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Controlling the Pre-Curvature of
Surface Electrochemical Actuators for Microscopic Robots

2021 CNF REU Intern: Zhangqi Zheng
Intern Affiliation: Engineering Physics (intended), Cornell University
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Primary Source of Research Funding: 2021 Cornell NanoScale Science & Technology Facility Research Experiences
for Undergraduates (CNF REU) Program via National Science Foundation under Grant No. NNCI-2025233
Contact: zz365@cornell.edu, pIm23@cornell.edu, sn588@cornell.edu, mfr74@cornell.edu

Primary CNF Tools Used: ABM contact aligner, Arradiance ALD Gemstar-6, AJA sputter deposition (1&2), AJA ion mill,
Heidelberg mask writer - DWL2000, Oxford 80 etchers, Xactic xenon difluoride etcher

Abstract:

Smart microscopic robots, capable of performing complicated tasks while at a few hundred microns in size,
have revolutionary potential in many fields. Recent research in our group has developed a promising approach
towards producing such smart microscopic robots [1]. One important component of this kind of robot is the
Surface Electrochemical Actuators (SEAs) [1,2], which function as the legs of the robots. With the current recipe,
the SEAs have an innate pre-curvature, causing the legs to bend underneath the bodies of the robots right after
release, while ideally, we would like to control the angle of this bending. In this research, we were able to change
the pre-curvatures by varying the deposition pressure of titanium during the fabrication of the SEAs, showing
that we can tune the pre-curvatures of the legs of smart microscopic robots through the fabrication process.

Figure 1, above: (A) Image of a smart microscopic robot before release. (B) 3D
illustration of a leg of the microscopic robot before release. (C) 3D illustration of
a leg of the microscopic robot after release. Figure 2, right: Fabrication process
(A) metal layer, (B) polymer panel, (C) aluminum release layer, (D) after XeF,
etching, and (E) after release.

Summary of Research:

These microscopic robots developed by our group are the first
of their kind, integrated with on-board circuitry that controls the
motions of the robot, photovoltaics that provide power for the
robot, and legs that make the robots move. Figure 1A shows an
image of one of these robots when it is fully fabricated, prior to
release (Reynolds, M.F. et al. Unpublished). Inside the box on the
right side of the image is one of its legs, which is also shown with
a 3D illustration in Figure 1B. The key component of such leg that
provides its functionality is the Surface Electrochemical Actuator
(SEA). Made of a 7 nm thick platinum (Pt) thin film capped on one
side with about 3 nm thick of titanium (Ti), the SEAs actuate under
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a voltage supply [1]. Before any actuation, however, the
SEAs naturally bend towards the Pt side of the film when
they are released, as shown in Figure 1C. This pre-curvature
is caused by the stress of the metal films, which is largely
influenced by the deposition pressure of the Ti. We use the
AJA sputter deposition #2 at the CNF for depositing the Ti.
Previous data collected by the CNF staff show that the pre-
stress of an over 200 nm thick Ti film deposited at 3 mTorr
is -178 MPa, while that of the same thickness deposited at
7 mTorr is 28 MPa. Through this research, we investigated
how this difference in pre-stress due to different Ti
deposition pressure causes variation in the pre-curvature of
the SEAs. By fabricating SEAs with various Ti deposition
pressure and measuring and comparing the pre-curvature of
them, we confirmed that we can tune the pre-curvature of
SEAs by changing Ti deposition pressure.

Figure 2 demonstrates the fabrication process for the leg
hinges that are used for testing the pre-curvature of the
SEAs. We start by depositing the Pt and Ti metal films and
etching them to a rectangular shape (Figure 2A). For the
purpose of this research, we deposited Ti at three different
deposition pressures — 3 mTorr, 5 mTorr, and 7 mTorr — on
three different silicon (Si) chips. After depositing the metal
film, we fabricate the polymer panels that keeps the rest of
the SEAs film in these leg hinges straight, ensuring that only
the exposed SEAs film in the 3 ym gap between the panels
bend when actuated (Figure 2B). We then sputter a layer of
aluminum covering the hinges (Figure 2C). After we etch
the Si substrate underneath, the hinges are tethered only by
the aluminum (Al) on top of them (Figure 2D). For the last
step we release the hinges by putting the chips upside down
in Al etchant, and the chips fell off of the substrates to the
bottom of the Petri® dish (Figure 2E).

50 pm

Figure 3: Optical images of a leg hinge during actuation.

We then tested the hinges for actuation by touching down
to the SEAs with a Pt/Ir probe and applying a voltage
through the probe. We observed actuation of hinges with Ti
deposited at all three deposition pressures when we applied
a triangular wave with 1.2 V amplitude (Figure 3), showing
that the hinges can function as expected with the different
deposition pressures.

Figure 4 shows a plot of the pre-curvatures measured from
the leg hinges against the Ti deposition pressure of the
hinges. Above each Ti deposition pressure is an image of a
hinge fabricated with the deposition pressure. The average
pre-curvature for each deposition pressure has a clear trend

2020-2021 Research Accomplishments

Ti Depostion Pressure:
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Figure 4: Data of pre-curvatures of SEAs hinges at different Ti deposition
pressures.

where lower deposition pressure produces a larger pre-
curvature, which matches the behavior of the pre-stresses
measured at 3 mTorr and 7 mTorr. This indicates that we
can tune the pre-curvature of the SEAs by changing Ti
deposition pressures, and that the hinges fabricated with
Ti deposited at all three deposition pressures function as
expected.

Conclusions and Future Steps:

Overall, the tunability of the pre-curvature of the SEAs
via changing Ti deposition pressure demonstrated in this
research allows us to have better control of the initial leg
shapes for smart microscopic robots. Instead of having a
fixed arbitrary bending after release, this tunability allows us
to fabricate future generations of smart microscopic robots
with their legs bent at the angle we prefer upon release.
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Current-Induced Magnetization Switching in a Ferrimagnetic Layer

CNF Project Number: 111-80
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Abstract:

Ferrimagnets with strong perpendicular magnetic anisotropy are interesting for their exotic spin-orbitronic
effects and technological potential in high-performance magnetic storage and computing. Here we demonstrate
efficient switching of ferrimagnetic layers by in-plane charge current. This result indicates the presence of a
strong current-induced spin orbit torque.

Summary of Research:

Using ultraviolet photolithography (5X stepper with resist

S1813) and ion milling, we patterned sputter-deposited H = -3 kOe
ferrimagnetic FeTb single layers into Hall bar devices 1F X

(5x60 pm?) at the Cornell NanoScale Science &Technology
Facility. We then fabricated electrical contacts of Hall bars
by ultraviolet photolithography (5X stepper with resist
S1813), AJA sputter deposition of 5 nm Ti and 150 nm Pt,
and lift-off in acetone. Finally, we diced the samples into
chips using the dicing saw with a silicon only blade.

R, ()
o

As we show in Figure 1, the FeTb single layers can be

1 1 1 1 1
switched sharply at a low current density of 8x10° A/cm?.

During the measurement, we applied a bias magnetic field -8 0 8

of -3 kOe along the current direction. This finding indicates _I (1 O6 Alcmz)

that the in-plane current induces a strong spin orbit torque

in the ferrimagnetic layer S. Figure 1: Anomalous Hall resistance of a ferrimagnetic FeTb thin film

plotted as a function of the in-plane current density. An in-plane bias field
of -3 kOe was applied along the current direction.
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Separation of Artifacts from Spin-Torque Ferromagnetic
Resonance Measurements of Spin-Orbit Torque
for the Low-Symmetry Semi-Metal ZrTe,
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Abstract:

We report measurements of spin-orbit torque generated by exfoliated layers of the low-symmetry semi-metal
zirconium tritelluride (ZrTe,), using the spin-torque ferromagnetic resonance (ST-FMR) technique. When the
ZrTe, has a thickness greater than about 10 nm, artifacts due to spin pumping and/or resonant heating cause the
standard ST-FMR analysis to give inaccurate values, indicating incorrectly that the spin-orbit torque depends
strongly on the ZrTe, layer thickness. Artifact-free measurements can still be achieved over a substantial thickness
range by the method developed recently to detect ST-FMR signals in the Hall geometry as well as the longitudinal
geometry. For ZrTe /Permalloy samples, we measure a conventional in-plane antidamping spin torque ratio

DL = 0.015 £ 0.003, and an unconventional in-plane field-like torque ratio i = 0.003 + 0.001. The out-of-plane
antidamping torque is negligible.

Summary of Research:

We illustrate, using ZrTe /Permalloy bilayers, that extra care
is required when employing the spin-torque ferromagnetic
resonance (ST-FMR) technique in devices with thicker
spin-orbit layers, because the magnitude of artifacts due
to spin pumping and resonant heating grow relative to the
spin-orbit-torque signals as a function of increasing layer
thickness. One signature of such artifacts is an apparent
dependence of the spin-torque efficiency on the spin-orbit
layer thickness for layers much thicker than a typical spin
diffusion length. We demonstrate that a recently-introduced
modification of the ST-FMR technique [1], in which the
ST-FMR signals are measured in the Hall geometry [2,3]
as well as the usual longitudinal geometry, allows more-

Figure 1: Schematic of a) conventional ST-FMR and b) Hall ST-FMR
experimental set-ups. An additional lock-in amplifier connected across

accurate measurements of the spin-orbit torques, separated the hall leads of the device is used to read out the mixing voltage due to

from artifacts due to spin pumping and resonant heating. the change in PHE and AHE resistances.

The device geometries for the measurements are shown in

Figure 1.

The results of this (incorrect) standard analysis, which for the 3 nm ZrTe, layer, but as a function of increasing

neglects artifact effects, are shown in Figure 2 as a function ZrTe, thickness it becomes negative, with strong thickness

of the thickness of the ZrTe, layer. For the thinnest ZrTe, dependence through 100 nm. At the largest ZrTe, thicknesses,

layers, the standard in-plane antidamping torque efficiency the apparent magnitude of EP* appears to become extremely
DL is weakly positive, with a value ER* = 0.015 + 0.002 large IEPH > 0.4, even larger than the value for pure W.
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Figure 2, left: Thickness dependence of the apparent in-plane antidamping spin torque efficiency based on the incorrect standard analysis that neglects

artifact from spin pumping and resonant heating. Figure 3, middle: Artifact corrected efficiency from Hall-ST-FMR for t.
> 10 nm. Figure 4, right: Ratio between V. and V for t

thickness dependence and absence of a sign change as t,,,, .

ey < 15 nm, showing negligible

— 15nm. V., was on the same order
rTe3 Art

of magnitude as Vg, indicating that the apparent large antidamping torque signal observed for thicker flakes is likely spin-pumping dominated.

Properly accounting for spin pumping artefacts using the
Hall-ST-FMR technique, we obtain the artefact corrected
efficiency EPf = 0.015 = 0.003 as shown by the dotted line
in Figure 3, largely independent of device thickness for 7,
< 15 nm. Beyond ZrTe, thicknesses of 15 nm, the artifact
voltages are too large to make an accurate determination
of the spin-orbit torque, but it is clear that the apparent
thickness dependence of this efficiency in the range ¢, >
15 nm is due entirely to the effects of the artifact voltages,
as shown in Figure 4. The non-conventional torques also
remain largely independent of thickness, with values that
agree with the conventional STFMR analysis.

Conclusion and Future Steps:

In summary, we have used ST-FMR to investigate the
spin-orbit torques generated by exfoliated flakes of the
low-symmetry semi-metal ZrTe, for a wide range of layer
thicknesses in ZrTe,/Py(6 nm) devices. We find that the
“standard” ST-FMR analysis, which neglects the effects
of artifacts due to spin pumping and resonant heating,
gives incorrect values of the in-plane anti-damping torque
efficiency Ef* for ZrTe, layers thicker than 15 nm. For
the thickest layers, this incorrect standard analysis can
overestimate the magnitude of E* by more than an order of
magnitude, and it indicates an unphysical strong dependence
of the torque efficiency on layer thickness.

2020-2021 Research Accomplishments

ST-FMR measurements in the Hall geometry demonstrate
that this strong apparent thickness dependence is due entirely
to artifacts from spin pumping and/or resonant heating,
not a true dependence of the spin-orbit torque on layer
thickness. For ZrTe,, the Hall ST-FMR measurements yield
torque efficiencies EP* = 0.015 = 0.003 for the conventional
in-plane antidamping torque and &* = 0.003 + 0.001 for the
unconventional in-plane field-like torque.

We suggest that ST-FMR measurements in the Hall
geometry should be used as a standard technique to allow
a clear separation of spin pumping and resonant heating
artifacts from true spin-orbit-torque signals.
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Anisotropic Magnetoresistance in Graphene/
Insulating Ferromagnet van der Waals Heterostructures
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Abstract:

Insulating van der Waals magnets are a promising platform for spintronic applications [1]. The insulating nature
of these magnets eliminates current shunting observed in spin-torque bilayer devices with metallic magnets
which would lead to more efficient spin-torque devices. Furthermore, the atomically clean interfaces of van der
Waal heterostructures provide a novel system to study the nature of spin transparency at the interface of two
dimensional materials. However, electrical readout of the magnetic state is challenging because insulating magnets
do not exhibit anisotropic magnetoresistance (AMR). Previous studies have used tunneling magnetoresistance as
a readout mechanism [2,3], but these methods are difficult to incorporate into a bilayer spin-torque device. In
order to achieve electrical sensitivity to the magnetic orientation, we fabricate a heterostructure of graphene
and insulating ferromagnet chromium tribromide (CrBr,). Low temperature magneto-transport measurements
reveal an angular dependence that is consistent with an AMR mechanism, suggesting that the graphene is
magnetized by proximity to CrBr,.

Summary of Research: e

Flakes of graphene, CrBr,, and hexagonal-boron nitride (h-BN) are CrBry

mechanically exfoliated on a SiO,/Si wafer with oxide thickness of

285 nm in an inert glove box environment. Monolayer graphene flakes and graphene

few layer CrBr, are identified by optical contrast. Thickness calibration

is performed by a combination of atomic force microscopy (Atomic Figure 1: Schematic of monolayer graphenelchromium
Force Microscope — Veeco Icon) and Raman spectroscopy. In order to tribromide (CrBr,) heterostructure. Insulating

avoid exposure to ambient oxygen and water, CrBr, flakes were always hexagonal boron nitride (h-BN) and graphene are

used for top and bottom encapsulation, respectively, to

encapsulated by h-BN prior to removal from the glove box. prevent degradation of air sensitive CrBr..

The heterostructure is assembled by a dry transfer technique [4] in the
glove box. h-BN is initially picked up, followed by CrBr,, and lastly,
graphene. Figure 1 shows a schematic of the device. The h-BN and
graphene encapsulate the CrBr, from above and below, respectively. The
heterostructure is then dropped onto a set of prepatterned Hall electrodes
(Figure 2). Metal was deposited using the CVC SC4500 even/odd-hour
evaporator.
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DC transport measurements were performed in a liquid helium fridge at
5 K, which is well below the Curie temperature (~34 K) of CrBr, [5]. An
in-plane field of 0.9 T was applied, and the resistance was measured as
the applied field angle was swept in the plane. The AMR is defined in the
bottom of Figure 3. The angular dependence of the resistance is depicted
in Figure 4 and fitted to the equation at the top of Figure 3. R , AR, and ¢,
are treated as free parameters.

Figure 2: Micrograph of graphene/CrBr  hetero-
structure. Scale bar: 5 ym.
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Figure 3: Above: fitting equation used to describe the angular
dependence of the magnetoresistance subject to an in plane magnetic
field. ¢ is the in-plane angle of the applied magnetic field, and ¢ = ¢,
corresponds to angle at which the current the current is parallel to the
field. Below: definition of the anisotropic magnetoresistance.
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Figure 4: AMR of graphene/CrBr  heterostructure as a function of in-
plane magnetic field angle. An in-plane field of B = 0.9 T was swept while
applying a 1 pA current. Measurements were performed at T = 5 K. The
fit is described by the top equation of Figure 3.
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The periodicity of the AMR is consistent with that of
conducting ferromagnetic systems described by the equation
at the top of Figure 3. This suggests that the graphene is
magnetized by the proximity effect. It is unlikely that the
angular dependence of the magnetoresistance is due to spin
Hall magnetoresistance since the spin-orbit coupling in
graphene is relatively weak and graphene does not exhibit
a spin Hall effect. Nonetheless, we can not rule out the
possibility that spin-orbit coupling is induced in addition to
ferromagnetism in graphene by the proximity effect.
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Small Devices for Photo-Induced Electrochemical Synthesis
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Abstract:

We present microscopic (hundred-micron scale) wireless electrochemical synthesizers that allow for high
throughput experimentation (HTE) of small (<100 ul) volumes, allowing for more rapid development of
electrochemical synthesis methods in the pharmaceutical industry. Current methods of electrochemical HTE for
drug synthesis require epoxying macroscopic electrodes to a custom printed circuit board, placing a lower limit
on the reaction volume and limiting the ability to scale to 96- or 384- well plates. In contrast, these Small devices
for Photo-induced ElectroChemical Synthesis (SPECS) are individually manipulable and optically powered,
allowing for more efficient parallelization of the drug synthesis process.

Summary of Research:

SPECS allow for completely wireless electrochemical
synthesis. These devices are fabricated using standard
photolithographic techniques, and thus can be produced at
the wafer scale. The only serial process in SPECS fabrication
is their individual manipulation after separation from the
substrate, which is easily automated with a commercial
pick-and-place tool.

This technology uses microscale silicon photodiodes
connected in series with two electrodes to convert incident
light to a current and voltage that can be used to induce
electrochemical synthesis at the electrodes. The entire
device is encapsulated in 1 uL of silicon dioxide except
for the electrode surface which remains exposed to the
environment. Under an illumination intensity of about
100 nW/um? at 532 nm, a 100 pm diameter device
consisting of seven photodiodes can produce about 20
#A and and 4.5V. The current produced by the SPECS
increases linearly with incident light intensity and device
area, with the voltage increasing linearly with the number of
photodiodes in series — this allows the device to be tailored
to the desired synthesis process while still allowing for in
situ tuning.

To create the silicon photodiode devices, we begin by
selectively doping the top of the SOI device layer with
phosphosilicate glass to create a vertical PN junction. We
then electrically isolate the photodiodes by dry etching to the

120

Figure 1: A prototype SPECS device, with six photovoltaic
panels and one platinum electrode on each end.

buried oxide layer in the Oxford Cobra inductively coupled
plasma (ICP) etcher. We then connect the photodiodes in
series to each other and the electrodes, also conformally
coating the silicon defining the electrodes in metal at this
step. The metal electrodes and interconnects are platinum
with a titanium adhesion layer deposited in the AJA sputter
deposition tool.

We encapsulate the photodiodes with silicon dioxide with
the Oxford plasma enhanced chemical vapor deposition
tool, leaving the metal electrodes protruding (Figure 1).
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We then sputter and pattern aluminum over the entire device except for
the center of the photodiodes. This prevents light from passing through
the transparent sections of the device during experiments, which could
result in unintended photo-induced synthesis of the reaction mixture.

Due to using planar lithographic techniques to create the SPECS, they
are 5 ym thick as fabricated. These thin devices can be released from the
substrate by patterning aluminum over them, undercutting the silicon
underneath with XeF,, and then releasing in wet aluminum etchant. After
releasing in fluid, the devices are easily pipetted into any container for
experimentation (Figure 2). Preliminary results have been achieved with
these devices (Figure 3).

To increase rigidity of larger (mm-scale) devices, we transfer them to
a transparent substrate. To accomplish this, we bond the wafer with the
onboard SPECS to a transparent carrier wafer using a low melting-point
thermal plastic polymer and then remove the silicon handle substate via
ICP dry etching in the Unaxis 770 Si deep etcher. In the end, we attach Figure 2: Multiple SPECS after being pipetted into a 5 mm
the carrier wafer/SPECS stack to a glass substrate and remove the carrier diameter glass vial 1o be inserted into a 96 well plate.
substrate by melting the bonding polymer, followed by dicing to separate

the individual devices. n MaNBF, (01 M) TFE (150 54) »
o
. . . . 1 SPECS (250 x 400 um?), 6 PV
Future work includes electrochemical synthesis using these larger and 5 s mW, 455 nm LED
more rigid SPECS, as well as characterization of their rigidity during
sonication, stirring, and other methods of regulating mass transport in ﬂ
situ.

1 SPECS for

synthesis
/

Control (no
SPECS)

542 541 540 539 538
11 (opm)

Figure 3: Nuclear magnetic resonance
spectroscopy results showing successful
Shono oxidation using SPECS, a standard
electrochemical synthesis reaction.
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Nanofabricated Superconducting Devices

for Vortex Dynamics and Qubits

CNF Project Number: 1314-05
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Primary CNF Tools Used: ASML stepper, JEOL 9500, Plasma-Therm 770

Abstract:

We fabricate superconducting microwave devices for studying the dynamics of vortices at low temperatures
and for forming novel qubits. Vortices are quantized bundles of magnetic flux that thread many different
superconductors over a particular range of applied magnetic field. By using disordered superconducting thin
films to form high kinetic inductance wires combined with novel arrays of Josephson junctions, we are able to
build structures that can lead to qubits that are protected against decoherence.

Summary of Research:

Superconducting microwave circuits play an important role
in quantum information processing. Circuits composed of
Josephson junctions and capacitors with superconducting
electrodes can serve as qubits, the fundamental element of a
quantum computing architecture. Various loss mechanisms
limit the ultimate performance of these devices, including
trapped magnetic flux vortices. Vortices can be trapped
in the superconducting electrodes when background
magnetic fields are present and contribute dissipation when
driven with microwave currents [1]. Thus, techniques
for controlling the trapping of vortices are critical to the
development of large-scale quantum information processors
with superconducting circuits.

By arranging nanoscale Al-AlOx-Al Josephson tunnel
junctions in novel arrays, it is possible to implement new
qubit designs that are protected against decoherence [2,3].

We fabricate our microwave resonators from various
superconducting films, including aluminum and niobium,
deposited onto silicon wafers in vacuum systems at Syracuse
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University. We define the patterns on the ASML stepper and
transfer them into the films with a combination of reactive
ion etching and liftoff processing. For defining Josephson
junctions, we use the JEOL 9500 along with a dedicated
deposition system at Syracuse University. We measure
these circuits at temperatures of 100 mK and below in our
lab at Syracuse University.
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Figure 1: Optical micrograph of plaquette structures formed from arrays
of Al-AlOx-Al Josephson junctions for protected qubit design with Nb
ground plane and Al/SiOx ground straps.

Figure 2: Scanning electron micrograph image of small-area Al-AlOx-Al
Josephson junction on protected qubit element.
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Figure 3: Two-dimensional flux bias voltage modulation of resonant
[frequency for readout microwave resonator coupled to qubit.
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Figure 4: Modulation of qubit transition frequency with flux bias voltage
of SQUID tuning loop.
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Fabrication of Nanoscale Josephson Junctions
for Quantum Coherent Superconducting Circuits
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Abstract:

We fabricate nanoscale superconductor tunnel junctions and other structures for experiments involving
quantum coherent circuits. Such circuits have shown great promise in recent years for explorations of quantum
mechanics at the scale of circuits on a chip and for forming qubits, the foundational elements of a quantum
computer. The quantum state of these superconducting qubits can be manipulated with microwave radiation at
low temperatures. We are currently developing superconducting metamaterial structures with novel microwave
mode spectra for coupling to superconducting qubits.

Summary of Research:

The unique properties of nanoscale Josephson junctions
enable a wide range of novel superconducting circuits for
investigations in many diverse areas. In recent years, circuits
composed of such junctions have emerged as promising
candidates for the element of a quantum computer, due
to the low intrinsic dissipation from the superconducting
electrodes and the possibility of scaling to many such
qubits on a chip [1]. The quantum coherent properties of
the circuits are measured at temperatures below 50 mK
with manipulation of the qubit state through microwave
excitation.

We are developing multimode microwave resonators using
combinations of superconducting lumped-circuit elements
to engineer metamaterial transmission lines. These
structures exhibit novel mode structures characteristic of
left-handed materials [2]. We are fabricating such meta-
material transmission lines from Al and Nb films on Si
and characterizing these at low temperatures [2]. We are
working on experiments to couple these left-handed lines
to superconducting qubits for experiments involving the
exchange of microwave photons [3 4].

We pattern these circuits at the CNF with nanoscale
structures defined with electron-beam lithography on the
JEOL 9500 integrated with photolithographically defined
large-scale features. The junctions are fabricated using the
standard double-angle shadow evaporation technique, in
which a resist bilayer of copolymer and PMMA is used to
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produce a narrow PMMA airbridge suspended above the
substrate. Evaporation of aluminum (Al) from two different
angles with an oxidation step in between forms a small Al-
AlOx-Al tunnel junction from the deposition shadow of the
airbridge. We have developed a process for defining these
junctions with electron-beam lithography and we perform
the aluminum evaporations in a dedicated chamber at
Syracuse.

We pattern large-scale features using the ASML stepper,
with electron-beam evaporation of Al and sputter-deposition
of Nb.

Measurements of these circuits are performed in cryogenic
systems at Syracuse University, including dilution refrig-
erators for achieving temperatures below 30 mK.
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Figure 1: Scanning electron micrograph of Al-AlOx-Al Josephson
Junction for superconducting qubit.

Figure 3: Optical micrograph of superconducting qubits coupled to
metamaterial transmission line resonator fabricated from Nb thin
film on Si.
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Figure 2: Optical micrograph of Nb meander-line inductor on
superconducting metamaterial transmission line resonator.
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Figure 4: Spectroscopic measurement of microwave transmission
through metamaterial transmission-line resonator mode vs. flux
modulation of qubit transition frequency.
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Abstract:

High resolution, time-resolved magnetic microscopy is crucial for understanding novel magnetic phenomenon
such as skyrmions, spin waves, and domain walls. Currently, achieving 10-100 nanometer spatial resolution
with 10-100 picosecond temporal resolution is beyond the reach of table-top techniques. We have developed a
time-resolved near-field magnetic microscope-based on magneto-thermal interaction, which achieved a spatial
resolution on the scale of 100 nm and a temporal resolution below 100 ps. Our results suggest a new approach
to nanoscale spatiotemporal magnetic microscopy in an accessible, table-top form to aid in the development of

high-speed magnetic devices.

Summary of Research:

Our group has previously developed time-resolved
magneto-thermal microscopy for magnetic imaging [1-3].
We apply a pulsed laser to create thermal gradient V7. The
local magnetization M subjected to V T generates an electric
field £, through the anomalous Nernst effect [Figure 1].
This technique can be used to image both local static and
dynamic magnetization, as well as an applied current density
[4]. In this work, we extend magneto-thermal microscopy
to nanoscale resolution with near-field light. We use a
gold-coated cantilever glued on tuning fork as our probe,
controlled by atomic force microscopy. We shine a laser on
the tip apex, and the near-field enhancement of the electric
field at the tip [5-6] heats the sample as a nanoscale heat
source [Figure 1]. The heating length scale is comparable to
the tip radius, below 100 nm.

We first study a 5 ym x 15 pm CoFeB/Hf/Pt sample
fabricated using photolithography with the GCA 5x stepper.
We demonstrate magnetic imaging of near-field scanning
probe with a multi-domain state. Figure 2(a) shows a far-
field image taken using a focused light to confirm the
magnetic state. Figures 2(b-d) show topography, far-field
and near-field images, acquired simultaneously with the
scanning probe. The near-field image resembles the far-field
image, but with higher resolution. We note that the smallest
feature of the near-field image is ~ 455 nm in this sample,
which is below the optical diffraction limit of the set-up.
That feature is likely the actual domain wall width rather
than being limited by the instrument resolution.
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To probe instrument resolution further, we measure in
current imaging mode and use a new sample designed with
a sharp current density feature. The sample is a thin-film
heterostructure composed of 5 nm Nig Fe /2 nm Ru, then
patterned into a 2 ym-diameter disk with two 150 nm necks
using JEOL 9500 e-beam lithography. Figure 3 shows
topography and near-field current density images taken with
the near-field scanning probe. By taking linecuts through
two necks, as shown in Figure3(a) inset, we compare signals
between focused light far-field and scanning probe near-
field microscopy. The scanning near-field image has higher
resolution than the far-field image, and by fitting to a model,
we demonstrate a spatial resolution on the scale of 100 nm.
We note that the resolution here is only an upper bound.
We expect a resolution of 50 nm using magneto-thermal
microscopy with sharp, high-endurance tips.

We now turn our attention to characterizing the temporal
resolution of our instrument. In the measurements, we
electrically mix the voltage pulses generated from the sample
with reference voltage pulses that are synchronized with the
laser but have a controllable delay 7. Figure 4(a) and (b)
show the mixed output signal as a function of the delay T,
which can be understood as the temporal convolution signal
of the two pulses. The convolved signal widths are roughly
100 ps, similar to the reference pulse width. Therefore,
the voltage pulses generated by the near-field thermal
excitations must be shorter than 100 ps, demonstrating
a time-resolved nano-probe. The picosecond temporal
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Figure 1: Schematic of scanning near-field magneto-
thermal microscopy setup, illustrating laser, sample,
scan probe, and near-field interaction.
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Figure 2: Magnetic multi-domain imaging. (a) Magnetic far-field images
of a multi-domain state. With a scanning probe tip, (b) topography, (c)
far-field and (d) near-field images acquired simultaneously.

(b) 130
uv
i-30

( (d)

< S

E oF N

= ©

2 sof S 4f

2 B

2] L

- -100fF Center % -8

2 of disk @ 100 }

& 1507 512 0 1

w L L [0} 1 1
10 00 1.0 z

-1.0 0.0 1.0
Y position (um)

Y position (um)

Figure 3: Current imaging and spatial resolution. (a) Topography and (b)
current density images. Line cuts of (c) far-field and (d) near-field signals

for resolution comparison. (d) The inset shows the simulated fit to the data.

resolution enables us to probe a stroboscopic section of the
gigahertz frequency cycle. We demonstrate the stroboscopic
capability of the scanning probe by measuring a 3.5 GHz
microwave current at the nano-constriction. We phase-lock
the laser and microwave current such that the thermal pulses
constantly probe the current at the same phase ). Figure
4(c) shows normalized microwave current density as a
function of 1, showing the phase-sensitive response.

Conclusions and Future Steps:

We have developed a time-resolved scanning near-field
magneto-thermal microscopy for magnetic and current
imaging. We demonstrated 100 nm scale spatial resolution
and picosecond temporal resolution. Next step, we will
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Figure 4: Time-domain measurements of the near-field voltage pulses
produced by (a) current density and (b) magnetization as a function of the
pulse delay t. (¢) Stroboscopic measurements of microwave current as a
Junction of phase .

apply this instrument to study the dynamics of nanoscale
spin textures, e.g. magnetic skyrmions.

This work is published in Nano Letters in Ref. [7].
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Abstract:

Tensile strain has been known to modulate the band gap of two-dimensional (2D) transition metal dichalcogenides
(TMDs), which effectively funnels excitons and activates quantum emitters in a deterministic way. We used an
array of cylindrical nanopillars to create quantum emitters and discovered that single photon emitters with high
purity are often formed on wrinkles rather than on the pillar apex. We also studied strain-tuned interlayer excitons
in heterobilayers of 2D TMDs. We discovered that the strain exerted by nanopillars activates interlayer excitons
in WSe,/WS, heterobilayers irrespective of twist angles. We confirmed that the strain profile of the pillar apex is
complex and that spectra associated with the pillar apex have multiple emission peaks with higher background.
Wrinkles formed around the pillars, on the other hand, often generate spectra with lower background.

Summary of Research:

Monolayer transition metal dichalcogenides (TMDs)
have been actively studied for quantum technology and
optoelectronics due to their unique properties such as
strong excitonic binding, a direct band gap, and spin-valley
locking [1]. It has been shown that tensile strain modulates
the band structure of 2D TMDs [2-4]. Site-localized tensile
strain reduces the local band gap enabling excitons to be
funneled into the strain potential before recombination,
leading to single photon emission. Nanostructures such
as nanopillars [2-3], nanorods [5], and nanobubbles [6]
have been used to deterministically activate single photon
emitters through this strain confinement. However, the
strain induced by these nanostructures often have complex
profiles and this typically results in multiple confining sites
or large confining potential that hampers the single photon
emission.

Our group has strain-tuned monolayer WSe, with cylindrical
nanopillars and discovered that the wrinkle formed nearby
the nanopillar gives rise to single photon emitters with
higher purity as with compared to the emitters from the
pillar apex (Figure 1) [7].
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Figure 1: Comparison between pillar emission and wrinkle emission on
WSe, stacked on nanopillars. (a) Atomic force microscopy image showing
a pillar and wrinkles, (b) Photoluminescence map of the pillar (red) and
wrinkle (white), (¢),(e) spectrum and g2 measurement of emitters from
the pillar apex. (d),(f) spectrm and g2 measurement of emitters from the
wrinkle [7].
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Figure 2: Scanning electron microscopy image of wrinkles formed
on h-BN/WSe,. The sharp folds on the wrinkle (blue) often exhibit
sharp emission peaks.

The physics behind this finding can be better understood
by quantifying the strain profile on the pillar apex and
the wrinkle. With high resolution electron microscopy
in collaboration with Professor David Muller’s group,
we found out that wrinkles with a sharp fold gives rise to
single photon emitters with high purity (Figure 2). The
characteristics of the strain exerted by wrinkles can be
further explored by quantifying the strain gradient via
electron microscopy, and this is in progress.

We also used nanopillars to activate interlayer excitons
in a WSe /WS, heterobilayer. When two different TMD
monolayers are stacked together, the electrons and holes
find their energy minima in the composite material. When
a bilayer is engineered such that the composite layer forms
a type II band alignment, the coulomb-bound electron and
hole can be separated into different layers. It has been found
that the photoluminescence intensity of interlayer excitons
is enhanced at 0° and 60° alignment angles, but significantly
suppressed at intermediate angles due to the momentum
mismatch [8]. We stacked WSe /WS, heterobilayer onto
nanopillars and studied the strain effect.

We found that strain-tuned interlayer excitons exhibit fairly
high photoluminescence intensity at any twist angle, which
implies that momentum matching is not necessary when
interlayer excitons are confined by the strain potential. We
also observed that the spectra associated with wrinkles often
exhibit sharper peaks with lower background compared

2020-2021 Research Accomplishments
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Figure 3: Spectra of interlayer excitons associated with the pillar apex
(red) and wrinkle (blue).

to those associated with pillar apex (Figure 3), which is
consistent with our work on monolayer WSe, [7].

Conclusions and Future Steps:

Nanopillars create a strain potential that confines excitons.
We discovered that the emitters formed on wrinkles
produce spectra with low background and sharp emission
peaks. Also, strain-confined interlayer excitons exhibit high
photoluminescence intensity irrespective of twist angle.
Our next step is to quantify the strain profile on the wrinkle
via electron microscopy, which will allow us to better
understand the physics of wrinkles and design high-quality
emitters more deterministically.
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Mechanically Driven Electron Spins

with a Diamond Thin-Film Bulk Acoustic Resonator
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Abstract:

Lattice strain has been demonstrated to be an effective method of coherently manipulating electron spins in solid
state defect centers such as the diamond nitrogen-vacancy center. In previous experiments, strain is introduced
into the diamond lattice through a high overtone bulk acoustic resonator (HBAR). To improve the strain and
power efficiency of bulk acoustic resonators for quantum control, we develop and characterize a diamond thin-
film bulk acoustic resonator. We measure the electromechanical performance of the device and demonstrate
coherent driving of a double quantum transition a nitrogen-vacancy center (NV) of electron spin ensemble.

Summary of Research:

The diamond nitrogen-vacancy (NV) center is a well
characterized solid state defect center consisting of a
substitutional nitrogen impurity adjacent to a lattice vacancy.
The NV center electron spin interacts with many external
fields (magnetic, electric, etc.), making it an excellent
platform for quantum sensing. In addition to the electron
spin, the NV center has a native nitrogen nuclear spin,
which is coupled to the electronic spin through a hyperfine
interaction. This provides an opportunity to use the nuclear
spin for sensing applications, with state preparation and
readout facilitated by the electron spin. However, the
hyperfine interaction also provides an additional source of
decoherence for the nuclear spin, limiting the sensitivity of
any potential quantum sensing protocols employing these
spins. It has been shown that strong driving of the electron
spin can help protect the coherence of the nuclear spin [1].
Previous experiments with high overtone bulk acoustic
resonators (HBAR) on diamond have demonstrated electron
spin driving with lattice strain for coherent control [2], and
continuous dynamical decoupling for protecting electron
spin coherence [3].

To achieve strong driving of the electron spin with lattice
strain, we fabricate thin-film bulk acoustic resonators
(FBAR) on single crystal diamond (Figure 1). The FBAR
resonators consist of a 1.5 ym AIN transducer, with
a bottom (Al) electrode and a top (Pt) electrode. The
transducer is deposited onto a 10 ym thick optical grade
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Figure 1: Photoluminescence image of an AIN FBAR

on diamond. The FBAR (pentagonal feature) consists of
a 1.5 um AlN film that is sandwiched by an Al bottom
electrode and a Ti/Pt top electrode. This stack is on top
on a 10 ym diamond membrane.

diamond, which is created through reactive ion etching. The
AIN film is sputtered using the OEM Endeavor M1 tool at
CNF. Compared to previous generations of ZnO HBAR
on diamond, the AIN diamond FBAR has better power
handling, which allows for much stronger acoustic driving
of electron spins by simply applying more power. To
provide microwave control of the spins, we also fabricate a
loop antenna, which surrounds the FBAR.
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Figure 2, left: S11 measurement of the 3.56 GHz acoustic mode of the AIN FBAR. Figure 3, middle:
Spectroscopy of the double quantum transition. The resonator frequency is fixed at 3.56 GHz while the Zeeman
splitting between the ms = -1 and ms = +1 states is swept. The peak at approximately 636 G gives the external
field necessary to tune the double quantum transition in resonance with the acoustic mode. Figure 4, right: Rabi
driving of the double quantum transition with a Rabi field of 1.7 MHz.

We measure the electromechanical resonances of the AIN
FBAR by measuring the S11 response with a vector network
analyzer. To characterize the device, we focus on an acoustic
mode at 3.56 GHz (Figure 1) with a low quality factor (~10).
We coherently drive a double quantum transition (ms = -1
to ms = +1) with this mode to measure the lattice strain in
the diamond. To ensure that the acoustic mode is resonantly
driving the electron spin, we perform spectroscopy where
the Zeeman splitting between ms = -1 to ms = +1 is swept
[3]. This locates the correct external magnetic field to apply
along the NV symmetry axis, which will tune the electron
spin transition in resonance with the acoustic mode. Using
this field, we drive Rabi oscillations of the electron spin
using acoustic pulses and measure the strain in the FBAR
through the Rabi frequency [4]. In this device, we drive the
electron spin using an electromechanical mode at 3.5 GHz.
The measured Rabi field from the oscillations is 1.7 MHz,
which is comparable with the hyperfine splitting of the NV
center (2.1 MHz).

Conclusions and Future Steps:

We have developed a process for fabricating AIN FBARs
on diamond to drive electron spins. To improve the acoustic
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driving, we aim to improve the quality factor of the
resonator. This can be achieved by adjusting the dimensions
of the resonator and the diamond substrate. In addition, we
are looking at optimizing this process for isotopically pure
CVD diamond. Isotopically pure diamond can host NV
centers with phase coherence times on the order of 10 us,
making it an excellent substrate for developing a quantum
Sensor.
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PT770 etcher, AJA ion mill, P10 profilometer, P-7 profilometer, GCA 5x stepper

Abstract:

On-demand polarized single-photons are essential in realizing many photon-based quantum communication
protocols [1]. We developed and fabricated a nanophotonic cavity device from aluminum nitride (AIN) whose
structure was calculated from an inverse design method. The structure serves as a platform for enhancing the
collection of single photons from isolated defects hosted in hexagonal boron nitride (h-BN). We present an update

on our work-in-progress on the fabrication of the device.

Summary of Research:

Hexagonal boron nitride is an interesting 2D material due to bright
optically active defects hosted within and to the possibilities of
integrating with other 2D materials [2]. Researchers have been
able to create isolated defects by methods such as ion implantation
with carbon [3]. The defects are stable under room temperature and
have zero-phonon line fluorescence at 585 nm [4]. People have
been able to create or find isolated these defects. The combination
of emission brightness and the capability of isolating them makes
h-BN defects promising candidates as single-photon sources. In
this project, we aim to fabricate an inverse design nanophotonic
cavity structure and characterize its capability of enhancing photon
emissions. The cavity structure further enhances the emission of
h-BN defects placed on them due to the Purcell effect and modifies
the emission angle of these defects so one can more efficiently
collect the photons [5].

We fabricated the current generation devices on Si wafers, which
allows us to cleave the sample and inspect the cross section. The
devices are made from AIN sputtered by the OEM Endeaver M1
AIN sputter system. The structure is patterned with the JEOL 9500
electron beam lithography system and is subsequently etched with
a Cl, plasma reactive ion etching process in the PT770 etcher.

Figure 1 shows (a) the design target structure and (b) the field profile
at resonance at 600 nm. Figure 1c shows the mask pattern prior to
AIN etching, indicating a good fidelity of patterning from design
structure. However, as seen in Figure 1d, the AIN etching step is
problematic due to high aspect ratio (15:1) and results in slanted
sidewalls and incomplete etching of the interior of the pattern.
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Si wafer

Figure 1: a) The target device structure from inverse design. Black
indicates substrate and white air. b) The field mode profile at 600
nm resonance. Note that most of the energy is concentrated at the
central region. c) An SEM image of the Cr hard mask before the

final AIN etch. d) An SEM image of the cross section of the device.
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Figure 2: A top-down SEM image of a few h-BN
nanoflakes on top of the AIN device.
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Figure 3: An SEM image of an exfoliated h-BN flake over a few
cavity devices. The circles indicate the regions for focused ion
beam milling to create defects.
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Figure 4: A spectrum taken at the central region of the cavity device. The
insert magnifies around the spectral feature around 604 nm.

2020-2021 Research Accomplishments

While we continue to improve the fabrication process, we
started testing strategies of placing single emitting h-BN
defects on the cavity structure. Figure 2 shows our early
attempts of placing h-BN nanoflakes on top of the device
through drop-casting sufficiently many of them on a chip
containing many of such cavity devices. We also tried
placing an exfoliated h-BN flake over the device and creating
defects by lightly milling the flake with focused ion beam
(Figure 3). Unfortunately, the early attempts did not result
in single emitters in the range of the enhancement region.
However, we observed an enhancement of the background
fluorescence near the device center at 604 nm, which likely
comes from the device as shown in Figure 4.

Future Work:

We are exploring ways of creating and positioning single
defects in h-BN with better repeatability. We also pursue a
different design which optimizes upward photon flux which
may achieve a higher photon collection rate.

Acknowledgements:

We would like to thank members of the Rodriguez Group
on the discussion on and their designs of the nanophotonic
cavity structures.
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Charge-Order-Enhanced Capacitance
in Semiconductor Moiré Superlattices
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Abstract:

Van der Waals moiré materials have emerged as a highly controllable platform to study the electronic correlation
phenomena. In particular, robust correlated insulating states have recently been discovered at both integer and
fractional filling factors of the semiconductor moiré systems. In this project, we study the electronic compressibility
of MoSe /WS, moiré superlattices by capacitance measurements. Our results reveal the thermodynamic properties
and illustrate mechanism for enhanced capacitance in semiconductor moiré superlattices.

Summary of Research:

Quantum capacitance C, represents electronic compress-
ibility or thermodynamic density of states of an electronic
system that relates to its thermodynamic properties [1].
Quantitative measurement of C, can be realized by
measuring differential capacitance per unit area C (C' =
Cg'l + CQ" with Cg denoting the geometrical capacitance
between sample and gate) [2]. Semiconductor moiré
superlattices host strongly correlated insulating states [3].
In this project, we demonstrate capacitance measurements
on such system, which not only provide thermodynamic
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Figure 1: Schematics of a dual-gate device structure and
electrical connections for capacitance measurements. TG and
BG denote the top and back gate, respectively.
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quantities but also offer new insight into correlations in van
der Waals heterostructures.

Figure 1 shows the schematics of dual-gated device structures
and electrical connections for capacitance measurements.
The device is made of an angle-aligned MoSe, and WS,
heterobilayer encapsulated by top and bottom graphite gates
separated by hexagonal boron nitride (h-BN) dielectrics.
Angle-aligned MoSe,/WS, heterobilayers form a triangular
moiré superlattice with moiré period a,, =~ 8 nm due to 4%
lattice mismatch between these materials. A commercial
high electron mobility transistor (HEMT, model FHX35X)
is used as the first-stage amplifier to effectively reduce the
parasitic capacitance from cabling [4]. To obtain the top gate
capacitance, we apply an AC voltage (10 mV in amplitude)
to the moiré superlattice and collected the signal from the
top gate through the HEMT.

Figure 2 is an optical image of a typical device. The Pt
electrodes are patterned on the Si/SiO, substrates by
photolithography and metal evaporation. Atomically
thin samples of MoSe,, WS_, h-BN, and graphite are first
exfoliated from their bulk crystals onto silicon substrates
covered with a 300 nm thermal oxide layer. Selected thin
flakes of appropriate thickness and geometry are then
picked up one-by-one by a stamp consisting of a thin
layer of polycarbonate on polydimethylsiloxane (PDMS).
The complete heterostructure is then deposited onto the
substrates with pre-patterned Pt electrodes.

Cornell NanoScale Facility



Figure 3 shows the measured differential capacitance C in the unit
of Cg as a function of top gate voltage measured at 10 K and bottom
gate voltage V, = 5.3 V. We observe a step increase of capacitance
around -4 V when the Fermi level enters the conduction band of
MoSe,. The capacitance plateaus out above ~ 0 V when the sample
is heavily electron doped. We calibrate capacitance using these two
limits: C / Cg = 0 when the Fermi level lies inside the superlattice
band gap (> 1 eV) and the sample is insulating (incompressible);
C/ Cg = | when the sample is heavily doped and behaves as a
good conductor. At intermediate gate voltages, we identify a series
of capacitance dips (incompressible states). The most prominent
ones appear equally spaced in gate voltage and are assigned integer
fillings v =1, 2, 3 and 4. The assignment is consistent with the
known moiré density and the carrier density n evaluated from the
gate voltage and C, = 2.1 x 107 Fcm™. The latter is determined
from the permittivity and thickness of the h-BN gate dielectric d
(¢ = 3¢, with g, denoting the vacuum permittivity).

It was independently verified by including a reference capacitor on
the measurement chip.

We observe anomalously large capacitance in the compressible
regions between the incompressible states. The enhancement is
particularly large at small doping densities with C exceeding C,
by ~ 30% for device with d/a,, = 1. Figure 4 shows devices of
different sample-gate separation (d/a,, = 0.6,0.8, 1.0 and 1.5). The
capacitance enhancement increases with decreasing d/a,,. It is as
high as 60% in device with d/a,, = 0.6 at 10 K.

The experimental results show that the correlation effects are
strongly dependent on sample-gate separation in devices with
dla,, ~ 1, particularly, for the fractional-filling states since the gate
electrodes effectively screen the extended Coulomb interactions. In
this regime where electronic interactions dominant and sample gate
distance is comparable to electron separations, we need to describe
the entire device as one system [5].

In conclusion, our study establishes capacitance as a powerful
thermodynamic probe of the correlated states in semiconductor
moiré superlattices. It also illustrates the importance of sample-gate
coupling and the device-geometry-dependent extended Coulomb
interaction at fractional fillings.
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Figure 2: Optical microscope image of a dual-gate device.
Colored lines show the boundary of the MoSe,, WS,, top gate
and bottom gate flakes, respectively. Scale bar is 10 pm.
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Figure 3: Differential top gate capacitance as a function of
top gate voltage at 10 K for Device with d/a,, ~ 1. The back
gate voltage is fixed at 5.3 V. The filling factors for discernable
incompressible states are labeled on the top axis.
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Figure 4: Experimental top gate capacitance as a function
of filling factor for devices with d/a,, ~ 0.6,0.8, 1.0 and 1.5
(from top to bottom) at the lowest temperature (10 K or 20 K)
allowed by the sample/contact resistance.
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Thermal and Electrical Properties of
Quasi-1D van der Waals Nanowires
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Abstract:

Using the microdevices fabricated at CNF, we conducted extensive measurements of thermal transport through
quasi-one-dimensional (quasi-1D) van der Waals (vdW) crystal NbSe, nanowires. Dimensional transition from
3D to 1D was demonstrated when the nanowire diameter scales down below 26 nm. Importantly, we found
that one-dimensional (1D) phonons led to superdiffusive transport with the nanowire thermal conductivity
becoming divergent with the wire length following a 1/3 power law extending over an unprecedented 42.5 ym.
This important result has been published in Nature Nanotechnology.

Summary of Research:

Because of the pandemic, no on-site
nanofabrication at CNF was conducted
during the reporting period. However, using
the previously fabricated microdevices,
we conducted extensive measurements
of thermophysical properties of quasi-1D
vdW crystal NbSe, of different diameters
and lengths. The schematic diagram of the
measurement scheme, an SEM micrograph
of an NbSe, wire placed on the measurement
device, and a TEM micrograph of an ultra-thin
nanowire were shown in Figure 1.

These measurements have led to a major
breakthrough with the first experimental
observation of superdiffusive transport of 1D
phonons, which has been published in Nature
Nanotechnology [1].

In 1955, Fermi, Pasta, Ulam, and Tsingou reported their
“shocking little discovery” that an excited vibration mode
in single atomic chains did not dissipate into heat over a
long period of time, which attracted tremendous attention
due to its broad implications. A direct consequence of this
discovery is that the thermal conductivity of 1D lattices
becomes divergent with the chain length, suggesting a type
of thermal superconductors of ever-increasing thermal
conductivity with the sample length.

The concept remains purely conceptual and is regarded as of
academic interest only as single atomic chains of sufficient
length remain experimentally unattainable.
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S~ D,=10.6 nm
NbSe; NW

10 pm

Pt heater/thermometer

Figure 1: (a) Schematic illustration of the measurement scheme. (b) An SEM micrograph
showing a nanowire on the device with a suspended length of 28.2 ym. (¢) An HRTEM
image of an ultra-thin NbSe, nanowire showing the crystalline structure.

Our study shows that the thermal conductivity of ultra-thin
NbSe, nanowires increases with the wire length beyond a
record level of 42.5 pm following a 1/3 power law, providing
the first experimental evidence for superdiffusive transport.

Figure 2a plots the measured room temperature thermal
conductivity (k) versus the hydraulic diameter (D,) of the
nanowires, with all nanowires of ~ 15 gm long. Interestingly,
the data indicate a clear transition at D, = 26 nm. For thicker
wires, k decreases as D, reduces due to phonon-boundary
scattering; however, as D, further drops, k demonstrates an
unexpected steep upward trend with ~ 25 fold increase for
a 6.8 nm wire.
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42.5 pm, much larger than the previously

a D;=26nm c % P — B . . .
- F ol L I reported values for different wires. Interestingly,
i STrD Lo .
b }f § " y e in the length range of > 6.5 ym, the measured x
i S ./ e follows a trend of x « L'3, consistent with the
c C = 100K . .. . .
£ oI 5 ol g e theoretical prediction of superdiffusive phonon
5 The }/ e transport in 1D lattices.
B i : ¢ 2 6 10 30 50 . .
i R 3 7 Bl a L (um) To further confirm the superdiffusive transport,
B T s we also plot the measured k at 100 K, which
R 1 ]+ oo -.»""wm again follows the trend of k o« L' in the
D, (nm 04, 147nm i 1D phonons . .
b sz : same length range. This consistent trend over

very different temperatures of 100 and 300 K
strongly suggests that the length dependence
in the range of > 6.5 ym is due to the super-
diffusive behavior of 1D phonons, instead of

N fﬂ M partially ballistic transport.

; °1Bm o 61m This intriguing transport is due to excitation

103 nm 26 nm

o 5 100 150 200 250 00 of 1D phonons in the ultra-thin nanowires, as
T shown in Figure 2d with a linear increasing

Figure 2: Divergent and superdiffusive transport of 1D phonons. (a) Measured room trend for thinner wires in the temperature
temperature thermal conductivity (x) versus the hydraulic diameter (D, ). Inset: AFM range of 50-300 K (upper panel) in contrast
scanning profile of the nanowire with D, = 6.8 nm. (b) Normalized room temperature to the decreasing trend of thicker wire dure to
K versus the normalized suspended length, which indicates a convergenc'e—dlvergence Umklapp scattering (lower panel).

transition as D, decreases. (c) Measured K versus suspended length at different
temperatures. (d) Temperature dependence of x for different diameter wires.

K+

In addition to this important discovery, we
have also done other measurements with the
microdevices and published two papers [2,3].

Next we examine the length dependence of k, and Figure 2b References:

plots the normalized room temperature thermal conductivity, [1] L.Yang,Y.Tao, Y. Zhu, M. Akter, K. Wang, Z. Pan, Y. Zhao, Q.

k', versus the normalized suspended length, L*, both Zhang, Y. Xu, R. Chen, T. T. Xu, Y. Chen, Z. Mao, and D. Li,
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(~ 15 pm), for seven wires of different D,. Interestingly,
for wires with larger D,k first increases with L from ~ 2 to
~ 6 um, and then converges to a saturated value. However,

as D, reduces to below 26 nm, k exhibits a much stronger Conductivity of NbSe, Nanowires,” Phys. Chem. Chem. Phys. 22,

length dependence even for L > 6 ym, suggesting a transition 21131-21138 (2020).

from convergence to divergence. [3] Y.Zhao, M. L. Fitzgerald, Y. Tao, Z. Pan, G. Sauti, D. Xu, Y.-Q.
Xu, and D. Li, “Electrical and Thermal Transport through Silver

To further explore the length dependence, we measured Nanowires and their Contacts: Effects of Elastic Stiffening,” Nano

more samples with much longer suspended length. Figure Lett. 20, 7389-7396 (2020).

2c indicates that for nanowires with D, in the range of
10 to 12 nm, the length dependence extends beyond
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Abstract:

Superconducting radio-frequency (SRF) cavities are the essential component for accelerating charged particle
beams that have broad applications such as high-energy colliders, high-intensity X-ray sources, high-precision
photolithography, and quantum computing. Niobium tin (Nb,Sn), conventional niobium (Nb) with a processed/
designed surface, niobium titanium nitride (NbTiN), and vanadium silicate (V,Si) are the most promising
superconductor candidates for the next-generation SRF cavities. Here, with the capabilities at the Cornell
NanoScale Science and Technology Facility (CNF), we mainly focus on SRF thin film growth development,
materials characterization together with sample preparation, post-treatment development to improve RF
superconducting properties, and SRF device fabrication to fundamentally understand some SRF physics theories.

Externally evaporated Pt film

Nb3Sn film

Nb substrate

5 um
|

Figure 1: Cross-sectional image of STEM specimens that yield high-
resolution atomic imaging.

Summary of Research:

(1) We demonstrated stoichiometric Nb,Sn thin films with
extremely low surface roughness from electrochemical
deposition [1-3]. Reduction of surface roughness and
retention of stoichiometry are critical to improving the
RF performance of accelerating cavities. We are further
investigating the growth mechanism of this Nb,Sn film
using scanning transmission electron microscopy (STEM)
through collaborating with Zhaslan Baraissov and Prof.
David Muller’s research group at Cornell Applied Physics.
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Figure 2: Composition depth profiles of Nb, Ti, N, and Al for atomic-
layer-deposited NbTiN/AIN and NbTiN-only films on Nb substrates [5].

High-resolution atomic imaging requires a thin specimen
below ~ 10 nm. However, the sample preparation via focused
ion beam (FIB) was difficult due to the lack of a proper
protection layer for the film surface. We have resolved this
issue by depositing an external Pt layer using the e-beam
evaporator at CNF (Figure 1), and achieved high-resolution
composition and strain mappings [4].
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Figure 3: Atomic force microscopy images of Nb,Sn (a) before and (b)
after laser annealing [8].

(2) Alternative deposition approaches such as sputtering,
chemical vapor deposition, and atomic layer deposition
are being explored to deposit Nb,Sn, NbTiN, and V. Si
films [2,5-7]. We observed a composition gradient in
the atomic-layer-deposited NbTiN films in presence of
an hcp-structured aluminum nitride (AIN) layer for the
superconductor-insulator-superconductor (SIS) structures
(Figure 2) [5]. Moreover, thermal annealing of the sputtered
Nb,Sn and V Si films has been systematically investigated
on Nb and Cu substrates [6]. In addition, the chemical-
vapor-deposition system and process are being developed

[7].

(3) Post processes such as ozone treatment, laser
annealing, and electropolishing are explored to improve
the superconducting film quality. We demonstrated that
laser annealing is viable to remove the sharp features on
the Nb,Sn film surface that is coated with a laser absorption
layer via an Arradiance Gemstar-6 atomic layer deposition
system at CNF (Figure 3) [8]. Also, we successfully
electropolished the chemical-vapor-deposited Nb film and
reduced the surface roughness by half [9]. Furthermore, we
are exploring the Nb surface modification using the Jelight
144AX UV ozone generator at CNF [10].

2020-2021 Research Accomplishments

(4) SRF devices are fabricated using the e-beam evaporator
and Oxford FlexAL atomic layer deposition system at
CNF, and these devices are being tested to fundamentally
understand some SRF theories prior to application of these
theories on the large, complex-shaped SRF cavities.
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