the sheet resistance(R;) of (STO),/
(LAO)1/STO trilayer samples with m = 1 (1 uc LAO). All the samples
showed metallically decreasing resistance as the temperature was low-
ered. Noticeably, the samples with mere 1 uc of LAO layer (m = 1),
though it is far thinner than the well-known critical thickness of 4 uc for
the LAO/STO heterostructure, exhibits electrical conduction as long as
the thickness of the capping STO layer is 3 uc or above. In previous
works, similar results were reported; STO/LAO/STO trilayer samples
showed electrical conductivity even when the LAO thickness was less
than 4 uc [15,16]. However, we observed metallic conduction even in
samples with an extremely thin LAO layer (1 uc) as shown in Fig. 2b,
whereas insulating property was reported for similar circumstances in
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Fig. 3. (a) Layer-resolved density of state (DOS) for (SrTiO3),/(LaAlO3),,/SrTiO3 referenced at the bottom of the Ti 3d band at the interface. (b) Comparison of
bandgap energy for (SrTiO3),/(LaAlO3);/SrTiO3 and (LaAlOs),/StTiOs. (b) Comprehensive picture for bandgap energy, E,, for (SrTiO3),/(LaAlO3),,/SrTiO3 as

function of n and m.

the previous works. This observation is surprising since it indicates that
sandwiching only two alternating polar slabs in LAO induces a two-
dimensional metallic channel.

In addition, the thickness dependence of the sheet resistance at low
temperature is notable: R at relatively high temperatures, which is not
well-ordered respect to the number n of the STO capping layers, becomes
ordered below T ~ 10 K with an inverse tendency exhibiting a lowest
value for the thinnest STO (n = 3) as shown in the inset of Fig. 2b. This
result indicates that the conductivity of two-dimensional metallic
channel becomes optimal at low temperature with lowering the thick-
ness of STO capping layer and also implies lowering the thickness of STO
capping layer affects the carrier density(n;) and mobility(x). Fig. 2c and
Fig. 2d show the temperature dependences of ng and x of (STO),/
(LAO)1/STO with different STO capping layer thickness n, extracted
from Hall measurements and sheet resistances. As shown, each ng and p
are not ordered with respect to n due to especially the sample of n = 5.
Considering the fact of R; = 1/qnsu of where q is charge of a carrier, the
overall shape of the R-T curves in Fig. 2d is dominated by the y rather

than ng since the overall shape of temperature dependences of inverse y
(u~1-T curves) is similar to the RT curves. However, the reordering of
R, with respect to n at low temperature (see the inset of Fig. 2b) is
attributed to the temperature dependency of ng as shown in Fig. 2c
whereas its origin is unclear in current: the most rapidly decreased n;
with decreasing the temperature for the sample of n = 5 (the next isn =
7, see Fig. 2¢) and the observed almost similar ratio of u between the
different n in the measured temperature range (see Fig. 2d) reorder the
values of R; (~1/nsu) with respect to n at low temperature. Further study
is needed to elucidate the exact origin of the behavior of n; with respect
to temperature.

To obtain a comprehensive picture about the onset of conduction, we
assessed the room-temperature electrical conductivity of the (STO),/
(LAO),,/STO trilayer samples as a function of m and n. As shown in
Fig. 2e, we find that the trilayer system becomes conductive when m + n
> 4. For example, in the case of m = 2, the trilayer system is conductive
only when n is 2 or higher. When the total film thickness is less than 4,
we could not observe metallic conduction for the any combination of m
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Fig. 4. (a) Schematic of the Al/Ti/(SrTiO3);/(LaAlO3),/SrTiO3 tunnel junction. In four-probe measurement for the two-dimensional interface (the Josephson
junction), current is applied from I, to I (from I;, to I;) and voltage is simultaneously measured between V., and V. (between V;, and V;-). (b) The evolution of I-V
characteristic curve of the oxide interface with temperature. (c) I-V characteristic curve of two dimensional interface channel by sweeping the current at T = 20 mK.
Arrows indicate the sweep direction of current bias. (d) Temperature dependence of the superconducting critical current, (I, black filled circle) and the return
current, (I, red filled circle) for positive polarity in (SrTiO3);/(LaAlO3),/SrTiO3. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

(LAO) and n (STO). Our findings about the LAO and STO capping layer
thickness are summarized as follows: (i) m + n > 4 is a prerequisite to
triggers the observed carrier doping at the interface and (ii) metallic
conduction occurs also in samples with mere 1-uc-thick LAO.

Our experimental observations were confirmed by theoretical cal-
culations. Fig. 3a is the layer-resolved density of states of LAO/STO and
STO/LAO/STO. These results indicate that the STO capping impacts
dramatically on the electronic structure of LAO/STO. For the LAO/STO
heterostructure (n = 0, m = 4), the O 2p state in the LAO film gradually
shifts towards the Fermi energy as getting closer to the surface. As a
result, the band gap decreases with increasing LAO thickness and
eventually vanishes when it reaches 4 uc (Fig. 3a and 3c), consistent
with a previous study [19]. For the 4-uc LAO layer (m = 4), charge
transfer occurs from the surface AlO; into the interface Ti dyy, which
induces fractional occupation of tyg orbital states of the Tidt (3dl) state.
This supports the well-known polar catastrophe scenario, and explains
the experimental result for m = 4. Note that the band gap of STO in the
calculated density of states is smaller than 3.2 eV of the experiment due
to the well-known underestimation of band gap in DFT. For the (STO),/
(LAO),,,/STO trilayer, theoretical calculation shows that O 2p state of
TiO; slabs in the STO capping layers also shifts upward as they approach
to the surface. This unexpected valence band shift in nonpolar STO slabs,
although the shift is slower than in LAO (see the dotted circle in Fig. 3a),
originates from the presence of built-in potential within STO layer,
which stems from buckling by atomic relaxations. The 1-uc-LAO on STO
substrate is insulating (see Fig. 3¢, n = 0), but the bandgap disappears
after adding 3 uc or more of STO capping layers (Fig. 3b and 3c), as in
LAO/STO. Here, it should be noted that the O 2p state of the TiO5 surface
slab shift significantly towards the Fermi energy compared to the state at

the subsurface (see upper side in the dotted circle in Fig. 3a). This is
attributed to the expanded O 2p surface state which is analogous to the
one on the clean STO(0 0 1) surface [20,21]. Eventually, the electron
transfer from O 2p of the surface to the interface Ti dyy is enabled by STO
capping, resulting in an insulator-to-metal transition. In addition, Fig. 3b
shows that the band gaps of (STO),/(LAO),/STO with a total thickness
of 4 uc or less are similar but slightly smaller than those of corre-
sponding (LAO),1/STO. Closing of band gap is found in DFT calculation
when the total thickness of the LAO and STO capping layers, m + n, is 4
uc. This result is consistent with the experimental result shown in
Fig. 2Ze.

For further investigation of the trilayer system, we made a Josephson
junction device using (STO)7/(LAO);/STO. A Hall bar-type mesa was
fabricated by using photolithography and Ar-ion milling for investi-
gating whether the oxide interface exhibits superconductivity at low
temperatures (see Fig. 4a). Additionally, a vertical tunnel junction was
integrated in the device by depositing a Ti (10 nm)/Al (140 nm)
superconducting electrode in a cross-strip configuration, and informa-
tion on the superconducting energy gap of (STO);/(LAO);/STO was
obtained. As shown in Fig. 4b, at temperatures below T, = 180 mK, the
two-dimensional channel resistance drops to zero, and the cur-
rent-voltage (I-V) characteristic curves show a superconducting state.
The superconducting critical temperature of (STO);/(LAO);/STO is
comparable with those of typical LAO/STO heterostructures [6]. Fig. 4c
shows the I-V characteristic curve measured at T = 20 mK, where the
critical currents are asymmetric for positive and negative polarities.
Considering the possibility of coexistence ferromagnetism and super-
conductivity in our samples, as in the case of LAO/STO heterostructure
[22,23], the asymmetric I-V characteristic can be attributed to the
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Fig. 5. (a) Temperature-dependent I-V characteristics of the Al/Ti/(SrTiO3);/(LaAlO3),/SrTiO3 tunnel junction. (b) The dI/dV-V curve of the tunnel junction at 140
mK, showing a clear peak at the voltage of 12 pV. The inset provides a clear peak at 78 pV. (c) Temperature dependence of the superconducting energy gap of the
interface superconductor A, estimated from the voltage jump in the I-V curve (open circle) and from the peak position in the dI/dV-V curve (filled circle). The solid
line is the best fit to an empirical formula with @ = 1.12 and 4,(0)/kgT. = 1.31, while the dashed line is a fit to the BCS formula with a = 1.74. (d) Temperature
dependence of the critical current (I, filled circle) and the retrapping current (I, open circle) of the tunnel junction. The solid line is a fit to the Ambegao-

kar-Baratoff relation.

ferromagnetic feature of our trilayer [24]. At the temperature below 155
mK, the I-V curve is hysteretic; at T = 20 mK, the critical current and the
return current for positive polarity are I, = 1.2 pA and I, = 55nA,
respectively (See Fig. 4c). Fig. 4d shows that the critical current for
positive polarity decreases with increasing temperature, while the re-
turn current for positive polarity has almost no temperature dependence
up to T = 155 mK. The critical current becomes identical to the return
current above T = 155 mK.

Fig. 5a is a set of representative I-V curves of the tunnel junction
measured at various temperatures. At temperatures below 150 mK, the I-
V curve at the tunnel junction shows a superconducting state, and a
resistive state is presumably from the tunneling of quasi-particles. Note
that the junction critical current (1Y) is much lower than the critical
current (I;)) of the patterned two-dimensional channel of (STO);/
(LAO)1/STO. At T = 20 mK, the junction critical current and the normal
resistance are I = 85nA and R, = 140 Q, respectively. The hysteresis
shown in the I-V curves is typical of capacitively coupled Josephson
junctions.

Fig. 5b shows the differential conductance of the tunnel junction as a
function of the junction voltage at T = 140 mK. Above T = 110 mK, two
conductance peaks are observed in the quasi-particle branch. One of the
conductance peaks appears at V; = 12 pV and another at Vo = 78 pV (see
inset). Conductance peaks in the quasi-particle branch of a Josephson
junction gives information about the energy gap of the superconductors
consisting the tunnel junction. For a superconductor/insulator/super-
conductor (S/1/S') asymmetric Josephson junction of which the two
superconductors have different superconducting energy gaps, A; and A,,
quasiparticle tunneling peaks in the differential conductance curve will
appear at the bias voltages of |41 — A2|/e and (41 + Az)/e. Considering
that the superconducting energy gap of Al is about 100 ~ 120 peV, it is

impossible to explain the appearance of two conductance peaks at the
same time. On the other hand, if the sample is modeled by a supercon-
ductor/normal/superconductor (S/N/S') asymmetric Josephson junc-
tion, the two peaks can be explained by Andreev reflections between the
Al electrode and the oxide interface. This suggests that our tunnel
junction is a S/N/S’ asymmetric Josephson junction.

For an S/N/S’' asymmetric Josephson junction, a series of peaks
attributed to multiple Andreev reflections can be observed from dI/dV
measurements [25,26]. It appears that only the lowest order reflections
are observed in our case. Assuming that the two conductance peaks
represent the superconducting gap energies, by V1 =A;1/eand Vy = Ay/e,
we obtained the temperature dependence of 4; from the peak voltage of
the dI/dV-V curve from T = 110 mK to 180 mK. However, at tempera-
tures below 100 mK, we estimated 4; from the voltage jump in the I-V
curves, since the conductance peaks indicating A; were not observed.
The reason for estimating A; from the voltage jump was specified in
Appendix A. Fig. 5¢ shows a temperature dependence of A; from the
voltage jumps in the I-V curves (open circle) and the peak voltages of the
dI/dV-V curves (filled circle). Fitting the data to the empirical formula
A(T) = Ay(O)tanh[a(T./T-1)'/?] gives a = 1.12 (solid line), which de-
viates from a = 1.74 (dashed) expected from BCS theory. The measured
It data fit well to the Ambegaokar-Baratoff [27] relation adopting the
non-BCS-type A1(T) for the interface superconductor and a BCS-type
Ao(T) for Al as shown in Fig. 5d. In addition, we measured the mag-
netic field dependence of It by measuring I-V curves in the applied
magnetic field ranged from —60 mT to —60 mT. In these measurements,
we observed Fraunhofer pattern confirming the Josephson junction.

As a final remark, we comment on the observed nontrivial super-
conductivity in STO capped LAO/STO heterointerface. The value of
A/kgT, = 1.31 obtained from Fig. 5c is definitely lower than the
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canonical BCS model value of 1.76, whereas a value confirming to the
BCS model, A/kgT. ~ 1.7, was reported for the bare LAO/STO [28]. This
result along with the numerical analysis results discussed above obvi-
ously indicates that the superconductivity of STO-capped LAO/STO is
‘non-BCS-type’ with much weaker coupling, which is different from the
normal BCS-type weakly coupled superconductivity of LAO/STO [29].
In fact, the A/kgT, in LAO/STO [28] was measured by using the ‘planar’
structured N/S junction device which was different to our device. There
may be concerns about variations in A/kgT. depending on the geometry
of device. In fabrication process for the planar structured N/S junction,
Ar-ion etching which may generate oxygen vacancy was included to
connect the normal metal to superconducting 2DEGs in LAO/STO. On
the other hands, our device consist of vertical tunnel junctions is free
from the oxygen vacancy since the Ti and Al layers were only deposited
vertically on the capping STO layer without an etching process. There-
fore, we believed that the vertical tunnel junction gives more accurate
information on A/kgT.. In addition to our results, non-BCS-type super-
conductivity with a suppressed gap has been reported for uncapped (1 1
0)-oriented LAO/STO interface [30]. The gap suppression is attributed
to a Lifshitz transition induced by electrostatic gating, which populates a
second band and turns the system from a BCS-type single-condensate
superconductor to a two-condensate superconductor. However, such a
Lifshitz transition was not observed in our STO/LAO/STO trilayer sys-
tem. These observations indicate that the electrical conduction in STO/
LAO/STO has different nature from that of bare LAO/STO. The detailed
analysis and interpretation on the electrical-transport in STO-capped
LAO/STO will be reported elsewhere.

4. Conclusions

In this work, we have demonstrated experimentally and theoretically
that an electrical conduction channel is introduced in the STO/LAO/STO
system when the total thickness of the LAO and the STO capping layer
equals or exceeds 4 uc, and that the conduction is associated with charge
transfer from the STO surface to the interface. Electrical-transport
measurements showed that the interface electron system of the STO/
LAO/STO formed a superconducting phase below T = 180 mK. We ob-
tained the superconducting energy gap of STO/LAO/STO from
electrical-transport measurements, and found that the temperature
dependence of the superconducting energy gap with suppressed super-
conducting energy gap did not follow BCS theory. The vastly weak-
coupled superconductivity of STO/LAO/STO, suggested from our re-
sults, is peculiar in comparison with the BCS-type superconductivity
reported from bare LAO/STO. The STO/LAO/STO trilayer system can be
a new testing ground for investigating unconventional superconducti-
vity at oxide interfaces.
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