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ABSTRACT Patterning of the two-dimensional electron gas formed at the interface of two band
insulators such as LaAlO5/SrTi0; is one of the key challenges in oxide electronics. The use of energetic ion
beam exposure for engineering the interface conductivity has been investigated. We found that this
method can be utilized to manipulate the conductivity at the LaAlO;/SITiO; interface by carrier
localization, arising from the defects created by the ion beam exposure, eventually producing an
insulating ground state. This process of ion-beam-induced defect creation results in structural changes in
StTi0; as revealed by the appearance of first-order polar T0, and T0, vibrational modes which are
associated with Ti—0 bonds in the Raman spectra of the irradiated samples. Furthermore, significant

observation drawn from the magnetotransport measurements is that the irradiated (unirradiated)
samples showed a negative (positive) magnetoresistance along with simultaneous emergence of first-
order (only second order) Raman modes. In spectroscopic ellipsometry measurements, the optical
conductivity features of the irradiated interface are broadened because of the localization effects, along with a decrease of spectral weight from
4.2 to 5.4 eV. These experiments allow us to conclude that the interface ground state (metallic/insulating) at the LaAl05/SrTiO; can be controlled by
tailoring the defect structure of the SrTi0; with ion beam exposure. A resist-free, single-step direct patterning of a conducting LaAlO3/SrTiO; interface has
been demonstrated. Patterns with a spatial resolution of 5 .zm have been fabricated using a stencil mask, while nanometer scale patterns may be possible
with direct focused ion beam writing.

KEYWORDS: heterointerface - ion irradiation - point defects - interface conductivity - localization - spectroscopic ellipsometry -
interface patterning

he two-dimensional electron gas (2DEG)
Tformed at the interface between two

insulators LaAlO; (LAO) and SrTiOs
(STO) is one of the most fascinating systems
in the field of oxide electronics.' This inter-
face 2DEG is shown to host novel phenomena
such as superconductivity,”> magnetism,~°
tunable metal—insulator ground state,”®
strong spin—orbit coupling,”'® and crystal-
lographic anisotropy.'" Further, unconven-
tional interfacial superconductivity along with
magnetic order has been proposed in one-
dimensional electron gas formed at this inter-
face.'? Room-temperature electronic devices,”?
sensors, and nanophotodetectors'>'* have
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been demonstrated in these interfaces. Very
recently, scaling violation of fundamental
Ohm's law have been reported in this ma-
terial system when the 2DEG is confined to
nano dimensions.'” The above device con-
cepts have been realized by reducing the
dimensionality of 2DEG at this interface.
Lithography with multiple steps such as
resist coating, beam exposure, hard mask
of amorphous LaAlO; or AlO, deposition
and etching, or surface engineering of
SrTiOs, combined with pulsed laser deposi-
tion (PLD) were utilized for patterning LaA-
105/5rTi0;." '8 Nanostructures of interface
2DEG were also achieved by writing charges
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using conducting atomic force microscopy.® However,
in all these approaches either the presence of residual
hard mask in the film along with the number of
sophisticated process steps, or the stability of the
pattern in ambient conditions is an issue of concern.
Lithography along with reactive ion etching (RIE) has
been used extensively to fabricate controlled struc-
tures of various materials. However, heavy ions present
in the commonly used RIE plasma transforms insulating
SITiO; to a conductor.'® Thus, RIE cannot be applied in
patterning oxide interfaces such as LaAlO5/SrTiOs. To
achieve high quality devices and also to investigate the
above-mentioned exotic phases from these unique
interfaces, a reliable and simple patterning process is
essential, but has not yet been realized. The important
factor in patterning these conducting interfaces is to
create a spatially insulating state. In this report, we
demonstrate a novel way to create an insulating state
and also to tailor the conductivity of the 2DEG at the
LaAlOs/SrTiO3 interface using an ion beam exposure-
based single-step strategy.

In recent years, ion beam exposure has emerged as a
novel way to tailor the structural, mechanical, elec-
tronic, and even magnetic properties of materials by
inducing atomic defects in a controlled manner.2°~23
Recent experiments with ion/electron beam exposure
to various nanomaterials and devices have proven to
create beneficial effects in providing devices with
desired functionalities,??*%> which has further found
applications in nanoelectronics,*~2> energy,?' nano-
biotechnology, etc.?® lon irradiation of oxide materials
has been utilized for both device fabrication and
material modification.?” In particular, energetic pro-
ton beams were found to be most useful for pattering
and device fabrication.?®?° Very recently, coupled
wave guides on a silicon-on-insulator platform have
been fabricated by combining electrochemical etching
with proton irradiation of a few tens of keV energy,*®
while low energy (less than 1 keV) ions were found to
be useful in the patterning of complex magnetic nano-
particles to nanoscale dimensions.' Significantly, in a
recent report, Hong et al.>? reported the tunability of
the electronic characteristics of ZnO field effect tran-
sistors by proton beam irradiation (few tens of MeV),
which further enhanced the potential use of high
energy proton irradiation for tailoring the material
properties.

In this study, LaAlOs/SrTiOs(100) interfaces were
exposed to a 2 MeV proton beam, and the electrical
transport, vibrational and optical properties of the
samples were investigated as a function of ion fluence.
We found that the metallic behavior of the 2DEG
changes significantly with proton beam exposure,
at a fluence of 2 x 10'7 ions-cm™2 strong localization
appeared in the 2DEG, and eventually at a fluence of
6 x 10" ions-cm ™2 the interface became insulating.
This process of metal to insulator transition occurs
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through localization of mobile electrons via ion-
induced defects, which results in structural changes
in SrTiO5 as revealed by Raman spectroscopy. Raman
spectra showed the appearance of first-order modes of
SrTiOs, which indicate the presence of polar regions in
the irradiated samples. Spectroscopic ellipsometry
analysis of the ion exposed samples displays the
appearance of increased scattering centers at the inter-
face compared to the as-deposited case. The creation
of a spatially selective insulating ground state by
tuning the process parameters of an energetic ion
beam-based single-step approach enable us to both
pattern and also tune the electronic properties of
the 2DEG.

RESULTS AND DISCUSSION

The LaAlO3/SrTiO5(100) samples were prepared by
pulsed laser deposition by ablating a LaAlO; target
onto TiO, terminated SrTiOs(100) substrates. Samples
were prepared in a range of oxygen pressure (PO,) of
1—5 x 1073 Torr at 750 °C. Proton irradiation experi-
ments and measurements were performed on the eight
unit cells of LaAlO; on SrTiOs [(8 uc)LaAlO3/SrTiOs]
sample deposited at PO, of 1 x 107> Torr. To make a
systematic comparison, ion irradiation experiments
were carried out as a function of ion fluence on a single
LaAlO3/SrTiOs sample (5 x 5 mm?) consisting of four
identical sections (2 x 2 mm?) that are electrically
isolated from each other (see Experimental Methods
for details). Three out of the four sections of the same
sample were exposed to proton beam, and the fourth
region was kept unirradiated (defined as “as-deposited”
in the following discussions). The ion fluences used
were 1 x 10", 1 x 10", and 2 x 10" ions-cm 2,
respectively. The details of the sample preparation are
given in Supporting Information S1.

The electrical transport properties of the as-
deposited and irradiated (8 uc)LaAlO5/SrTiO3 sections
of the same sample were analyzed. The temperature
dependence of the resistance R(T) for the as-deposited
and irradiated sections is shown in Figure 1a. The as-
deposited section of the sample exhibits a typical
metallic behavior similar to the conventional LaAlOs/
STiO; interfaces at this 8 uc LaAlOs thickness,3373°
whereas for the irradiated sections, a gradual change
in the resistance at 300 K is observed with ion
fluence. As the proton fluence is increased, clear
localization behavior in transport starts to emerge at
low temperatures with the signature of increase in
base resistance at 2 K. The resistance of the sample
section irradiated with 2 x 10" ions-cm™2 became
0.1 MQ at 2 K and the resistance minimum in the R(T)
curveis found to shift towards higher temperature with
an increase in ion fluence. The above R(T) behavior
gives adequate indication that ion exposure effects
have created a high resistive state for the 2DEG through
localization of the mobile electrons. The drastic upturns
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Figure 1. Electrical transport data of as-deposited and 2 MeV proton-beam-exposed (8 uc)LaAlO3/SrTiO3 sample sections. (a)
Temperature-dependent resistance of as-deposited and ion beam exposed sample sections at different proton fluences. (b)
Variable range hopping fit to transport data of ion irradiated with 2 x 10"” ions-cm 2 fluence; inset shows the nonsaturating
behavior of the corresponding sample section. (c) Temperature dependence of carrier density (n,) of as-deposited and ion-
irradiated sample at a fluence of 2 x 10"7 ions-cm 2. (d) Reduction in carrier density ong with ion fluence at 300 K; here dn; is
defined as the difference in n; of as-deposited and irradiated sample sections ((0n; = Ng(as_deposited) — Ns(irradiated))-

in resistance toward low temperatures would be ex-
pected in transport mechanisms such as variable range
hopping (VRH) in a strong localization regime or a
magnetic Kondo scattering, which operates at this
interface.>*> The R(T) curve for the case of 2 x 10"’
ions-cm ™2 does not show any saturation even up to 2K
(inset of Figure 1b) inferring that Kondo scattering may
not be the governing mechanism. The low tempera-
ture resistance behavior is further analyzed to the VRH
mechanism: in the VRH regime R follows a (1/myr
(n = dimensionality of the system) dependence. A VRH
fitting (with n = 2) of the experimental data for a fluence
of 2 x 10" ions-cm 2 case is shown in Figure 2b, and a
clear (1/T)'” dependence is observed below 30 K. The
2D nature of the VRH mechanism is further confirmed
using a self-consistent analysis (Supporting Information S2).
The hopping radius is estimated (Supporting Informa-
tion S2) to be about 14—30 nm, which is relatively larger
than the typical dimensionality (5—10 nm) of the 2DEG.
Thus, the hopping mechanism must be most likely 2D
in nature.

The other important quantity that can give further
insight to the localization behavior is the carrier density
(ns). The n, for as-deposited and each irradiated section
of (8 uc)LaAlO5/SrTiOs sample were extracted from Hall
effect measurements. Figure 1c shows the tempera-
ture dependence of the ng for the as-deposited and
irradiated at a fluence of 2 x 10" ions-cm™2 The n,
for the as-deposited section of the sample is about
8 x 10" cm~2 at 300 K. In comparison, the irradiated
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section shows a significant decrease in ng with about
4 x 10" cm™2 at 300 K. The as-deposited and irra-
diated samples show similar temperature dependence
of carrier density. The percentage change in both cases
is of the same order. However, in the irradiated case the
defects created can trap the charges and decrease the
effective mobile electrons and enhance the localiza-
tion. Figure 1d shows the decrease in carrier density
(Ons) with proton fluence at 300 K. Here dn is defined
as the difference in the ng of as-deposited and n, of
irradiated sections (dn, = Ns(as-deposited) — Ns(irradiated))-
From Figure 1d it is clear that dny increases with the
proton fluence, and at fluence of 2 x 10" jons-cm 2
ons became 4 x 10" cm™2 The above data clearly
indicate that the proton beam exposure with a fluence
of 2 x 10" ions-cm™2 can reduce as many as 3—4 x
10" cm ™2 mobile carriers of the 2DEG at the interface,
which is most possibly accomplished by localization of
carriers within the lattice of SITiOs. From the above
conclusion one can expect that the interface samples
having initial n; < 4 x 10" cm™2 become insulating at
these ion fluences because of the complete localization of
carriers. In order to validate this possibility, a conducting
LaAlOs/SrTiO3 sample having an initial carrier density of
1.9 x 10" cm ™ (achieved by controlling the oxygen pres-
sure during the growth) has turned to became insulating
with the exposure of proton beam at a fluence of 2 x 10"’
jons-cm ™~ (see Supporting Information S3). A table show-
ing the decrease of carrier density with ion irradiation on
various samples is given in Supporting Information S1.
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Figure 2. Magnetoresistance (MR) of the (8 uc)LaAlO3/SrTiO3 sample sections with different proton fluences: (a) out of plane
MR at 2 K, (b) out of plane MR at 2, 5, 10, and 20 K, and (c) in-plane and out of plane MR for the sample section irradiated with

2 x 10" ions-cm ™2,

To evaluate the localized transport behavior at low
temperature in the above ion exposed samples, a
detailed magnetoresistance (MR) study was carried
out. MR is a useful tool to investigate the transport
mechanisms such as localization and magnetic scatter-
ing. MR measurements were performed in in-plane and
out of plane modes. Figure 2a shows the out of plane
MR (magnetic field H perpendicular to the interface)
measured for different ion fluences and as-deposited
sections at 2 K with H up to 9 T. Both as-deposited and
low fluence (1 x 10'° ions-cm2) sections display a
positive MR behavior. The positive MR is a character-
istic of orbital scattering in the presence of a magnetic
field due to the change in electron transit paths. On
the other hand the section exposed with 2 x 10"
ions-cm~2 fluence shows a negative MR behavior.
Comparison of the MR with respect to ion fluence
infers that the MR slowly changes sign from positive
to negative with increasing ion fluence. The large
negative and nonsaturating MR observed in the irra-
diated case is an additional indication of the localiza-
tion behavior discussed earlier (in Figure 1). The
electron transport in the strongly localized regime
can exhibit a negative MR, which is a consequence of
the magnetic field disrupting the self-interference of
the electrons undergoing localization. The tempera-
ture dependence of the out of plane MR measured for a
fluence of 2 x 10" ions-cm~2 is shown in Figure 2b.
The magnitude of MR gradually decreases with in-
crease in temperature, which can be understood as
the effect of enhanced thermal fluctuations in the
scattering process. Figure 2c shows the comparison
of in-plane (H applied parallel to the interface) and out
of plane MR for the 2 x 10" ions-cm™2 case where
both display a negative MR, however with a difference
in MR magnitude. The orbital scattering is excluded in
this in-plane geometry due to the absence of Lorenz
forces on carriers. This MR dependence is consistent
with the previous reports.®

The detailed electron transport and MR analysis
discussed above clearly indicates a dependence on
ion fluence for carrier localization and point towards
the possibility of creating insulating regions in 2DEG.

It is known that the 2DEG is accumulated on the Ti
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orbitals of SrTiO; for LaAlO5/SITiO5 interfaces.>® Since
the ion irradiation produces dramatic changes in the
transport of the 2DEG that resides in SrTiOs, it is
necessary to understand the effects of ion irradiation
on SrTiOs. Recent reports on SrTiOs-based interfaces
reveal that an atomic distortion of the SrTiO3 lattice
and defects in SrTiOs at the interface can manipulate
the transport properties of 2DEG significantly.3”~*’
The ion beam exposure process is expected to
influence the structural and electronic properties of
the material by inducing atomic defects. In order to
investigate the ion irradiation effects on structural
and electronic properties of the LaAlO3/SrTiO5 sam-
ples, Raman spectroscopy and spectroscopic ellipso-
metry experiments were carried out.

The nature of the induced defects and resultant
possible microscopic structural changes in LaAlOs/
SrTiOs samples due to ion irradiation can be gained
using Raman spectroscopy, which was performed on
as-deposited and irradiated sections of the sample. The
probing depth of Raman scattering signal was 2 um
from the top surface of the sample. Since the thickness
of LaAlOs is 8 uc (3.2 nm) and also the interference
enhancement of the Raman signal is negligible in this
system, the Raman spectrum of the sample is domi-
nated by the modes from the substrate SrTiOs. SrTiO3
at room temperature has an ideal cubic perovskite
structure with a space group Pm3m (O,,").** There are
five atoms per unit cell, each of which is located at a
point of inversion symmetry. The optical phonons in
the cubic phase are of odd parity, which accounts for
the absence of first-order Raman scattering in SrTiOs
single crystals.**~*> Even though the first-order modes
are Raman inactive, SrTiO3 shows a Raman spectrum
with broad peaks that arise from higher-order modes
which involve the creation or destruction of two or
more first-order modes. Raman spectra for the irra-
diated and as-deposited sections of the sample are
shown in Figure 3. As expected, the spectra are domi-
nated by SrTiO; modes. In the spectrum of the as-
deposited case, broad second-order peaks are clearly
visible at 75, 200—500, and 600—800 cm™". Signifi-
cantly, for the ion beam exposed portions, additional
peaks emerge at 175, 540, and 795 cm ™' along with
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increasing fluence (additional peak positions are in-
dicated with dotted lines). These peaks are identified as
symmetry-forbidden first-order modes arising from
transverse optic TO,, TO,4, and longitudinal optic LO;,
LO,4 phonons as indicated in Figure 3.%*8 The appear-
ance of first-order modes in the irradiated sections of
the sample clearly indicates a lowering of crystal
symmetry for the SrTiO3; and thus the loss of the
inversion center.**~*® First-order Raman scattering
has been observed in thin films, nanostructures of
SrTiO3, and also single crystals with lifted center-of-
symmetry by the application of an external electric
field.**~*° The line shape of the TO, peak is strongly
asymmetric; i.e., the scattering intensity increases at
the high-energy side and is depressed at the low-
energy side of the peak- and displays a Fano profile.
The Fano effect occurs whenever discrete excitations
and a broad continuum interfere coherently.*¢~*® We
speculate that the ion damaged regions in SrTiO3 result
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Figure 3. Raman spectra of as-deposited and proton-beam-
exposed sample sections of (8 uc)LaAlO3/SrTiO3.

in a polar material with a continuum that interacts with
the polar TO phonons. Such asymmetric line shapes
have been observed for polar TO, modes in SrTiO5 thin
films and have been ascribed to the interaction of the
phonon with a continuum arising from rapid polariza-
tion fluctuations.*™*® Although TO, is also a polar
phonon, its energy is much higher, the density of states
for continuum most likely vanishes at this frequency,
and thus, Fano asymmetry has not been observed in
the case TO, mode.*” The origin of the TO, and TO,
modes is associated with Ti—O bonding in the
SITiO5.*¢~*8 In our recent report on LaAlO5/SrTiO5(110)
interfaces it is shown that the electron transport of the
2DEG is highly anisotropic,'" and it s critically linked to the
Ti—O crystallographic arrangement, which further em-
phasizes the significance of this Ti—O bonding. Raman
spectra analysis of an irradiated bare STO substrate has
also shown the appearance of first-order modes, which
supports the above discussion (Supporting Informa-
tion S4).

To further understand the effects of the irradiation
on the electronic band structure of the LaAlO3/SrTiOs
interface, spectroscopic ellipsometry measurements
were performed on pristine and ion exposed (fluence
of 2 x 10" ions-cm~2) portions of the substrate SrTiO;
and 8 uc LaAlOs/SrTiO3 sample. Figure 4a,b shows the
complex dielectric function e(w) = &;(w) + iex(w) of the
samples as extracted from the ellipsometry data as a
function of incident photon energy w. The details of
the data analysis is given in Supporting Information S5.
From Figure 4b, it can be seen that the ¢, spectra of
both SrTiO5 and the LaAlO3/SrTiO5 interface have two
main peaks centered at 4.2 and 5.0 eV, respectively.
These two peaks are assigned to the optical transition
from O-2p state (the valence band) to Ti-3d-t,4 state
(the conduction band).>°~*2 The peak at 4.2 eV arises

10 5 T T T T T 3
of ~1(c)
£
_o
_6 ‘o 3F i
w L)
4 e 2k 4
=
2 o 1F .
0 0 1 1 1
8 T T T T T T T T
(b) s 7Hd)
6F K —— Pristine SrTiO5
E 5F — Interface of pristine 8 uc LaAlO,/SITiO,
o "~ 4F — Irradiated SrTiO,
w 4 G
o 3 Interface of irradiated 8 uc LaAlO4/SrTiOy ]
=
2F x 2F 4
2 1F 1
0 1 1 1 1 0
0 1 2 3 4 5 1 2 3 4 5

Photon Energy (eV)

Photon Energy (eV)

Figure 4. Complex dielectric function, optical conductivity, and spectral weight of pristine SrTiO3, irradiated SrTiO3, pristine
(8 uc)LaAlO3/SrTiOs and irradiated (8 uc)LaAlOs/SrTiOs as extracted from the spectroscopic ellipsometry data. The irradiated
sample mentioned above corresponds to 2 MeV protons at a fluence of 2 x 10" ions-cm 2. (a) Real part of dielectric function
1. (b) Imaginary part of dielectric function &,. (c) Optical conductivity o,. (d) Spectral weight W.
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from the transition at the center of the Brillouin zone
(I-point) of SrTiO3, while the peak at 5.0 eV is due to the
transition at the M-point of SrTiOs. Thus, by analyzing
the differences of &(w) between the as-deposited and
irradiated portions, one can study the effect of ion
beam exposure on the band structure around the O-2p
and Ti-3d-t,4 states of LaAlO3/SrTiOs. From Figure 4a,b
the ¢(w) of irradiated LaAlO3/SrTiOs portion changes
dramatically in comparison with the bare STO and as-
deposited LaAlOs/SrTiOs portion. For &;, the overall
shape of the features between 0.5—5.4 eV is broa-
dened; &, decreases between 3.6—5.4 eV (i.e., around
the two peak centers), while it increases below 3.6 eV
(i.e., the peak tail region). According to the Drude—
Lorentz model of the dielectric function used to fit the
ellipsometry data (Supporting Information S5), the
peak line width is controlled by the scattering rate
parameter I'y ~ 1/7, where 7 is the electron relaxation
time. In this case, the peak broadening suggests an
increase of 'y and correspondingly a decrease in 7. The
decrease of 7 indicates that the irradiated inter-
face contains more scattering centers that can impede
the motion of the electrons and thus point toward the
presence of increased localization effects at the inter-
face. Another important point is the fact that the
M-point peak shifts into higher energy, from 5 to
53 eV from ¢, plot in (b), which means that the
irradiation also changes the band structure by further
separating the valence band and the conduction band
at the M-point. We have analyzed the second deriva-
tives of ¢(w) to identify the van Hove singularities of
the LaAlO5/SITiO3 interface and thus distinguish the
various optical interband transitions from the highest
valence bands to the lowest conduction bands at
various regions in the Brillouin zone.>®* The above
analysis given in the Supporting Information S5 also
supports this observation of the shift of the M point to
higher energy. Furthermore, the overall intensity &, of
the irradiated LaAlO5/SrTiO; interface is also found to
be decreased compared to that of as-deposited LaA-
103/SrTiO3 interface.

The optical conductivity o;(w) = goex(w)w of the
samples were calculated from the &(w) data and is
shown in Figure 4c. The analysis of o is linked to the
effective number of electrons excited by the photon,
Nett, Via the f-sum rule®*

2

= he
/0 o1(w) do = amy e (1

where e is the elementary charge, m is the electron
mass, and V is the volume of the unit cell. Thus, by
integrating o, over a particular energy range (in this
case 0.5—5.4 eV) the partial spectral weight W can be
obtained, which is related to the total number of
electrons being excited in that particular energy range.
Figure 4d shows the W of each sample. From the plots it
can be seen that the spectral weight at 5.4 eV (i.e., the
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measurement limit) of the irradiated LaAlO3/SrTiO;
interface is much less than the as-deposited LaAlOs/
SrTiOs interface. A more detailed quantitative analysis
of W (Supporting Information S5) reveals that the
number of charges related to the 5 eV transition in
the irradiated LaAlO3/SrTiO; interface is decreased by
as much as ~0.4e. However, it should be noted that this
decrease may also be due to charge transfer into
higher energy regions, which requires high-energy
optical spectroscopy data.>®

The conductivity of the same LaAlOs/SrTiO3 sample
measured before and after irradiation showed an
increase in 2DEG resistance with fluence. In a separate
experiment, a SrTiOs substrate irradiated with a fluence
of 2 x 10" ions-cm ™2 did not show any change in the
insulating nature of the SrTiO3 within the sensitivity of
our measurements (102 ohms). This confirms that the
current irradiation experiments do not simply create
oxygen vacancies alone, but also generate compensat-
ing cationic vacancies, and at higher fluences other
defect complexes that can trap charges efficiently. This
is a benefit as the low Z ion beam will not produce a
parallel conducting path in the SrTiOs as in the cases
with low energy heavy ion irradiations."®

To explore the patterning capability of the inter-
face using ion beam exposure technique, a sample of
(8 uc)LaAlOs/SrTiOs was grown under identical condi-
tions and selectively exposed with 2 MeV protons in
two regions (500 um width and 2 mm in length) at
fluences of 2 x 10'” and 6 x 10" ions-cm ™2 Thus we
have a (8 uc)LaAlO5/SrTiO3 sample encompassing two
ion-irradiated rectangular sections with a pristine por-
tion as shown in Figure 5a. Raman spectroscopy and
imaging and electrical transport measurements were
carried out on this sample. As shown in the Figure 5b
the Raman spectrum displays similar behavior as in
the previous case. The intensity of the polar modes was
found to increase with ion fluence and is strongly
reflected in the observation of a stronger intensity
profile for the polar mode peaks in the spectrum.
Furthermore, a Raman spectroscopy image produced
using the integrated intensity of TO, mode at 540 cm ™'
of the irradiated sample is shown in Figure 5c. The as-
deposited and the irradiated regions at a fluence of
2x 10" and 6 x 10" ions-cm ™2 are clearly distinguish-
able in the intensity profile. Here for the as-deposited
section (with an electrically conducting state, Figure 5d)
the signal from the TO4 mode is absent. However, the
patterned line with 2 x 10" ions-cm ™2 (exhibiting
strong localization, Figure 5(e)) shows a significant
intensity of the TO, mode, indicating the emergence
of structural changes in SrTiOs3 at this fluence. The
highest intensity of the TO, mode is observed for the
6 x 10" ions-cm 2 irradiated part and which is found
to be electrically insulating. Raman imaging thus
allows an indirect mapping of the interface conductiv-
ity of the ion-beam patterned LaAlO5/SrTiO5 system.
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Figure 5. (a) A schematic representation of the ion-irradiated sample: lines having width 500 #m and length 2 mm made with
different proton fluences on a (8 uc)LaAlO5/SrTiO; sample. (b) Raman spectra obtained from the as-deposited and ion-beam-
exposed at fluences of 2 x 10'” and 6 x 107 ions-cm 2 in the rectangular sample regions. (c) Raman image created from the
integrated intensity of the TO, mode at 540 cm " for as-deposited as well as patterned lines of LaAlO3/SrTiO; sample sections.
Temperature-dependent resistance of the corresponding patterned lines with (d) 2 x 10" ions-cm 2 (strong localization), (e)
as-deposited (metallic behavior), and (f) 6 x 10" ions-cm™2 (insulator).

This clearly indicates the potential of this method to
fabricate insulating regions in conducting LaAlOs/SrTiO3
samples. In addition, this also reveals the ability to tune
the conductivity by simply adjusting the ion fluence.
An estimate of the defects created by the proton
beam can be determined from Monte Carlo sim-
ulations (SRIM 2008)>® using full damage cascade.
Oxygen ions being the lightest in the SrTiO; lattice
have maximum displacements compared to Ti and Sr
under irradiation by energetic ions. If oxygen vacancies
were the dominant defects in the MeV proton irra-
diated SrTiOs, one would expect a reduction in resis-
tance for the irradiated SrTiO3 as observed by Kan
et al.'® The displacement per atom (dpa) for Srand Tiis
found to be half that of oxygen.>® The oxidation states
of O, Ti, and Sr in SrTiO3 are —2, +4, and +2, respec-
tively. Thus the cationic and anionic vacancies will have
different charges. The ion range of the 2 MeV proton in
(8 uc)LaAlO5/SrTiO; sample is about 27 um. The oxygen
vacancies estimated at the surface is ~10%° cm™ and
at the end of range it is about ~10?' cm 3 at an ion
fluence of 6 x 10" ions-cm 2. The sputtering yield of
oxygen at the LaAlOj; surface is 10~* atoms/ion, which
gives the fraction of oxygen atoms sputtered from the
LAO surface is less than 0.2% at a fluence of 6 x 10"’
ions-cm ™2, For SRIM simulations sample is treated as
an amorphous matrix with homogeneous mass den-
sity, and the ion kinetic energy is transferred ballisti-
cally to the target atom. The above calculated values
are an overestimate because the crystalline nature (ion

MATHEW ET AL.

channeling) and the annealing of the defects have not
been incorporated in this simulation.?’

To investigate the elemental redistribution across
the interface and probe the crystalline quality of the
irradiated LaAlOs/SrTiO; sample, we have performed
high resolution Rutherford back scattering (HRRBS) on
as-deposited and irradiated sample at a fluence of
6 x 10" ions-cm 2 (details are given in Supporting
Information S6). The analysis of HRRBS indicates that
the irradiation effects on La redistribution and the
variations in stoichiometry were very small and beyond
the detection limit of HRRBS, which is about 4 A. X-ray
diffraction measurements (data not given here) on the
above samples had shown broadening of SrTiO5(200)
peak, and the LaAlO3(100) and (200) peaks were clearly
visible in the spectra. Estimating the microscopic struc-
tural perturbations of the LaAlO; layer (top 3.2 nm in
our samples) require techniques such as extended
X-ray absorption fine structure (EXAFS).

Furthermore, to show the patterning capability
for device applications, ion irradiation was carried out
with the optimized parameters (fluence of 6 x 10"
jons-cm~2 for 2 MeV protons) on a LaAlO5/SITiO;
sample covered by a stencil mask, which is thick enough
to stop the ion beam to create spatially selective
insulating regions at the interface 2DEG. Figure 6a
shows a scanning electron microscopy (SEM) image
of the patterned LaAlO3/SrTiO; sample using a metal
stencil mask (made from 0.5 mm thick brass) with a Hall
bar geometry (channel width ~150 um). The Hall bar
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Figure 6. (a) Scanning electron microscopy (SEM) images of
the patterned LaAlO3/SrTiO3 sample using (a) 2 MeV proton
beams atafluence of 6 x 10'” ions-cm~2 with a hard mask of
Hall bar geometry, (b) 500 keV helium ions at a fluence of 1 x
10'® ions-cm~2 with a mask (made of gold) of size 5 um.

structure is found to be transferred to the sample with
the expected dimensions. Significantly, the SEM image
shows the contrast between the irradiated and as-
deposited sections. The contrast for the secondary
electrons at the conducting (as deposited) and insulat-
ing (irradiated) regimes is due to the difference in the
number of secondary electrons reaching the Everhart—
Thornley detector used in the SEM. We have also
explored low energy helium ion irradiations (500 keV
He) to create localization and insulating state in con-
ducting LaAlO3/SrTiOs interfaces as discussed earlier.
Aninsulating state is found to be created at a fluence of
1 % 10'®ions-cm™~2 and strong localization at 1 x 10"
ions-cm™2 in the case of helium ions (Supporting

EXPERIMENTAL METHODS

Sample Preparation and Electrical Characterization. lon irradiation
was carried out using a 3.5 MV Singletron accelerator at the
Center for lon Beam Applications at the National University of
Singapore. A collimated ion beam was used to raster-scan under
normal incidence with a current density of 50 nA/mm? for
protons and 10 nA/mm? for Helium ions. The pressure in the
chamber during the irradiation was 1 x 10~° mbar. To produce
a sample with four isolated equal sections, cross lines were
made on the square SrTiO; substrate surface with a diamond
cutter. Then, a LaAlOs film of 8 uc was deposited on to the
partitioned SrTiO; substrate. Each section of the deposited
LaAlO3/SrTiO3 sample had shown a conducting behavior, and
the absence of conductivity between any two sections indicates
good electrical isolation. The details of the sample preparation
are given in Supporting Information S1. The electrical connec-
tions to the interface were made by Al wire bonding to the
interface. The Al wire penetrates into the sample from the top
surface and makes the connection across the interface that
enables us to probe the LaAlO5/SrTiOs interface conductivity.
Hall measurements were performed to extract the carrier

MATHEW ET AL.

Information S7). A pattern was formed using a mask
made of gold with 500 keV helium ion irradiation, and
the corresponding image is shown in Figure 6b. Here,
the 5 um conducting regions (the bright contrast), which
are clearly visible in SEM micrographs, demonstrate the
capability to pattern the interface down to lower dimen-
sions. With the development of helium ion microscope
with focused ion beams having spatial resolutions of
sub-0.5 nm, direct patterning of fine conducting lines
may be possible on the nm scale. This demonstrates the
ability to pattern the LaAlOs/SrTiOs interfaces using low
Z-ions without any intermediate deposition or etching
techniques that were previously employed.

CONCLUSIONS

A resist-free, single-step direct patterning of the
conducting oxide interface in LaAlO5/SrTiO3 utilizing
energetic ion beam exposure has been demonstrated.
It is shown that this method is tunable to engineer the
conductivity of the two-dimensional electron gas at
the LaAlOs/SrTiOs interface by inducing localizations
via defects, as evidenced by electrical transport, Raman
spectroscopy, and spectroscopic ellipsometric mea-
surements. The spectroscopic studies reveal that the
induced defects/distortions in the SrTiOs lattice can
significantly manipulate the electrical ground state of
the 2DEG in these systems. The further practical ad-
vantage of such low Z ion beam exposure is the
elimination of undesired ion-beam-induced substrate
conductivity (as seen with Ar ions), thus allowing us to
custom-tailor the 2DEG formed at the oxide interface.
Considering the limits of conventional lithography to
pattern these interfaces due to the buried nature of the
2DEG, this new strategy may open up a novel way to
pattern the conducting oxide interfaces whose proper-
ties are sensitive to the metal—oxygen bonds and the
local crystal structure.

density in these samples with +£1.5 T, and the results fit well
to a single carrier model in this low field regime.

Raman Spectroscopy. Visible Raman spectroscopy was carried
out at room temperature using Renishaw Invia Raman system.
The excitation wavelength used was 532 nm, and the laser
power at the sample was below 1.0 mW/cm? to avoid any laser-
induced damage. A 50x objective lens was used with a laser
spot size of ~1 um, and the scattered light from the sample was
collected in the back scattering geometry. Raman imaging was
carried out using WITec ALPHA300RAS system using 532 nm
excitation wavelength with a motorized stage.

Spectroscopic  Ellipsometry. The spectroscopic ellipsometry
measurements were performed in the spectral range between
0.5 and 5.4 eV by using a Sentech SE 850 ellipsometer at room
temperature. The incident angle was set at 70° from the sample
normal, and the incident light was linearly polarized and 45°
from the plane of incidence. Specially designed lenses were
used to focus the incoming light to achieve a beam spot size
of ~500 um. The analysis method to extract the complex
dielectric function of the materials from the raw spectroscopic
ellipsometry data is explained in the Supporting Information S5.
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SEM. A scanning electron microscope (Philips XL30, FEG) 11. Annadi, A; Zhang, Q,; Wang, X.; Tuzla, N.; Gopinadhan, K;
was used to image the ion beam exposed LaAlO3/SrTiO; Lu, W. M.; Barman, Roy,; Liu, Z. Q; Srivastava, A, Saha, S.;
samples. The beam energy used for the imaging was 30 keV et al. Anisotropic Two- Dimensional Electron Gas at the
with the sample normal to the scanning beam. LaAIO3/SrTiOs (110) Interface. Nat. Commun. 2013, 4,
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