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We report on the transport properties of hybrid devices obtained by depositing
graphene on a LaAlO3/SrTiO; oxide junction hosting a 4 nm-deep 2-dimensional
electron system. At low graphene-oxide inter-layer bias, the two electron systems
are electrically isolated, despite their small spatial separation. A very efficient
reciprocal gating of the two neighboring 2-dimensional systems is shown. A pro-
nounced rectifying behavior is observed for larger bias values and ascribed to
the interplay between electrostatic field-effects and tunneling across the LaAlO;
barrier. The relevance of these results in the context of strongly coupled bilayer
systems is discussed. © 2016 Author(s). All article content, except where other-
wise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http:/fcreativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4953821]

Graphene is widely investigated in view of possible device applications owing to its excel-
lent, electric-field tunable electronic properties,1 its chemical and structural robustness, its ease of
production and integrability with a plethora of other material systems.? In addition, because of its
single-atom thickness, its properties can be very sensitive to the local environment. In particular,
interaction with the host substrate offers new ways to tune the properties of graphene and the case
of functional transition metal oxides is of significant interest. For instance, graphene field-effect
transistors (FETs) built on ferroelectric Pb(Zr, Ti)O3 substrates display pronounced memory ef-
fects, ultra-low voltage operation,® and open the way to novel nanoplasmonic devices.* Similarly,
graphene photo-sensitivity was shown to increase 25 times on TiO, substrates’ and intriguing
magnetic phenomena are actively pursued in devices combining graphene with EuO substrates® or
magnetic La,Sr;_,MnOj3 electrodes.”

In the family of transition metal oxides, interfaces between the bulk band insulators LaAlO3
(LAO) and SrTiO; (STO) occupy a special place due to their multiple, electric-field tunable prop-
erties, such as conductivity,®® superconductivity,'®!! magnetism,'>!3 and spin-orbit coupling.'*
These phenomena stem from the emergence of an interfacial two-dimensional electron system
(2DES) when more than 3 unit cells (u.c.) of LAO are grown on a TiO,-terminated STO crystal.
Such 2DES is located only a few nm below the surface and its properties are therefore extremely
sensitive to other materials deposited on this surface, such as metals'> or other oxides.'® In this
scenario, hybrid structures combining graphene with LAO/STO junctions represent an exciting plat-
form in which novel phenomena may emerge from coupling effects between the respective 2DESs.
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In particular, collective interlayer-correlated phases driven by the strong Coulomb interactions
could result at low temperatures, in analogy to what observed in graphene/GaAs/AlGaAs systems.!”
Furthermore, different magnetic or superconducting properties may be induced in graphene due
to the proximity interaction with the ordered phases of the interfacial 2DES. In order to enable
the exploration of these possibilities, the necessary starting point is a clear understanding of the
transport behavior of these hybrid systems. LAO/STO-graphene systems, however, have been so far
little studied. In a recent paper,'® graphene was integrated with insulating LAO/STO substrates with
subcritical LAO thickness, where a scanning probe microscope was used to “write” nanometer-wide
conductive regions on the oxide system'? and graphene was used as a gate electrode controlling the
conduction of these nanowires at the LAO/STO interface.

Here we report on extended (~10* um?) junctions between monolayer graphene grown by
chemical vapor deposition (CVD) and a conductive, 4 nm-deep LAO/STO interface hosting a
2DES. Our results demonstrate that strong electrostatic coupling with virtually no leakage can
be obtained at room-temperature (RT) between a two-dimensional hole gas in graphene and the
LAO/STO 2DES, as long as the graphene-oxide bias Vg is sufficiently small (|Vgol S 1 V).
At larger values of |Vgo|, we report strongly non-linear transport across the vertical graphene-
LAQO/STO junction that will be linked to tunneling currents between the two electron systems.

The device structure adopted in this work is illustrated in Fig. 1. High-quality 2DESs were
obtained by growing 10 u.c.-thick LAO films on TiO,-terminated STO chips by pulsed laser depo-
sition.? Cr/Au alignment markers were fabricated by e-beam lithography and thermal evaporation
and no additional processing was carried out in order to minimize contamination and damage of
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FIG. 1. Monolayer of CVD graphene crystal deposited on LAO/STO. (a) Sketch of the device architecture and (b) optical
image of a representative three-terminal graphene/LAO/STO device for electrical transport studies at room temperature.
Raman microspectrocopy of the contacted CVD graphene monocrystal in a fabricated device, showing the (c) map of the
integrated intensity of the 2D peak and the (d) Raman spectroscopic analysis of the graphene crystal. The substrate-free
graphene spectrum (red line) was obtained by subtracting Raman spectra acquired on regions covered by/free of graphene
(dotted pink/dashed blue); the spectrum is compatible with a single layer crystal and the absence of D peak reveals that
graphene’s good quality is maintained during the fabrication procedure.
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the oxide system. Single-crystalline graphene flakes typically measuring 100 ym in diameter were
grown by CVD on flat, ex situ passivated Cu foils.”! Graphene crystals were finally deposited
on the clean surfaces of LAO/STO heterostructures using a polymer-based transfer process*> and
localized, thanks to the Cr/Au markers. The device architecture was designed taking particular
care to avoid spurious electrical losses across the ~4 nm-thick LAO barrier. An insulating layer of
200 nm of cross-linked PMMA was inserted between the LAO/STO and graphene electrodes (see
the sketch of Fig. 1(a) and the optical picture of Fig. 1(b)), so that the only electrical path between
the contact leads and the LAO/STO 2DES occurred vertically through the graphene-LAO/STO
junction. The correct alignment of the flakes and their quality at the end of the process were as-
sessed through Raman spectroscopy, as shown in Figs. 1(c) and 1(d) for one of the studied devices.
Given the relatively strong background signal from the LAO/STO substrate, Raman spectra were
processed by subtracting the response of the bare oxide heterostructure (see Fig. 1(d)). Once this
background signal was removed, Raman emission clearly indicated that the graphene flake was
a high-quality monolayer, with a single-Lorentzian 2D peak, the expected G/2D peak ratio for
monolayer graphene and no discernible D peak throughout the crystal.”® The correct alignment and
uniformity of the flake is demonstrated in Fig. 1(c), where we report a Raman map integrated over
the spectral region 2600-2800 cm™! corresponding to the 2D peak.

Device parameters and structure were chosen to achieve strong electrostatic coupling between
the 2DESs in graphene and in the LAO/STO heterojunction, with negligible tunneling in the
small interlayer bias (Vgo) limit. Based on electron affinity values,>* we estimate a large (>2 eV)
graphene-LAO barrier (see Fig. 2(a)) that should electrically decouple the two electronic systems.
At present many of the band parameters of the junction, in particular the exact band offsets and,
consequently, the built-in field in the LAO layer, are still debated [Refs. 25 and 26, and references
therein]. In addition, the triangular quantum well potential at the LAO/STO interface confines
the motion of oxide electrons to a non-trivial set of 2D subbands characterized by different and
anisotropic effective masses.”’~> In the following, the interface 2DES will be simply described by
a single isotropic 2D subband and charge transport between the two 2DESs will be assumed to
occur via direct tunneling across the ~4 nm LAO barrier. The electrostatic coupling between the two
2DESs is described in terms of a capacitor in which the electrodes have a finite density of states
(DOS), as explained in detail in Section I of the supplementary material.>

The typical transport properties of a representative graphene-LAO/STO hybrid device are re-
ported in Fig. 2(b). The insulating properties of the PMMA layer were preliminarily studied on
~200 x 200 um? test pads covered by unconnected metallic electrodes: negligible (<0.1 nA) ver-
tical currents were observed for vertical biases in the studied Vo range. Graphene devices were
measured using a piezo-actuated microprobe system from Imina Technologies in order to avoid
inducing electrical loss through the PMMA as a consequence of wire-bonding. We studied the RT
vertical transport between the oxide interfacial 2DES and graphene by applying a DC bias Vo
to the graphene electrode while holding the interfacial 2DES at ground. As shown in Fig. 2(b),
a strongly non-linear transport characteristic was observed, where different regimes can be distin-
guished. Around zero bias, graphene and the 2DES are insulated and no current could be detected
above the noise: a current of few pA is measured for [Vo| < 0.5 V, corresponding to a resistance
in the range 10 GQ-100 GS. Outside this interval, vertical transport sets on, with an approxi-
mately exponential current-voltage characteristic. For Vgo < —2.5 V, vertical current saturates to
a fraction of nA: as discussed in the following, this is due to a field-effect depletion of the oxide
interfacial 2DES. The exponential growth is much more pronounced for positive bias values: the
current grows by 5 orders of magnitude in less than 1 V of bias change and it is ultimately limited
(for Vgo > 1.5 V) by the resistive load of the 2DES region connecting the junction area to the
electrodes.

In the range Vo = 0.5 — 1.5 V, referred to as the intrinsic regime, transport is governed only by
the vertical junction properties and was therefore amenable to theoretical modeling, as reported in
the supplementary material.>® The observed transport characteristics at positive bias are compatible
with direct tunneling of electrons between graphene and the interfacial 2DES. In fact, the large
graphene-LAO barrier (>2 eV) suggests that thermionic emission should be suppressed even at
RT, while tunneling remains possible because of the ultra-thin barrier. Zener tunneling across the
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FIG. 2. Pronounced non-linear transport in graphene-LAO/STO systems. (a) Schematic of the conduction band profile of
the LAO/STO heterostructure and the relative band alignment between graphene and LAO barrier in equilibrium conditions,
illustrating the relevant microscopic parameters of the vertical junction and the corresponding values that best reproduce
the experimental transport data. (b) Graphene-oxide 2DES (black solid) current density as a function of vertical bias Vgo
measured in a representative device at room temperature and the corresponding graphene-2DES tunneling characteristic
calculated in the full WKB (red dashed) and Simmon’s approximation (blue dotted), as reported in the supplementary
material. > The inset is a schematic of the electrical setup used for studying the vertical transport properties of the system.

LAO should be negligibly small for 10 u.c.-thick LAO films,?! particularly for positive values
of Vo, which tend to flatten the LAO potential. Therefore, only direct graphene-2DES tunnel-
ing was considered and calculated in the semiclassical (WKB) approximation that was already
successfully adopted to describe transport features in both metal/LAO/STO?' and van der Waals
heterostructures comprising graphene.?” Input parameters used to reproduce the experimental data
are reported in Fig. 2(a) and were set at the typically reported values in the literature, apart from the
barrier effective mass that was obtained by fitting the data in the Simmon’s approximation (dotted
blue curve in Fig. 2(b)), as explained in Section III of the supplementary material.*® Fig. 2(b)
compares the resulting theoretical prediction (red dashed line) with a typical experimental curve
(solid black line): the model is quantitatively accurate in the intrinsic regime, thus providing evi-
dence that graphene-interfacial 2DES transport is indeed dominated by direct tunneling of electrons
through the LAO barrier. Finally, we note that similar rectifying behavior was already reported in
metal(Pt,Au)/LAO/STO junctions'*'33 and was also attributed mainly to quantum tunneling.>' The
similarities are due to the metallic behavior of graphene for large positive values of Vgo and the
comparable electron affinities of graphene and Pt, Au.

In the low inter-layer bias limit, and for the full range Vo < 1.0 V, graphene and the interfa-
cial 2DES can be considered electrically insulated, with vertical currents lower than 0.5 nA. The
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FIG. 3. Strong electrostatic coupling in graphene-LAO/STO systems. (a) Experimentally measured differential capacitance
of the vertical junction (black squares) and the deduced interfacial 2DES carrier density (green disks) as a function of vertical
bias, showing the pronounced electric-field-effects in the hybrid structure. The red dashed curve represents the density-bias
relationship obtained from the electrostatic model. (b) Room temperature 2-point resistance of the single layer graphene
crystal as a function of Vo, suggesting the tuning of graphene carrier density across the Dirac point. The insets are schematics
of the electrical setups employed for studying the electric-field-effects of the system. The blue and red arrows represent
respectively the vertical and in-plane current flow in our device.

existence of this quasi-insulating regime makes it possible to explore Coulomb coupling between
the two electron systems.

The prominent electrostatic coupling in our system was corroborated through capacitance-
voltage (C-V) measurements, whose main result is shown in Figure 3(a) for a representative device.
A large geometrical capacitance of ~3 uF/cm?, corresponding to a relative dielectric constant of
~15 for the 10 u.c.-thick LAO film, can be deduced from the positive bias regime (Vo > 0.5 V),
where the contribution of the graphene and oxide-2DES quantum capacitance becomes negligible.
Such a high capacitance follows from the small thickness of the LAO dielectric and implies a strong
field-effect in our devices. In fact, the sharp drop of the capacitance at Vgo ~ —2.5 V demonstrates
the depletion of the densely populated interfacial 2DES, also reported in metal(Au,Pt)/LAO/STO
junctions.!!*133 The creation of a highly insulating area in the junction region of the LAO/STO
interface explains the observed saturation of the vertical currents for high negative bias (Fig. 2(b)).
Moreover, by numerically integrating the C-V curve from the pinch-off voltage, we are able to
reconstruct the evolution of the interfacial 2DES carrier density with vertical bias. The result is
shown in Fig. 3(a) in green circles and indicates an unbiased population of (3.9 + 0.4) x 10'3 cm~2
for the oxide 2DES, whose carrier density can be modulated from full depletion at negative bias,
up to densities of ~5.5 x 10'3 cm™2 for positive ones. These results are further confirmed by our
electrostatic model: the oxide 2DES density-bias relationship predicted by the latter is shown in
a red-dashed curve in Fig. 3(a), and it quantitatively reproduces the experimental data and in
particular the pinch-off of the latter at high negative bias. A more detailed analysis of the C-V
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measurements and its comparison with the electrostatic model is reported in Section I of the
supplementary material.>

The reciprocal field-effect, i.e., the one of the interfacial 2DES on graphene, was demonstrated
by monitoring the 2-point resistance of graphene as a function of Vgo: the result is shown in
Fig. 3(b) for a representative device and demonstrates the significant modulation of the graphene
resistivity by the electric field of the 2DES electrode. The resistance curve indicates that graphene
can be easily tuned between p-type and n-type conduction at a V5o value as small as a fraction of a
Volt, which confirms the extremely large gating efficiency of the system. Finally, we find negative
charge neutrality points in all our devices, suggesting that graphene crystals on LAO/STO substrates
are p-doped, as typically observed.

In conclusion, we reported on the transport properties of the graphene-LAO/STO hybrid system
and showed that it is characterized by strong electrostatic coupling at low inter-layer bias and direct
tunneling coupling at large bias values. Efficient gating could be fruitfully exploited for the reali-
zation of hybrid “dual” FETs** with very-low operating voltage, where graphene can be employed
either as gate, or as the conducting channel back-gated by the 2DES. The present device architecture
can be relevant to the investigation of collective phases with very strong inter-layer correlations at
low temperatures.

During the submission process, the preprint of another experimental work on graphene-LAO/
STO systems® appeared, showing that sub-critical (insulating) LAO/STO substrates allow the
observation of quantum transport features, such as weak anti-localization and anomalous quantum
Hall effect, in graphene even at room temperature.

This work was funded by the European Union Seventh Framework Programme under Grant
Agreement No. 604391 Graphene Flagship. S.R. acknowledges the support of CNR through the
bilateral CNR-RFBR Project No. 2015-2017.
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