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Nano-patterning of the electron gas at the LaAlO3/SrTiO; interface

using low-energy ion beam irradiation
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The quasi-two dimensional electron gas formed at the interface between LaAlO; (LAO) and
SrTiO; (STO) shows fascinating properties, such as two-dimensional superconductivity, giant
electric field effect, and the possible co-existence of ferromagnetic and superconducting phases. In
this work, we demonstrate that the conducting LAO/STO interface can be made insulating after
short irradiation by a beam of low energy Ar+ ions. The irradiation process does neither result in
physical removal of the LAO film nor produces oxygen vacancies in the STO layer. Using electron
beam lithography and low ion beam energy irradiation, we fabricated conducting nano-structures
in the LAO/STO interface with dimensions down to 50 nm. Such a reliable and robust method of
nano-patterning may be a prerequisite for future electronic applications of the LAO/STO interface.
©2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4807785]

High electrical conductivity and mobility at the interface
between the two insulating Perovskite oxides LaAlO; and
SrTiO; (LAO/STO) have been reported.1 A quasi-two
dimensional electron gas (q2DEG) appears at the LAO/STO
interface only when 4 or more unit cells (uc) of LAO film
are epitaxially deposited on TiO,-terminated STO sub-
strates.”® The origin of the electrical conductivity at the
LAO/STO interface is still not fully understood. Polar dis-
continuity at the interface,* presence of oxygen vacancies in
the STO substrate,S*7 or La-Sr intermixing8 have been con-
sidered as possible models to explain electrical properties of
the LAO/STO interface. However, the exact relationship
between any of the proposed models and microstructure of
the interface has not yet made clear.

The interface shows two-dimensional superconductivity
below 200 mK,9 giant electric field effect,2 and possible co-
existence of ferromagnetic and superconducting phases.'%!!
These properties make the LAO/STO interface an exciting
model system for studying fundamental physics of strongly
correlated electronic systems. Therefore, a reliable and ro-
bust technique for patterning of the q2DEG at the LAO/STO
interface is required. A straightforward way is to physically
remove the LAO film by chemical or dry etching, or using a
lift-off process. Chemical etching of the LAO film is rather
complicated as it is difficult to find durable materials that
will resist aggressive acids required for the etching of the
LAO film."? Ton beam etching is hampered by formation of
oxygen vacancies in the STO substrate that results in elec-
tron doping of the interface shunting useful properties of the
q2DEG."*' Lift-off processes do not require etching of the
LAO film, but very high temperature (800 °C) and oxygen
atmosphere used during the deposition of the LAO film
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prohibit standard lift-off techniques with polymer resist
layers. As an alternative solution, several hard lift-off masks
have been suggested. An amorphous LAO mask was depos-
ited at room temperature on the top of 2 uc of epitaxial LAO
layer. A second deposition of a thicker epitaxial LAO film
(>4 uc) was performed and conducting paths were formed
only where the amorphous film was removed by the lift-off
process.'” Structures down to 200nm could be produced
using this method, but it requires two depositions of LAO
film at high temperature. In another approach, a hard AlOy
film was used as a lift-off layer.'® The possible risk associ-
ated with this method is that the surface of the substrate has
to be exposed to chemicals before the deposition of the LAO
film and this may affect the electronic properties of the inter-
face electron gas or limit practical resolution.

Conducting tip atomic force microscope (AFM) was
used to “write” conducting paths in the LAO/STO interface
without physical etching of the LAO film."” The method uti-
lizes an electric field effect in a 3 uc non-conducting LAO/
STO interface. Conducting paths could be written with very
high precision down to a few nanometers by applying a local
voltage using the AFM tip. However, the technique is diffi-
cult to scale up for fabrication of large area devices and
showed limited durability."”

In this report, we show that it is possible to use argon
ion beam irradiation to pattern the q2DEG at the LAO/STO
interface by careful tuning of the beam energy and dose. The
main finding of our work is that at low ion beam energy the
electrical conductivity is eliminated faster than oxygen
vacancies are created in the STO substrate. Therefore, by
adjusting the irradiation dose, one can make the interface
insulating and avoid unwanted electron doping due to the ox-
ygen vacancies. Ion beam irradiation in combination with
optical and electron beam lithography was used to fabricate
conducting nanostructures in the q2DEG with dimensions
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down to 50 nm. All fabricated structures demonstrated excel-
lent electrical transport properties down to low temperature
and long-time stability. We also present structural investiga-
tions of irradiated samples using scanning transmission elec-
tron microscopy (STEM) and discuss possible mechanisms
of the metal-insulator transition induced by ion beam
irradiation.

Thin LAO films (from 4 to 10 uc) were grown on TiO,-
terminated STO substrates by pulsed laser deposition (PLD)
from a single crystal LAO target.'® The laser energy density
was set at 1.5 J/cm?” and the laser spot area on the target was
2 mm?. The substrate was heated to 800°C, and the oxygen
deposition pressure was set to 10" *mbar. The epitaxial
growth was monitored using in situ reflection high-energy
electron diffraction (RHEED). The RHEED showed clear in-
tensity oscillations for all the samples confirming layer-by-
layer growth. After the deposition, the samples were
annealed for 1 h at 600 °C and 500 mbar of pure oxygen. The
AFM imaging of the samples after deposition confirmed
smoothness of surfaces and presence of clear 1uc high
terraces.

Ti/Au contacts (20nm Ti and 120nm Au) were fabri-
cated by lift-off technique and dc magnetron sputtering. This
method provides low-ohmic contact resistance to the LAO/
STO interface. The ion beam irradiation was performed in an
Oxford Tonfab 300 Plus system using an inductive coupled
plasma Ar+ ion beam source and a 3cm beam aperture.
Samples were mounted on a stainless steel holder at an angle
of 0° or 30° relative to the ion beam direction. The sample
resistance was monitored in sifu during the etching process
in a two-point configuration using a Keithley 2400 source
meter with 10 pA probe current. AFM was performed using
Bruker ICON AFM in non-contact mode.

Electrical transport measurements were made in a
“Quantum Design Physical Property Measurement System”
(PPMYS) in the temperature range of 2-300 K and in magnetic
fields up to 14 T.

Cross section TEM samples were prepared for TEM and
high angle annular dark field (HAADF) scanning TEM
(STEM) analysis of the atomic structure of the interfaces. A
FEI Tecnai TEM/STEM operated at 200kV and a FEI Titan
80-300 TEM/STEM with a probe C; corrector operated at
300kV were used for the studies.

We first performed measurements of the electrical resis-
tivity of the q2DEG in the LAO/STO in situ with Ar+ ion
irradiation as a function of beam energy and dose. Fig. 1
shows the resistance of three different 10 uc thick LAO on
STO samples as a function of Ar+ ion irradiation dose for
three different beam voltages of 150, 250, and 350 V. A con-
stant beam current density of 0.14 mA/cm” was used corre-
sponding to a dose rate of 9 x 10" Ar+cm ?s~'. The
incident angle between the ion beam and sample surface was
set to 30°. For all samples, the resistance rapidly increases in
the beginning of irradiation. For the 150 V beam voltage, the
resistance becomes immeasurably high after about 1-2 min
(corresponding ion dose about 1 x 10'" Ar+cm™?). For
higher beam energies, the resistance starts to increase with-
out reaching the measurement limit and decreases again to
similar or lower values than before irradiation. This suggests
that the ion irradiation creates oxygen vacancies in the STO
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FIG. 1. Electrical resistance as a function of irradiation time for non-
patterned 10 unit cell thick LaAlO3/SrTiO; samples at three different beam
voltages of 150, 250, and 350 V.

substrate. It is well known that oxygen vacancies donate
electrons in the conducting band of the STO and result in
n-doping.'” The electron doping due to oxygen vacancies
decreases the electrical resistance after longer irradiation
times. It takes much longer time for the electrical resistivity
to appear again for lowest beam energy and this leaves a pos-
sibility to utilize this time interval for the patterning of the
q2DEG at the LAO/STO interface. Monte-Carlo simulations
have confirmed that Ar+ ions with lowest energy are effec-
tively stopped in the thin LAO film and do not create oxygen
vacancies in the STO substrate, in well agreement with ex-
perimental findings.*°

We also investigated the time dependence of resistance
during low energy (150V) ion beam irradiation of samples
with different LAO film thicknesses. It showed that time
required to obtain the insulating state increases with the film
thickness: conductivity disappeared after 1 min of irradiation
for 5 uc thick film, after 2 min for 10 uc thick film, and after
10 min for 15 uc thick film (for 150 V beam voltage).

Patterning of the LAO/STO interface was performed
using photo and e-beam lithography and low-energy Ar+
ion beam irradiation. Ti/Au electrical contacts were fabri-
cated in a first step by magnetron sputtering, and then sam-
ples were patterned and finally irradiated for 5 min at 150 eV
by a beam of Ar+ ions. We also checked that there is no
electrical conductivity between disconnected structures on
the surface at all sizes proving again that irradiation indeed
does not result in oxygen vacancy doping in the unprotected
STO substrate. We also did not observe any degradation of
the electrical properties of fabricated structures during sev-
eral months.

Two types of structures were fabricated in the 10 uc
thick LAO/STO samples: bridges of various width and Hall
bars. Bridges have fixed aspect ratio (L:w = 5:1, where L is
the length and w is the width) and widths in the range
between 0.05 and 16 um. All bridges were oriented at 0° rel-
ative to the substrate crystallographic axis. Hall bars had line
width of 30 um. AFM topography images of the surfaces of
two patterned samples, ion irradiated at 30° and 0° angle
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FIG. 2. AFM topography images of samples irradiated with (a) 30° and (b)
0° angles (relative to sample normal). (c) and (d) show line scans, and
expected dimensions. Note that sputtering removes atoms (and decreases
height) by 30° irradiation while 0° incidence gives minimal sputtering and
increased height by amorphous “swelling”. The marked region denotes the
area protected by the resist.

incident beam, are shown in Figs. 2(a) and 2(b), correspond-
ingly. The sample shown in Fig. 2(a) was produced by
electron-beam lithography while photolithography was used
to fabricate the sample shown in Fig. 2(b). The irradiated
areas are clearly identified by the presence of residuals from
the resist at the edge of the pattern, see Fig. 2(b). We noticed
that the samples are more contaminated after the e-beam li-
thography process. In this case, we have cleaned the surface
by scanning the AFM tip in contact mode across the surface,
which resulted in a very clean surface of the sample, see
Fig. 2(a).”!

Line-scan traces of the AFM images in Figs. 2(a) and
2(b) are shown in Figs. 2(c) and 2(d), correspondingly. The
step height difference between the irradiated (5 min) and pro-
tected areas in the LAO film is around 1-1.5 nm for 30° inci-
dent angle. This is much less than the nominal thickness of
the film (~4nm). The corresponding etching rate of the
LAO film can thus be estimated to about 0.2—0.3 nm/min. In
the case of 0° incident beam angle, the irradiated areas
increased in height by 0.5nm compared to protected ones.
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This is most probably due to the fact that the film was not
physically etched but instead made amorphous at this angle
of incidence. The increase of the etching rate at higher angles
is expected from an angular dependence of the sputtering
yield.”* We emphasize that the electrical conductivity was
eliminated in both samples independent on the incident
beam angle.

Electrical measurements of Hall bars showed high
reproducibility of sheet resistance (50 k€Q/[]) and charge car-
rier concentration (1.5 X 1013cm72) within each Hall bar
and between different Hall bars on the same sample. It was
also found that the electron mobility measured in the pat-
terned Hall bar structures is higher (up to 7000 em? VlsTh
as compared with the mobility measured in the 4-point Van
der Pauw configuration performed on the same sample prior
to patterning (3000 cm® V' s™ ).

All fabricated nano-structures showed metallic behavior
down to at least 2K, see Fig. 3(a). The dependence of the
sheet resistance as a function of bridge width is shown in
Fig. 3(b). There is a notable increase of the sheet resistance
with decreasing dimension of the structures. The sheet resist-
ance is almost constant in bridges with width above 1 um,
but increases by a factor of 5 in 50 nm bridges.

The size of the bridges was estimated from both AFM
topography and Kelvin probe images.20 Simulations made
with “Stopping and Range of Ions in Matter” (srRiM) simula-
tion software?® showed that the possible under-etching effect
of the beam at corresponding energy is less than 4 nm and
this would not explain the increase in sheet resistance in
50nm wide bridges. Moreover, the size of the under-etched
width can also be estimated to be maximum 25 nm, since
bridges with width down to 50 nm show electrical conductiv-
ity. Assuming that the under-etching is constant in all fabri-
cated structures, this does not explain the increase of the
resistivity in 1 um wide bridges. This suggests that the
observed increase in the resistivity in small structures may
be related to an inhomogeneous distribution of the electrical
conductivity at the LAO/STO interface. At the same time,
the spread of the sheet resistance is not as high as may be
expected for an inhomogeneous conducting electron gas pat-
terned below the percolation limit. Therefore, the exact na-
ture of this effect requires further investigations.

In order to understand the mechanism of the metal-
insulator transition after ion beam irradiation, we made
STEM imaging that allows investigation of the structure of
the film down to the interface (Fig. 4). Cross section TEM
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samples were prepared for TEM and HAADF STEM analy-
sis of the atomic structure of the interfaces. To ensure that
the TEM and STEM images were representative for the film,
about 300nm long fractions of the film along the interface
were investigated in each of four specimens from four differ-
ent locations. The analysis showed that the irradiated 10 uc
thick LAO film has a crystalline structure with a thickness of
5-6 uc (Fig. 4(a)). This indicates that the crystalline film
thickness is not reduced below the 4 unit cell critical thresh-
old for electrical conductivity after the ion beam irradiation.
This conclusion is also supported by the AFM imaging that
showed very smooth surface of irradiated areas. There is no
obvious difference in crystalline quality of the sample before
(Fig. 4(b)) and after (Fig. 4(a)) the ion beam irradiation. We
also checked if the interface electrical conductivity can be
restored by a post annealing of the irradiated sample.”®
However, the sample remained insulating after the post
annealing. STEM imaging, post-annealing experiment, and
film thickness dependence of the time required to reach the
insulating state, suggest that ion beam irradiation should not
affect the polar structure of the interface. From STEM, it is
also evident that film thickness is not reduced below the crit-
ical value. Other possible mechanisms can be related to local
defects produced in the STO substrate during ion beam irra-
diation or Ar ion implantation in the LAO film.

In conclusion, we have demonstrated that low-energy
Ar+ ion beam irradiation can be used for scalable and dura-
ble nano-patterning of the Q2DEG at the LAO/STO interface
avoiding the formation of oxygen vacancies in the STO sub-
strate. The method is advantageous when compared to other
techniques as it does not require hard masks or aggressive
chemicals and the dimension of fabricated structures is lim-
ited by the resolution of the mask in the protective resist
layer; conducting structures with dimensions down to 50 nm
were fabricated using electron beam lithography masks and
ion irradiation. This method opens possibilities for realiza-
tion of quantum devices and electronic circuits based on
complex oxide interfaces.
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FIG. 4. HAADF STEM images of the 10uc
LAO/STO interface: (a) after 5Smin irradiation
by Ar+ ion beam at U= 150V at 30° ion inci-
dence and (b) without irradiation.
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