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Cover Letter

University of Pittsburgh

School of Arts and Sciences AR
¥ 412-624-9000

Department of Physics and Astronomy Fax: 412-624-9163
www.phyast.pitt.edu

19 December 2013

Dear Editor,

Enclosed please find our video manuscript, entitled “Writing and Low-Temperature
Characterization of Oxide Nanostructures”, which we are submitting for publication in
JoVE. The manuscript and video describe a process that is central to more than a dozen
published works in Science, Nature Materials and other high-profile journals. Despite all
of the documented results, there still does not exist an archival-quality visual description
of how we prepare our nanostructures. That is the explicit aim of this video manuscript.

I am highly supportive of the JoOVE mission, and routinely use video in my laboratory for
a variety of purposes. We chose to use an author-submission because we believe that we
have the in-house capability to produce a video that meets the standards of JoVE. If there
are technical problems with the video, it is not due to a lack of ability on our side, but
rather lack of appreciation of some subtleties that should easily be correctable (we hope).

| do have a question that was not answered on the website: can we upload a manuscript
on arxiv.org? This practice is common for other journal submissions, and ends up
improving the final published manuscript. We believe that an arxiv post will serve the
same purpose for JOVE. If this practice is not allowed, | would appreciate knowing.

Sincerely,

Ty D

Jeremy Levy
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Short Abstract:

Oxide nanostructures provide new opportunities for science and technology. The interfacial
conductivity between LaAlOs; and SrTiO3 can be controlled with near-atomic precision using a
conductive atomic force microscopy technique. The protocol for creating and measuring
conductive nanostructures at LaAlO3/SrTiOs interfaces is demonstrated.

Long Abstract:

Oxide nanoelectronics is a rapidly growing field which seeks to develop novel materials with
multifunctional behavior at nanoscale dimensions. Oxide interfaces exhibit a wide range of
properties that can be controlled include conduction, piezoelectric behavior, ferromagnetism,
superconductivity and nonlinear optical properties. Recently, methods for controlling these
properties at extreme nanoscale dimensions have been discovered and developed. Here are
described explicit step-by-step procedures for creating LaAlOs/SrTiOs nanostructures using a
reversible conductive atomic force microscopy technique. The processing steps for creating
electrical contacts to the LaAlO3/SrTiOs interface are first described. Conductive nanostructures
are created by applying voltages to a conductive atomic force microscope tip and locally
switching the LaAlO3/SrTiOs interface to a conductive state. A versatile nanolithography toolkit
has been developed expressly for the purpose of controlling the atomic force microscope (AFM)
tip path and voltage. Then, these nanostructures are placed in a cryostat and transport
measurements are performed. The procedures described here should be useful to others
wishing to conduct research in oxide nanoelectronics.
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Introduction:

Oxide heterostructures™™ exhibit a remarkably wide variety of emergent physical phenomena
which are both scientifically interesting and potentially useful for applications®. In particular,
the interface between LaAlO; (LAO) and SrTiOs (STO)® can exhibit insulating, conducting,
superconducting’, ferroelectric-like®, and ferromagnetic® behavior. In 2006, Thiel et al
showed' that there is a sharp insulator-to-metal transition as the thickness of the LAO layer is
increased, with a critical thickness of 4 unit cells (4uc). It was subsequently shown that 3uc-
LAO/STO structures exhibit a hysteretic transition that can be controlled locally with a
conductive atomic-force microscope (c-AFM) probe™”.

The properties of oxide interfaces such as LaAlO3/SrTiOs depend on the absence or presence of
conducting electrons at the interface. These electrons can be controlled using top gate
electrodes ****, back gates 10 surface adsorbates™, ferroelectric Iayersls’16 and c-AFM
lithography®'. A unique feature of c-AFM lithography is that very small nanoscale features can
be created.

Electrical top gating, combined with two-dimensional confinement, is often used to create
quantum dots in I11-V semiconductors *’. Alternatively, quasi-one-dimensional semiconducting
nanowires can be electrically gated by proximity. The methods for producing these structures
are time-consuming and generally irreversible. By contrast, the c-AFM lithography technique is
reversible in the sense that a nanostructure can be created for one experiment, and then
“erased” (similar to a whiteboard). Generally, c-AFM writing is performed with positive
voltages applied to the AFM tip, while, erasing is performed using negative voltages. The time
required to create a particular structure depends on the complexity of the device but is usually
less than 30 minutes; most of that time is spent erasing the canvas. The typical spatial
resolution is about 10 nanometers, but with proper tuning features as small as 2 nanometers
can be created®®.

A detailed description of the nanoscale fabrication procedure follows. The detail provided here
should be sufficient to allow similar experiments to be performed by interested researchers.
The method described here has many advantages over traditional lithographic approaches used
to create electronic nanostructures in semiconductors.

The c-AFM lithography method described here is part of a much broader class of scanning-
probe-based lithography efforts, including scanning anodic oxidation®, dip-pen
nanolithography?®, piezoelectric patterning®’, and so on. The c-AFM technique described here,
coupled with the use of novel oxide interfaces, can produce some of the highest-precision
electronic structures with an unprecedented variety of physical properties.

Protocol:

1. Obtain LAO/STO heterostructures
1.1) Obtain an oxide heterostructure consisting of 3.4 unit cells of LAO grown by pulsed laser
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deposition on TiO,-terminated STO substrates. Details of sample growth are described in
Ref. 2.

2. Photolithographic processing of samples

Create electrical contacts to the LAO/STO interface, with bonding pads for wiring canvases to a
chip carrier. The individual processing steps Error! Reference source not found.are described
in detail below.

2.1)  Spin photoresist

2.1.1) Spin photoresist on the samples at 600 rpm for 5s, then at 4000 rpm for 30s. The
photoresist layer will be about 2 um thick. Bake the samples at 95° for 1 minute.

2.2) Expose photoresist using a mask aligner with 320 nm light for 100 s with a dose of
5 mW/cm?.

2.3) Develop the photoresist in photoresist developer for one minute.

2.4)  lon milling

2.4.1) Use an Ar" ion mill to remove 15 nm of material (LAO and STO) in the areas not covered
by photoresist. Place the samples at a 22.5° angle to the direction perpendicular to the
incoming Ar+ ion beam. If the Ar+ etching rate is not calibrated, perform a calibration run to
ensure that the correct amount of material is removed. Determine the etching depth using
AFM or equivalent profilmetry.

2.5) DCsputtering of Tiand Au

2.5.1) Deposit 4 nm Ti, then 25 nm Au onto the samples so that the Au makes electrical
contact with the exposed STO layer. The sputtering pressure is in the range 2-6 x 107 Torr, and
the sputtering takes place with the sample at room temperature. Pre-sputter Ti for 10 minutes
with shutter closed at 100 W, then open shutter and sputter for 20 s at 100 W. Upon
completion, immediately pre-sputter Au for 1 minute at 50 W then sputter Au for 30 seconds to
the samples at 50 W. Calibrate the time to produce the desired Ti and Au thicknesses.

2.6)  Lift-off

2.6.1) Use Acetone/IPA ultrasonic wash to remove photoresist from the surface of the
samples.

2.7) Second layer

2.7.1) A second lithographic process, excluding step 4 (i.e., excluding ion milling), is used to
create gold wire connections to individual bonding pads. The two patterns must be well-
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aligned to ensure that they do not produce electrical shorts.

2.8)  Plasma cleaning.

2.8.1) An IPC Barrel Etcher is used to remove the photoresist residue in the pattern trench. The
instrument used at the 100 W and 1 Torr argon for 1 minute.

3. Wire bond a sample to prepare for writing

3.1) Mount the LAO/STO sample in a chip carrier (Figure 2aError! Reference source not
found.) with 28 available pins.

3.2)  Wire bond structure

NOTE: Use a wire bonder to make electrical connections between bonding pads on the sample
and the chip carrier. Attach 1 mil (25 micrometer) gold wires between the electrical contacts
and the chip carrier.Write nanostructures

4, Write nanostructures.

4.1) Create an informal sketch of the conductive nanostructure (Figure 3Error! Reference
source not found.A).

4.2)  Open the scalable vector graphics (SVG) editor (Figure 3Error! Reference source not
found.B).

4.2.1) Use a template or define the window size to match that of the AFM image.
4.2.2) Load the AFM image of the sample into the SVG editor.

4.2.3) Create nanostructure elements overlaid on the AFM image.

4.3) Load the SVG file into the nanolithography program.

4.4)  Run the lithography software to create a conductive nanostructure.

4.4.1) Use V;,=+10V to create nanostructures, and V;,=-10 V to erase nanostructures.
4.4.2) Move the c-AFM tip at a speed ranging from 200 nm/s to 2 um/s.

5. Cool device and take measurements
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5.1)  Turn off all white lights and use red filters/light sources.

5.2)  Extract the sample from the AFM system.

5.3) Load the sample into the dilution refrigerator (Figure 5A).

5.4)  Measure resistance vs. temperature (Figure 5B) as the sample is cooled.

5.5)  Measure transport properties at low temperatures (Figure 5C).

Representative Results:

The results shown here are representative of the transport behavior that can be exhibited by
this class of nanostructures, and has been described elsewhere in detail**?°. In this example, a
nanowire cavity has been constructed (Figure 4) from a 3.3 unit cell LAO/STO heterostructure.
Conductive paths (shown in green) are typically 10 nm wide, as determined by nanowire
“cutting” experiments’’. The tip speed and voltage for each segment is independently
configurable from the lithography front panel (Figure 4B), as is the tip writing speed. “Virtual
electrodes” that interface with the interfacial contacts ensure that there is a highly conductive
electrical connection to the nanostructures.

After the nanostructure is written, it is transferred to the dilution refrigerator. Exposure to light
at or below 550 nm will produce unwanted photoconduction, so it is important to transfer the
device in darkness or with the aid of a red “darkroom” light (Figure 5A). Electrical connections
should be made at room temperature, and as with most semiconductor nanostructures, great
care should be taken when changing electrical connections at cryogenic temperatures. If the
devices is subjected to electrostatic discharge, it will most likely become insulating.
Remarkably, the device functionality can be recovered by “cycling” the temperature to 300K
and cooling down again.

During cooldown, it is routine to monitor the two-terminal resistance, and even the four-
terminal resistance, as a function of temperature. For these measurements an ac voltage
(typically ~1 mV) is applied at a low frequency (<10 Hz) to one of the electrodes, while the ac
current is measured using a transimpedance amplifier. Lock-in demodulation and filtering is
performed using a home-developed lock-in amplifier. The ac current is monitored as a function
of temperature (Figure 5B).

Once the device is cooled to the base temperature of the dilution refrigerator (50 mK), four-
terminal transport measurements are performed (Figure 5C). For these measurements, current
is sourced through the main channel of the device, while voltage across the device is
simultaneously measured. Instead of measuring with a lock-in amplifier, a full current-voltage
(I-V) trace is measured. This method contains more information and the differential conduction
can be calculated via numerical differentiation. For the particular device, the differential
conduction is measured as a function of the side-gate voltage V;,. This gate allows the chemical
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potential of the device to be changed. The transport through the device shows a strong non-
monotonic dependence, indicating regions in which Coulomb blockade takes place for smaller
values, and strong superconductivity for larger values of Vi, . Details about the physical
interpretation for this class of device will be described elsewhere.

Figure Legends:

Figure 1. Photolithographic processing steps. Step 1: spin photoresist. Step 2: expose
photoresist using mask aligner. Step 3: develop photoresist. Step 4: ion milling. Step 5: DC
sputtering to deposit Ti and Au. Step 6: lift-off. Step 7: deposit the second layer. Step 8: plasma
cleaning.

Figure 2. Images of lithographically patterned LAO/STO heterostructures. A. Image showing
5mm x 5mm sample wire bonded to a chip carrier. B. Optical image showing bonding pads and
one of the canvases. C. Close-up of a single canvas.

Figure 3. A. Informal design of LAO/STO nanostructure. B. Precise layout of nanostructure
using an open-source scalable vector graphics (SVG) editor.

Figure 4. Lithography front panel for c-AFM patterning. B. Screenshot from 3D simulator
showing position and voltage of c-AFM tip.

Figure 5. A. LAO/STO nanostructure being inserted into dilution refrigerator. B. Monitoring of
sample resistance as it is cooled from 300K to 50 mK. C. Monitoring of four-terminal
differential conductance of device as a function of side gate voltage Vsg and voltage across the
device (V4t). Intensity graph displayed in units of siemens (S), and voltages are displayed in
units of volts (V).

Discussion:

Successful creation of nanostructures depends on several critical steps. It is important that the
LAO/STO samples are grown with a thickness that is known to be at the boundary between the
insulating and conductive phase. (Details of sample growth fall outside the scope of this paper,
but are crucial for overall success.) Second, it is important to have relative humidity within the
range 25-45% for successful c-AFM writing. Values below 25% are unlikely to produce
conductive nanostructures, while too high humidity will generally produce uncontrollably large
features. Also, temperature control of the AFM is important if the c-AFM tip needs to achieve
precise registry over long periods of time. Once the nanostructures are created, they must be
placed in a vacuum environment if experiments lasting longer than a few hours are to be
performed. For the experiments described here, the structure is created and within minutes
transferred to a vacuum environment.

It is recommend before writing that a “writing test” be performed on all relevant electrodes. In
such a test, two virtual electrodes are first created, and a single nanowire is written while
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simultaneously monitoring the conductance. A similar test of erasure can be performed by
“cutting” the nanowire shortly afterwards. If the nanostructure is decaying rapidly, the issue is
most likely due either to the interfacial contacts or the canvas itself. To distinguish between
these two effects, a four-terminal measurement of the conductance should be performed, and
the two-terminal conductance should be compared with the four-terminal conductance as a
function of time. If the two-terminal conductance is decaying more rapidly than the four-
terminal conductance, then the issue is related to the electrical contacts to the interface. If the
four-terminal conductance is decaying at a comparable rate, then most likely the canvas is not
suitable and should be replaced.

There are natural limitations of the current method for creating nanostructures. Specifically,
the writing speed for the smallest devices is limited to a few hundred nanometers per second.
Speeds far above that value lead to unpredictable results. Use of parallel writing techniques
are possible?’?®, but are not highly developed and have their own drawbacks. The size of
nanostructures that can be created is naturally limited by the scan range of the AFM being
used. A high-quality AFM with closed-loop feedback in the two scan directions is highly
recommended. Tracking of point-like objects on the sample surface should be performed to
monitor temporal drift of the sample.

Once creation of conductive nanostructures at oxide interfaces has been mastered, there are a
wide range of experimental directions that can be explored. Using this technique, a wide
variety of nanostructures and devices have already been demonstrated, including nanowires™,
tunnel barriers®, rectifying junctions®, field-effect transistors®, single-electron transistors™?,
superconducting nanowires>?, nanoscale optical detectors®, and nanoscale THz emitters and
detectors®.
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Figure 5
k here to download Figure: Figure5.pdf B
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Excel Spreadsheet- Table of Materials/Equipment
Click here to download Excel Spreadsheet- Table of Materials/Equipment: Equipment and Materials.xIsx

Name Company Catalog Number
Equipment

Contact Aligner Karl-Suss MAG6
Spinner Solitec 5110C

lon Mill Commonwealth Scientific 8C
Sputtering System Leybold-Heraeus Z-650
Barrel Etcher Branson/IPC 3000C
Wire Bonder Westbond 7700E
AFM Asylum Research MFP-3D
Dilution Refrigerator Quantum Design P850
Ultrasonic Wash Machine Fisher Scientific 15-335-6
Current Amplifier Femto DLPCA-200
Materials

LaAlO3/SrTiO3 Prof. Chang-Beom Eom N/A
Photoresist AZ Electronic Materials P4210
Developer AZ Electronic Materials 400K
Acetone Fisher Scientific A929SK-4
Isopropyl Alcohol Fisher Scientific A459-1
Deionized Water Fisher Scientific 23-290-065
Gold Wire DuPont 5771

Chip Carrier NTK Technologies IRK28F1-5451D
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Comments

5mm x 1Imm with ~3.4 unit cells of LAO (See Reference 18)

1 mil diameter
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ltem 1 (check one box): The Author elects to have the Materials be made available (as described at
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Iltem 2 (check one box):

Standard Access | X | Open Access

X | The Author is NOT a United States government employee.

The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non  Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MylJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.
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2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the wuse, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JOVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
JoVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JOVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.

CORRESPONDING AUTHOR:

Name: Jeremy Levy

Department: Physics and Astronomy
Institution: University of Pittsburgh
Article Title:

Signature: M %

Writing and Low-Temperature Characterization of Oxide Nanostructures

19 Dec 2013
Date:

Please submit a signed and dated copy of this license by one of the following three methods:
1) Upload a scanned copy of the document as a pfd on the JoVE submission site;

2) Faxthe documentto +1.866.381.2236;

3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139
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Video Produced by Author - Low resolution ONLY (less than 50 mb)
Click here to download Video Produced by Author - Low resolution ONLY (less than 50 mb): JoVE-2014-05-03.mp4


http://www.editorialmanager.com/jove/download.aspx?id=175126&guid=a06c9136-7007-491d-898a-68007fcf5da5&scheme=1

Rebuttal Comments
Click here to download Rebuttal Comments: JoVEManuscriptR4 (1).pdf

We thank the Reviewers and Editor for their constructive comments. Below please find our
responses to each comment.

Editorial comments:

1)Audio issues:
*2:53-3:31 — The audio here is lower than the rest of the voice-over in the video. It should be
normalized.

We have fixed the audio issues.

2)Please make sure that your references comply with JoVE instructions for authors. In-text formatting:
corresponding reference numbers should appear as superscripts after the appropriate statement(s) in the
text of the manuscript. Citation formatting should appear as follows: (For 6 authors or less list all
authors. For more than 6 authors, list only the first author then ef al.): [Lastname, F.I., LastName, F.I.,
LastName, F.I. Article Title. Source. Volume (Issue), FirstPage — LastPage, doi:DOI, (YEAR).]

We have corrected the format of the references. Regarding Reference 1, that article is in press
and we expect it to have full coordinates shortly (probably on the time scale for publication of this
article if it is accepted).

3)Please take this opportunity to thoroughly proofread your manuscript to ensure that there are no
spelling or grammar issues. Your JoVE editor will not copy-edit your manuscript and any errors in your
submitted revision may be present in the published version.

Thank you we have made some minor corrections to spelling and grammar.

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

In this article, the authors demonstrate an approach to create and characterize low dimensional oxide
structures. This is of great importance to the emerging field of oxide nano-electronics/spintronics.
Actually, it should also be potentially applicable to other non-oxide material systems, as long as there is
resistance hysteresis behavior. Additionally, I also enjoyed watching the video manuscript.

Major Concerns:
There is no major concern in this version.

Minor Concerns:


http://www.editorialmanager.com/jove/download.aspx?id=175125&guid=ba1deaa2-4db4-4ffd-b285-1a974bace757&scheme=1

However, there are a number of things required to be corrected or improved. I list them below:
1. Keywords. In order to match the title, "oxide nanostructures" is a better keyword than "oxide
semiconductor";

We have made this change.

2. Short abstract. In the first sentence, replace "oxide interfaces" by "oxide nanostructures", because
"interface" will be difficult to pick up immediately for general audience without introducing it.
We have made this change.

3. Long abstract. In line 77, the "AFM" abbreviation is not defined yet.
We replaced the abbreviation with “atomic force microscope”

4. Line 123 in Protocol & line 195 in Representative Results. There is inconsistency about LaAlO3
(LAO) thickness. In these two lines, LAO are 3.3 unit cells. However, in video and the final comment,
LAO are 3.4 unit cells. This typo should be corrected.

We have corrected step 2, which now states “3.4 unit cells”.

5. There are at least four places with texts of "Error! Reference source not found.". I believe they are
figure references. If they are not about Figures, figure references should be properly included there.
The unlinked referenes have been corrected.

6. There are occasionally typos. In line 213, space should be added before "mV". In line 172, it should
be"Use", not "Us".

Both typos have been corrected.

7. In line 228, add representative references about "other publications”

The sentence now reads: “Details about the physical interpretation for this class of device will be

described elsewhere.”

8. The reference format is very odd to me. There are seems like a lot of format errors. Just an example,
some are with DOI, some not.

Thank you for pointing out these inconsistencies. They have been corrected in the revised
manuscript.

9. In figure 2, it is much better to add more labels to describe A and C.

We have added more labels.



10. Figure 5's Axis labels need to be improved. The Vsg axis is lack of unit of V. For the V4t axis,
"-33.03z" is better replaced by "0" or "Ou". Move "dI/dV" label closer to color bar and assign a unit to
it.

The images shown here are screen captures of the actual display used in the experiment (they
appear this wa in the video). We have added information about the units for all of the quantities
and corrected the description of the quanitity (differential conductance rather than differential
resistance).

Additional Comments to Authors:
There is no additional comments to Authors.

Reviewer #2:

The movie and manuscript JOVES1886R3 by Akash Levy et. al. describe the process of creating
conductive nanostructures by applying voltages to a conductive atomic force microscope tip and locally
switching the LaAlO3/SrTiO3 interface to a conductive state. The goal of this publication is to provide a
detailed description of how these conductive nanostructures are created and measured. The details
provided here should are sufficient to allow similar experiments to be performed using this technique.

I think that this work is well presented and deserves to be published in the Journal of Visualized
Experiments (JoVE). However, there are some issues that should be addressed prior to publishing this
work.

General Comments:

1) Some editing is required in order to make stronger and more concise statements.

We have attempted to make the language of the manuscript stronger and more concise.

2) References for the figures are not found.

The figures are not taken from other publications.

3) There is no detailed description of how the structure can be erased, although it is mentioned as one of
the key features of this technique in the introduction, and very briefly shown in the movie.

Thank you for pointing out this missing information. We have added a description of the erasing
procedure: “Generally, c-AFM writing is performed with positive voltages applied to the AFM tip,
while, erasing is performed using negative voltages. “



4) Since the sputtering was described in details, the manuscript should include details, or at least a
reference to the parameters used in the c-AFM such as applied voltage, scan speed etc.

We have included some typical parameters in the nanostructure writing receipe.

5) There is no conclusion section in the paper and the conclusion section in the video is insufficient. The
last paragraph (line 281) states that “wide range of experimental directions that can be explored”.
Please elaborate.

It is our understanding that the last section should be for “Discussion” rather than conclusion.
We have removed the last sentence to focus on the wide family of devices that have already
been demonstrated.

6) This description could be upgraded by including some level of discussion of the physics involved, to
set this work in its context. The extent of this discussion depends on the editor and the preference for
this journal. For example — there is no mention of the basic physics that makes this writing possible.
Why do voltages have such an effect on the LAO/STO surface?

We felt that the main purpose of this video article was to describe the methods used to create
the structures. Deeper discussion of the basic physics of the devices, or even the writing
process itself, has been the subject of other publications (e.g., Ref. 21).

7) The level of details in the various sections is not proportional (e.g. in section 4 — no details about the
writing parameters vs. too many details about opening files)

We have included more details about the writing parameters.

Specific Comments:

Editing is needed in the following examples:

76-80: Please revise this section to make a stronger statement or a stronger argument for this
publication.

The purpose of the publication is to describe methods by which LAO/STO structures are created
and measured. The lines 76-80 are summarizing a process that is described in more detail in
the manuscript and illustrated visually in the video. The last sentence (79-80) makes it clear to
the reader the scope of the manuscript and the video, and (we hope) will facilitate the process of
replicating these results in other laboratories.

108: "...are created is presented" rephrase.



We have rephrased the sentence to read: “A detailed description of the nanoscale fabrication
procedure follows.”
152: " Calibrate the times should to produce the desired Ti and Au thicknesses." — remove “should”.

We have fixed this sentence which now reads: “The times should be calibrated to produce the
desired Ti and Au thicknesses.”

Line 187: consider switching with line 186
Yes, those parts were written out of order--we have swapped them.

Additional references needed for the following statements:
99: "...1s often used to create quantum dots in III-V semiconductors."

We added a representative reference.

Error in figure references: Lines: 130, 169, 177, 178.
We have corrected these errors.

Figure 2: scale bar is missing in the microscope pictures

Additional information to consider including:
143: what is in the calibration run? (AFM? Elipsometry? Profilometry?).

We have added information: “If the Ar+ etching rate is not calibrated, a calibration run should be
performed to ensure that the correct amount of material is removed. Etching depth should be
determined using AFM or equivalent profilmetry.”

Is the process repeatable and stable?
147: what is the sputtering pressure? Temperature? (Room temperature should also be stated for
clarity).

We include this information now:

Deposit 4 nm Ti, then 25 nm Au onto the samples so that the Au makes electrical contact with the
exposed STO layer. The sputtering pressure is in the range 2-6 x 107 Torr, and the sputtering takes
place with the sample at room temperature. Pre-sputter Ti for 10 minutes with shutter closed at 100



W, then open shutter and sputter for 20 s at 100 W. Upon completion, immediately pre-sputter Au for
1 minute at 50 W then sputter Au for 30 seconds to the samples at 50 W. The times should be
calibrated to produce the desired Ti and Au thicknesses.

Video Comments:
* There is a bit of a problem with the sound between minute 03:00 to 03:35 the voice in the video is
much quieter and less understood

We corrected the sound issues, thank you for pointing them out.

* The conclusion should be expanded. Suggestions: speak about the versatility of this technique and
about future applications.

Our principal aim for this publication was to describe the methods rather than provide enormous
detail about all of the possible structures that could be created. The manuscript itself references
a large number of devices that have already been created.



