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Scalable Programming of LaAlO,; /SrTiO; Interfaces via
Ultra-Low-Voltage Electron-Beam Lithography
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Patrick Irvin, Chang-Beom Eom, and Jeremy Levy*

Interface engineering at complex oxide heterostructures enables a wide

range of electronic functionalities critical for next-generation devices. Here

it is demonstrated that ultra-low-voltage electron beam lithography (ULV-EBL)
creates high-quality mesoscale structures at LaAlO, /SrTiO; (LAO/STO)
interfaces with greater efficiency than conventional methods. Nanowires,
tunnel barriers, and electron waveguides are successfully patterned that exhibit
distinctive transport characteristics including 1D superconductivity, nonlinear
current—voltage behavior, and ballistic electron flow. While conductive atomic
force microscopy (c-AFM) previously enabled similar interface modifications,
ULV-EBL provides significantly faster patterning speeds (10 mm s~!
1 um s7'), wafer-scale capability (>(10 cm)? vs <(90 um)?), and maintenance
of pattern quality under vacuum conditions. Additionally, an efficient oxygen
plasma treatment method is developed for pattern erasure and surface
cleaning, which reveals novel surface reaction dynamics at oxide interfaces.
These capabilities establish ULV-EBL as a versatile approach for scalable
interface engineering in complex oxide heterostructures, with potential
applications in reconfigurable electronics, sensors, and oxide-based devices.

Vs

its remarkable properties, including
tunable metal-insulator transitions,®!
superconductivity,**! ferromagnetism,(®!
and strong spin-orbit coupling,”#! all co-
existing within a single material system.
These functionalities arise from the com-
plex interplay of electronic correlations,
lattice distortions, and interfacial effects
that can be locally controlled through
external stimuli, making LAO/STO an
ideal platform for interface engineering.

Local modification of the LAO/STO in-
terface has been predominantly achieved
through conductive atomic force mi-
croscope  (c-AFM)  lithography,*1°
a technique that enables reversible
nanoscale control of the metal-insulator
transition. By applying an appropriate
bias voltage to an AFM tip scanned
across the LAO surface, the interfacial
conductivity can be locally switched

1. Introduction

Complex oxide interfaces, particularly those between LaAlO,
(LAO) and SrTiO; (STO), represent one of the most ver
satile materials platforms for exploring emergent electronic
phenomena.[!l The discovery of a 2D electron gas (2DEG) at
the LAO/STO interfacel?l has sparked extensive research into
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between insulating and conducting

states with nanometer precision. This
approach has enabled the creation of reconfigurable nanoelec-
tronic devices!!*1* and revealed fundamental insights into the
nature of superconductivity at the LAO/STO interface, such as
its intrinsic 1D character!™! and the existence of exotic electron
pairing states.[16.17]

Despite these achievements, c-AFM lithography faces signifi-
cant limitations that hinder its practical application for large-scale
interface engineering. The technique is inherently slow, with typ-
ical writing speeds of approximately 1 um s, and confined to
relatively small areas dictated by the scan range of commercial
AFMs (typically < 90 um X 90 pm). Moreover, devices created us-
ing c-AFM lithography often exhibit volatility, with patterns spon-
taneously erasing over hour-long timescales in ambient condi-
tions, which constrains the complexity and stability of nanostruc-
tures that can be reliably fabricated.

To overcome these limitations, we have developed ultra-low-
voltage electron beam lithography (ULV-EBL) as an alternative
approach for programming the LAO/STO interface.'®] This tech-
nique employs a low-energy electron beam (100-1000 eV) to in-
duce similar conductivity changes as c-AFM but offers signifi-
cantly faster patterning speeds (10 mm s~! vs 1 pm s7!) and larger
working areas (> (10 cm)? vs < (90 um)?). While c-AFM can reach
a resolution of 2 nm,!"%! ULV-EBL achieves 10 nm resolution!'®!
with the added advantage of operation under vacuum conditions,
which inhibits device degradation that commonly occurs with
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Table 1. Comparison between c-AFM and ULV-EBL techniques.

c-AFM ULV-EBL
Platform AFM SEM
Environment atmosphere <107% mbar vacuum

"Pen” AFM tip electron beam
Scale size <(90 um)? >(10 cm)?
Writing speed Tums™! 10 mm s~!

oxygen plasma

10 nm (Ref. [18])

in-situ erasing negatively biased tip

Resolution 2 nm (Ref. [10])

c-AFM’s atmospheric patterning (Table 1). Furthermore, ULV-
EBL can program the LAO/STO interface underneath van der
Waals (vdW) overlayers, 182 expanding the possibilities for cre-
ating hybrid material systems with engineered properties.

In this work, we extend the capabilities of ULV-EBL by demon-
strating the creation of fundamental mesoscopic building blocks
at the LAO/STO interface, including nanowires, tunnel barriers,
and electron waveguides. We investigate their electronic trans-
port properties, with a particular focus on the 1D superconductiv-
ity and ballistic transport characteristics. Additionally, we explore
the use of oxygen plasma treatment as an efficient method for
pattern erasure and surface cleaning, providing insights into the
complex surface reaction mechanisms that govern the LAO/STO
interface conductivity. These capabilities establish ULV-EBL as a
versatile approach for scalable interface engineering in complex
oxide heterostructures, enabling the development of advanced
oxide-based electronic devices and providing a platform for ex-
ploring emergent phenomena at oxide interfaces.

2. Results

Complex-oxide heterostructures consisting of 3.4 unit cells of
LAO were grown on TiO,-terminated STO substrate using pulsed
laser deposition (PLD) (See Experimental Section for details). The
thickness of the LAO layer was precisely controlled by in-situ
monitoring of oscillations from reflection high-energy electron
diffraction (RHEED). Ti/Au electrodes were used to contact the
interface, providing electrical connections to the 2D electron gas
(2DEG) (see Experimental Section for more information). Ini-
tially, the interface was insulating, with a resistance greater than
5 GQ.

2.1. On-Demand Nanoelectronic Devices

Here, we demonstrate the creation of several categories of
nanoscale devices using ULV-EBL. These include nanowires, tun-
nel barriers, gates, and electron waveguides, device components
that serve as building blocks for large-scale and complex nano-
electronic systems.

2.1.1. Nanowire and Conducting Channel
Nanowire devices at the LAO/STO interface exhibit interesting

physics, such as ballistic transport,[®1317] anomalous magnetic
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states!?!l and 1D superconductivity,!'®! which are challenging to
achieve in similar systems. A particularly notable finding, re-
ported in Ref. [15], is that the superconducting critical current
in c-AFM-patterned nanowires remains largely independent of
channel width, indicating that superconductivity is confined to
narrow edge regions rather than distributed across the full width.

In our previous work,!'8] we have demonstrated that ULV-EBL
can be used to locally convert the LAO/STO interface from insu-
lating to conducting, allowing the fabrication of nanostructures
with sub-10 nm resolution. This method operates under vacuum
and offers significantly faster patterning speed compared to c-
AFM. We also showed that ULV-EBL-patterned nanowires can be-
come superconducting below 300 mK, similar to those produced
by c-AFM. Here, we investigate whether nanowires fabricated us-
ing ULV-EBL exhibit a similar 1D nature of superconductivity
property. To explore this, ULV-EBL is used to create a series of
conducting channels with different widths w.

As shown in Figure 1, three channels with different widths
(w; = 1 pm, w, = 200 nm, and w; = 20 nm) are exposed us-
ing ULV-EBL in a pre-defined “canvas” region (Figure 1a,b), each
with a length of L = 10 um. Taking advantages of electrical
feedthroughs to the e-beam chamber, we can have room tem-
perature in situ electrical measurements during the ULV-EBL
exposure. We observe a clear rise in conductance due to the e-
beam exposure when the designed nanowires connect the metal
electrodes, with conductance scaling proportional to the channel
width (Figure 1c,d).

Transport measurements are performed at T = 50 mK using
a dilution refrigerator. After ULV-EBL exposure and venting the
SEM vacuum chamber using nitrogen, it takes less than 5 min
to transfer the sample to the fridge, load the sample and start
pumping. Upon cooling, the channels exhibit a transition from
normal to superconducting behavior starting at T'= 350 mK. For
instance, the 4-terminal resistance of the w, channel segment
(Figure 2a) shows superconducting behavior with a residue re-
sistance of ~25 Q. In a bulk superconductor, one would expect
zero resistance in the superconducting state. However, in a quasi-
1D geometry such as these patterned channels, phase-slip pro-
cesses and associated fluctuations can suppress true long-range
order, producing a finite residual resistance even in the super-
conducting regimel?>-2*] The relatively small value of 25 Q sug-
gests that such fluctuations are modest in our devices and that
the patterned 2DEG retains high electronic quality. While there
are very interesting thermal hysteresis effects reported,!?*! we did
not track the conductivity hysteresis since the temperature mea-
surements are not reliable during rapid temperature change.

Theoretically, for a 2D superconductor, the critical current is
expected to scale linearly with the channel width, since a wider
channel can support more parallel superconducting paths. How-
ever, in our experiments, the superconducting critical currents
remain in the range of 15-20 nA regardless of the channel width
(Figure 2b—e). This lack of scaling indicates a departure from con-
ventional 2D behavior and suggests that superconductivity is not
uniformly distributed across the channel. This phenomenon was
first reported by Pai et al.l'*! in c-AFM-patterned LAO/STO de-
vices, where it was described as evidence for the 1D nature of
superconductivity at the interface. In this scenario, superconduc-
tivity is localized to narrow regions near the channel edges rather
than spanning the entire width. This edge-confined behavior can
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Figure 1. Patterned ULV-EBL conducting channels at LAO/STO. a) Optical image of the prepatterned electrodes. Red square denotes the defined canvas
region. Scale bar shows 200 um. b) Schematic diagram of a series of wires with different widths using ULV-EBL. The solid red part is the LAO/STO
insulating sample. The solid yellow regions are the interface electrodes. Green lines denote conducting wires exposed by ULV-EBL. There is a 4-terminal
transport characterization carried out at 50 mK. c) Conductance jump from ULV-EBL wiring of the three segments with different widths w; = 1 pm, w,
=200 nm, and w3 = 20 nm. d) Conductance change with respect to the channel widths.

be understood in terms of the superconducting dome observed
in STO and LAO/STO as a function of carrier concentration: su-
perconductivity only emerges within an optimal doping window,
while too many or too few carriers suppress it. Patterning the
interface often leads to a carrier density gradient across the chan-
nel width, higher in the center and lower near the edges. As a
result, only the edges may fall within the optimal doping range
that supports superconductivity. Small variations are likely due to
differences in local electrostatic environment or device geometry,
as the superconducting region is confined to an optimally doped
edge whose exact width is not directly measurable. Our results
are consistent with this interpretation that this 1D superconduct-
ing behavior at the edges of wide channels, confirmed using the
ULV-EBL technique. The observed independence of the critical
current from channel width strongly supports the idea that su-
perconductivity is confined to edge regions defined by the local
doping environment.

2.1.2. Tunnel Barrier
A Dbasic yet essential nanodevice is a 0D tunnel barrier, crucial

for creating nanoelectronics and nanocircuits. Tunnel barriers act
as potential energy obstacles that electrons must overcome, en-
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abling manipulation of electron transport properties within nan-
odevices. This control is essential for achieving quantum con-
finement, regulating electron tunneling, and realizing complex
device functions. Using c-AFM to create a barrier typically in-
volves applying a negative bias voltage to the AFM tip along the
nanowire, effectively cutting it (Figure 3a,b). Because ULV-EBL
cannot erase features in situ, a barrier is created instead by leav-
ing an unexposed gap of a chosen length while patterning the
nanowire (Figure 3c).

To characterize the barrier, we examined its nonlinear current—
voltage (I-V) response. A four-terminal transport measurement
is set up in the ULV-EBL chamber under vacuum at room tem-
perature (Figure 3d). Meanwhile, the gap distance d has been
varied from 0 to 300 nm. The resulting -V curves (Figure 3e)
display nonlinear behavior with reduced current at low bias.
The corresponding differential resistance dV/dI is shown in
Figure 3f which features a high-resistance region. Barrier be-
havior was evident even when the gap was as small as 25 nm,
demonstrating both the effectiveness of creating a barrier at
the LAO/STO interface and the high resolution achievable with
ULV-EBL.

Compared with previously reported barrier-type devices at the
LAO/STO interface fabricated using c-AFM,[**) ULV-EBL de-
vices exhibit similar non-linear current—voltage characteristics, in
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Figure 2. 1D nature of superconductivity. a) Resistance with respect to the temperature T during the cooldown process of the wire segment with width
wy = 1 um. Both 4-terminal and 2-terminal are shown here. b—d) Resistance dV/d/ under magnetic field B. The red dotted lines denote the upper and
lower critical currents (I, ), which are similar for all three devices under different widths. The arrows show the linecuts at zero field in (e). e) Resistance
dV/dI with respect to the four-terminal voltage V for tunnel barriers with different wire widths.

contrast to the linear IV response observed in nanowires. Pho-
tocurrent response in c-AFM-generated barrier-like junctions has
been investigated previously,?! but has not yet been explored in
devices patterned using ULV-EBL. The distinction lies in the pat-
terning strategy and control parameters. In c-AFM, a barrier is
created by cutting with a negative bias or applying a negative
voltage pulse (Figure 3a,b), with the resulting properties deter-
mined indirectly by parameters such as the number of cuts, bias
voltage, and cutting speed. The barrier dimensions in this case
emerge from these conditions rather than being explicitly de-
fined. In ULV-EBL, by contrast, the barrier gap is set directly by
the lithographic layout, allowing precise and reproducible control
over its size.

2.1.3. Electron Waveguide

One of the most important on-demand nanoelectronic devices
is an electron waveguide. Quantized ballistic transport behavior
is observed in LAO/STO waveguide devices, with a mean-free
path I, ~20 um.[**] Adjusting the chemical potential by apply-
ing a sidegate voltage (V,,) allows more electron subbands to
contribute to the conductance, resulting in quantized conduc-

Adv. Mater. Interfaces 2025, 12, e00442 e00442 (4 of 9)

tance plateaus corresponding to the transport of electrons, elec-
tron pairs, and bound states of n > 2 electrons.!'”]

To create such waveguide devices using ULV-EBL, we com-
bine the techniques described in the previous sections. We pat-
tern a nanowire while leaving two gaps to serve as tunnel bar-
riers, as described above. Figure 4a illustrates a nanowire seg-
ment with length L = 500 nm isolated from the source and
drain by two tunnel barriers. The barriers here are made by leav-
ing two 30 nm gaps while exposing the nanowire. We measure
the conductance G = dI/dV versus V,, under zero-bias condi-
tions and with out-of-plane magnetic field up to B = +18 T.
The device exhibits clear conductance plateaus due to Landauer
quantization,!¥?®! confirming the the 1D ballistic nature of these
devices. The magnetic-field dependent subband minima are re-
vealed by plotting the transconductance dG/dV,,. The first sub-
band splits into two near B = 3 T, which is well above the up-
per critical field of LAO/STO, consistent with previous reports of
electron pairing without superconductivity.[®]

In comparison with c-AFM patterned waveguide and nanowire
devices, 3] ULV-EBL devices exhibit similar underlying physics,
including well-resolved subband features arising from ballistic
transport and the phenomenon of electron pairing without su-
perconductivity. Previous studies have demonstrated modulated

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

85UB017 SUOLULLIOD 31D 3|cedl|dde auy Ag pausenob a1 S3o e YO ‘Bsn J0 S3|nJ 104 ARIq1T 8UIUO /8|1 UO (SUORIPUOD-PLR-SWLBHW0D" A3 | 1M ALRIq 1 RU1IUO//SARY) SUORIPUOD PUe SWiB | 38U} 885 *[9202/T0/0E] Uo ARiq1T 8UIlUO AB|IM ‘27005202 IWPR/Z00T 0T/10p/LLI00"A8 | Im* Afeiq1Bul JUO'pRoURARe// SANY WOy papeo|umod ‘T2 ‘G202 ‘0SEL96TE


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED

MATERIALS
LN RS INTERFACES

www.advancedsciencenews.com www.advmatinterfaces.de

(a) (b) ()

o
i

(d) (e) (f)

— 100 V 1.8 14 - —— 300 nm
e~ 1.2 - ——— 200 nm
“ 0.5 - ’ 100 nm

g 1.0 /‘\ —— 50nm

< < 0.8 — 20 nm

2 0.0 5 M No gap
= S 0.6
0.5 - ® 044
4 0.2 -

S 0.0 L—r—7—+—1—
\C\D/ vV 08 -04 00 04 08 04 00 04
IVs V (V) V(V)

Figure 3. Barriers at LAO/STO interface. a) Schematic diagram of the creation of a barrier using the pulsed c-AFM tip. b) Schematic diagram of the
creation of a barrier using a negatively biased c-AFM tip. c) Schematic diagram of creating a barrier using ULV-EBL. The red solid region shows the
insulating LAO/STO sample. The green line is the nanowire. The solid orange region shows the interface electrodes. The black line shows the c-AFM tip
trajectory. d) Schematic diagram of creating a barrier using ULV-EBL with transport measurement. The solid red part is the LAO/STO insulating sample.
Solid yellow regions are the interface electrodes. Green lines denote conducting nanowires. There is a 4-terminal transport characterization carried out
at room temperature under vacuum. e) Characterization of the I-V curve for tunnel barriers with different gap distances d. f) Resistance dV/d/ with
respect to the 4-terminal voltage V for tunnel barriers with different gap distances d.
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Figure 4. ULV-EBL waveguides on LAO/STO. a) Schematic diagram of a waveguide with main channel length L using ULV-EBL. The solid red part is
the LAO/STO insulating sample. Solid yellow regions are the interface electrodes. Green lines denote conducting wires exposed by ULV-EBL. There is a
4-terminal transport characterization carried out at 50 mK. b) Transconductance dG/dV;, with respect to the field B and V.
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Figure 5. Erasing using oxygen plasma. a) Schematic diagram of the SEM chamber with oxygen plasma and in-situ electrical feedthrough. b) Monitoring
the conductance G during ULV-EBL patterning (green arrow) and oxygen plasma treatment (purple arrow) in the EBL chamber. Oxygen plasma is 35
W for 6 seconds. ¢,d) Monitoring the conductance G after erasing by oxygen plasma in the EBL chamber. The green region is under chamber vacuum
~107% mbar. The yellow region is when venting the chamber using nitrogen gas. The blue region is when the sample is exposed to the air. Panel (c)

shows a shorter wait time in vacuum compared with (d).

waveguide devices at the LAO/STO interface, including 1D Kro-
nig Penney type superlattices!'* and serpentine waveguides, "’
realized either through applied voltage modulation or deliberate
real-space pattern design. Although such modulation has not yet
been investigated with ULV-EBL, the ability to vary both the ex-
posure dose and the pattern geometry offers an additional degree
of freedom for engineering 1D nanowire devices in this direc-
tion. Moreover, the inherently fast writing speed and scalability of
ULV-EBL open the possibility of extending superlattice engineer-
ing beyond one dimension, enabling systematic patterning of 2D
superlattices.3%) C-AFM devices generally display slightly higher
quality, with reduced scattering in the transconductance spec-
trum, likely benefiting from their superior capability for precise
local device definition. ULV-EBL, however, offers rapid pattern-
ing and scalability, enabling the fabrication of ballistic nanowires
and waveguides while providing a practical route toward more
complex device geometries.

2.2. Erasing LAO/STO Canvas with Oxygen Plasma Exposure

Unlike c-AFM, ULV-EBL lacks the capability to erase conduct-
ing patterns locally in situ. This creates an asymmetry in the
write/erase workflow: while ULV-EBL excels at pattern writing
(operating approximately 10 000 times faster than c-AFM), the
conventional approach to pattern erasure requires removing the

Adv. Mater. Interfaces 2025, 12, e00442 €00442 (6 of 9)

sample from the ULV-EBL chamber and using c-AFM, which is
prohibitively slow. This workflow bottleneck, that ultrafast writ-
ing followed by extremely slow erasure, significantly limits the
practical advantages of ULV-EBL’s superior writing speed. Ad-
ditionally, vacuum operation introduces another challenge: hy-
drocarbon contaminants in the chamber (at 10-® mbar) can be
deposited on the sample surface by the electron beam,3!32] in-
troducing unwanted electron scattering. To address both the era-
sure speed limitation and surface contamination issues, we have
integrated oxygen plasma capability into our ULV-EBL chamber
using a plasma decontaminator (Evactron E50, Figure 5a).

Oxygen plasma is known to make LAO/STO interfaces more
insulating, although the exact mechanism is not well understood.
There are several possible reactions involved in the process, such
as surface chemical reactions with water molecules, electron trap-
ping induced by the oxygen plasma at the LAO surface,**! and
the very slight removal of the top LAO layer. This treatment is
rapid and affects the entire sample simultaneously. By utilizing
the electrical feedthrough added to the ULV-EBL chamber, we
monitored the sample conductance in situ while applying the
oxygen plasma.

Our experimental sequence began with ULV-EBL patterning
of an initially insulating LAO/STO sample, which increased
the conductance to approximately 40 uS (Figure 5b, green
arrow). Contrary to our expectations, the subsequent oxygen
plasma treatment further increased the conductivity rather than
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suppressing it, with conductance rising to over 100 uS (Figure 5b,
purple arrow). This unexpected behavior suggests a more com-
plexunderlying mechanism than previously understood. The dis-
crepancy between our observations and the established under-
standing that oxygen plasma renders LAO/STO interfaces in-
sulating indicates that an additional process—specifically, atmo-
spheric exposure—plays a critical role in the conductivity modu-
lation. Following oxygen plasma treatment in vacuum, we ob-
served a time-dependent conductance evolution characterized
by three distinct regimes: (1) an exponential-like decay that
gradually diminishes while maintained in vacuum (Figure 5c,d;
green region); (2) a near-linear decay during nitrogen venting
(Figure 5c,d; yellow region); and (3) a rapid decrease to zero
conductance within tens of seconds upon exposure to ambient
air (Figure 5¢,d; blue region). This sequence ultimately trans-
forms the sample into a globally insulating state. These find-
ings demonstrate that a combination of oxygen plasma treatment
followed by controlled atmospheric exposure provides a reliable
methodology for global conductivity erasure at the LAO/STO
interface.

The unexpected conductance evolution during oxygen plasma
treatment likely stems from multiple surface-level processes. The
initial conductance spike can be attributed to plasma-generated
positive ions accumulating at the LAO surface, creating a strong
local electric field that electrostatically gates the underlying
2DEG. Simultaneously, plasma sputtering may generate oxy-
gen vacancies, introducing additional charge carriers. The sub-
sequent conductance decay occurs through distinct phases: in
vacuum, surface charges gradually dissipate; during nitrogen
venting, the dissipation accelerates as the gas neutralizes sur-
face ionization; and upon air exposure, atmospheric oxygen and
moisture rapidly reoxidize the LAO surface, eliminating vacancy-
induced carriers and restoring the interface to its insulating state.
This sequence demonstrates the LAO/STO interface’s acute sen-
sitivity to surface boundary conditions and provides insight into
the chemical mechanisms underlying the erasure process.

The oxygen plasma method presents a valuable extension of
the patterning toolkit: it enables rapid, in situ erasure within
the SEM chamber and is highly effective for large-scale, high-
throughput applications. While it does not replace local erasure
with an AFM tip, it complements it by expanding the operational
flexibility of the system.

3. Discussion

Compared with the previously established cAFM
approach,[910131417.34] ULV.EBL achieves comparable device
quality while offering distinct benefits. As shown in the direct
comparison table (Table 1), c:AFM can reach a resolution of 2
nm,[1% whereas ULV-EBL achieves 10 nm.['®! Although ULV-EBL
resolution is slightly coarser than the best c-AFM performance,
both methods are still well beyond the limits of conventional
fabrication methods such as electron beam lithography. Impor-
tantly, ULV-EBL offers a significant advantage in throughput,
achieving up to 10 000 times faster writing speed compared to
c-AFM. Both techniques have been used to realize advanced
functionalities at the LAO/STO interface, including ballistic
transport in 1D waveguide devices.
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ULV-EBL operates under vacuum, inhibiting device degrada-
tion that occurs with c-AFM’s atmospheric patterning. C-AFM
is a powerful yet limited method, which provides incomparably
high resolution, but is not practical for complex or large-scale
devices. While conventional electron-beam lithography (EBL)
with metal gates enables large-area patterning. ULV-EBL offers
the same device quality and reprogrammability as c—AFM while
keeping the large—area, high-speed patterning of conventional
electron-beam lithography. This capability is crucial for mov-
ing from proof-of-concept quantum devices to practical arrays of
qubits or quantum sensors on a large scale. Each method has its
strengths and is suited to different experimental needs: ULV-EBL
excels in scalability and speed, while c-AFM offers finer resolu-
tion in small-scale patterning tasks.

4, Conclusion

In summary, we have demonstrated a robust and scalable
method for fabricating reconfigurable electronic structures at
LaAlO,/SrTiO; interfaces using ULV-EBL. This technique pre-
serves the intrinsic properties of the oxide heterostructure while
offering significant advantages in terms of processing speed,
working area, and operational environment compared to es-
tablished c-AFM lithography methods. The mesoscopic struc-
tures created with ULV-EBL exhibit the rich electronic phenom-
ena characteristic of LAO/STO interfaces, including 1D super-
conductivity in nanochannels, nonlinear transport behavior in
tunnel barriers, and quantized ballistic transport in electron
waveguides.

Our investigation of oxygen plasma treatment as a pattern era-
sure method has revealed previously unobserved surface reaction
dynamics at the LAO/STO interface. The complex conductance
evolution following plasma treatment characterized by an initial
conductance increase followed by a multi-stage decay process de-
pendent on environmental conditions provides valuable insights
into the coupling between surface chemistry and interfacial elec-
tronic properties in complex oxide systems. This understanding
opens new avenues for controlling and manipulating oxide inter-
faces through targeted surface modifications.

The demonstrated capabilities of ULV-EBL-significantly faster
patterning speeds (10 mm s™' vs 1 pm s7!), larger working areas
(> (10 cm)? vs < (90 um)?), and operation under controlled vac-
uum conditions-overcome key limitations of conventional tech-
niques, enabling the reliable fabrication of more complex and ex-
tensive interface devices. This scalability, combined with the ex-
ceptional quality of the resulting structures, positions ULV-EBL
as a transformative approach for oxide interface engineering with
numerous potential applications.

Looking forward, this interface patterning technology provides
a promising platform for developing advanced oxide-based elec-
tronics, including high-mobility field-effect devices, novel sen-
sors, and reconfigurable circuit elements. The technique’s com-
patibility with van der Waals overlayers!'#2%l and potentially with
oxide membranes(**! further expands opportunities for creating
hybrid materials systems with engineered functionalities. Addi-
tionally, the ability to pattern high-quality superconducting struc-
tures and ballistic electron channels at scale opens pathways for
future quantum information applications, including networks
of superconducting quantum devices and coherent electron
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waveguides for quantum transport experiments. Overall, ULV-
EBL substantially advances our ability to harness the exceptional
properties of complex oxide interfaces in practical technological
applications while providing a versatile platform for fundamental
materials research.

5. Experimental Section

LAO/STO Sample Growth: The commercial STO (001) substrate used
was 1 mm in thickness and 5 X 5 mm? in size with TiO, termination,
treated by buffered hydrofluoric acid for 60 s. The substrate was then an-
nealed at 1000 °C under an oxygen flow of 30 sccm for 6 h prior to LAO
growth. This temperature was monitored using the tube furnaces built-in
temperature readout. A layer of 3.4 u.c. LAO was then grown on the STO
substrate using pulsed laser deposition (PLD), under a temperature of 550
°C and an oxygen pressure of 1073 mbar. An in situ reflection high-energy
electron diffraction (RHEED) is used to monitor the thickness of deposited
LAO. The sample was then post-annealed to room temperature in 1 atm
oxygen. Both the growth temperature and post-growth cooldown profile
were measured using a thermocouple located at the sample stage inside
the PLD chamber.

Photolithography: A two-layer photolithography process was carried
out with the LAO/STO sample to create both the interfacial electrodes and
the top electrodes. The LAO/STO sample was spun with AZ4110 photore-
sist and exposed with a laser of wavelength 365 nm (120 m)) using the
Heidelberg MLAT00 direct write lithography system. After developing the
resist, the sample was then subjected to argon ion milling for 25 min in
a chamber with 1.2 x 10~* mbar pressure, 500 V acceleration voltage, 10
mA beam current, and an argon flow rate of 20 sccm. This achieved an
etch rate of around 1 nm/min, resulting in a 25 nm deep etch that re-
moves both the LAO layer and the top portion of STO, thereby exposing
the LAO/STO interface. 3.3 nm Ti and 20.7 nm Au were deposited onto the
sample following an acetone liftoff procedure. Thus, the “canvas”-like area
was formed by the inter-facial electrodes. The specially designed ULV-EBL
markers were also deposited within this first layer. For the second layer
as surface electrodes, without ion-milling, a 4 nm Ti and 50 nm Au were
deposited onto the sample connecting with the first layer interfacial elec-
trodes and forming the bonding pads. The ion milling and metal depo-
sition processes were implemented with Plassys Electron Beam Evapora-
tion System MEBS550S. lllustrations can be found in Supporting Informa-
tion Figure S2.

ULV-EBL:  As the key and the most critical step, ULV-EBL requires a
scanning electron microscope (SEM) capable of low-voltage operation. A
Zeiss Gemini 450 SEM was used that is integrated with a Raith electron
beam lithography (EBL) pattern generator. The system was configured with
electrical feedthroughs allowing in situ electrical measurements in the EBL
chamber during e-beam exposure. A 100 V acceleration voltage V.. was
used to accelerate the electrons is consistent with avoiding the damage to
the oxide structures. The working distance was kept small (WD = 3 mm)
in order to compensate the ultra-low V, .. An in-lens secondary electron
detector allows detection of the weak secondary electron signal above the
sample within the small WD. The single 30 um aperture gives I, ~25 nA
beam current. The three-point alignment (TPA) and write-field alignment
(WFA) was carried out at EBL markers at the edge of the sample far away
from the “canvases.” Care was taken to avoid unattended exposure to the
canvas region. Finally, the beam was blanked and shuttled to the canvas
to expose the designed pattern as nanowires.

When working with an insulating sample such as LAO/STO, elec-
tron beam irradiation can induce significant surface charging, which in
turn may distort the patterned features. To address this, several proce-
dures are developed and implemented that effectively minimize charg-
ing during ULV-EBL exposure: 1) Grounding via Wirebonding and Elec-
trical Feedthroughs: The sample is wirebonded and connected through in
situ electrical feedthroughs during exposure. This setup enables real-time
transport measurements and also ensures that the device remains elec-
trically grounded, allowing accumulated charge to dissipate efficiently. 2)
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Low Beam Current and Dose Optimization: We operate the SEM under
ultra-low-voltage conditions (100-200 V), with a beam current of around
20 pA and an area dose of 30-100 puC/cm?. These parameters are sig-
nificantly lower than those used in standard resist-based EBL processes
and are optimized for LAO/STO to minimize charging while ensuring suc-
cessful patterning. 3) Avoiding Precharging of the Device Area: To prevent
unintended precharging of the “canvas” region, all alignment and beam
adjustments were performed in areas far from the device. The beam re-
mains blanked while moving to the canvas, and exposure occurs only dur-
ing the intended patterning step. After implementing these procedures,
AFM imaging of the exposed regions was performed and found no dis-
cernible distortion in the patterns when compared with the original design
layout (see Supporting Information Figure ST1).

Dilution Refrigerator:  The sample was cooled down in a Quantum De-
sign Physical Property Measurement System (PPMS) with a dilution re-
frigerator insert which can go from T = 300 K to T = 50 mK. A Krohn—
Hite Model 7008 amplifier and set of National Instruments PXI-4461 DAQ
cards were used to perform electrical transport measurements.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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