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ABSTRACT OF THE DISSERTATION
Slippery Interfaces and Extreme Strain in Reconfigurable van der Waals Devices
By
Andrew Zoltan Barabas
Doctor of Philosophy in Physics
University of California, Irvine, 2024

Javier Sanchez-Yamagishi, Chair

Interfaces of van der Waals (vdW) materials, such as graphite and hexagonal boron nitride
(hBN), exhibit low-friction sliding due to their atomically flat surfaces and weak vdW bond-
ing. We developed techniques to make selectively sliding and gripping connections to van
der Waals materials in order to electrically contact, apply large forces selective layers, and

selectively slide layers of a van der Waals heterostructure.

We applied this to create scannable top gate devices, fully slidable heterostructures, re-
configurable & tunable devices, highly heterostrainable devices, and devices which can be
manipulated and measured simultaneously. Our approach opens a wide parameter space to

control van der Waals devices beyond what was previously possible.

x1



Chapter 1

Introduction

Where did all the coffee cups go? - Javier Sanchez-Yamagishi

1.1 Organization

This dissertation begins with an introduction to van der Waals materials and atomic force
microscopy.

This is followed by a chapter on the gold sliding project and accompanying publication,
where our published paper, methods section, and supplementary information appear in their
entirety. The next chapter provides additional details which do not appear in the final paper.
This is primarily information on techniques, unpublished data, fabrication methods which
were not used for the final measurement, and projects which were not able to be completed
with the techniques and time available.

The fourth chapter focuses on the advancement of our sliding technique to strongly heteros-
train devices. This content is in preparation for submission to a peer-reviewed journal. It

too is followed by an additional details chapter.



1.2 Van der Waals Background

Van der Waals (vdW) materials are a unique class of materials whose chemical bonds lie
only in plane, leaving them atomically flat and free of dangling bonds in the out-of-plane
direction. In their bulk form, only the relatively weak van der Waals force holds layers
together. This allows layers to be peeled apart, thinned down, and isolated even to the

monolayer level.

vdW materials span the full spectrum of materials properties: metals, insulators, semicon-
ductors, ferromagnets, superconductors, etc. In addition to being exfoliable, they can be
reassembled to form a heterostructure with layers of differing materials. The resulting sand-
wich can have new properties owing to proximitization of layers and most interestingly, due
to moire patterns between layers. Moire patterns introduce additional periodicity to the sys-
tem, modulating the potential, interlayer tunneling, hopping terms, etc which can strongly

affect the heterostructure properties.

The weak out-of-plane bonds and atomic flatness enable another feature unique to vdW
materials, extremely low friction. This allows layers to be slid, rotated, and strained without
strongly affecting neighboring layers. It is this mechanical tunability which inspired our work

here.

Towards the start of my PhD there was limited work taking advantage of this low friction to
make novel van der Waals heterostructure devices. The primary studies thus far were: simple
friction studies of vdW-vdW interfaces and metal nanoparticles on vdW devices[1-7] twist
angle dependent studies of aligned g-BN heterostructures[8, 9] and out-of-plane graphite
conductance[10, 11]. Conspicuously absent were manipulations at cryogenic temperatures,
which would enable in situ study of these mechanical parameters, and translation devices,
such as scanning probe systems which could operate in direct atomic contact. We were

also inspired by the richness of mechanical applications demonstrated by suspended MEMS



structures[12] and saw the opportunity to develop similar techniques in the still wide-open

field of sliding vdW materials.

1.3 Atomic force microscopy (AFM) basics and Park

NX10

AFM is a scanning probe microscopy technique. The probe is a very sharp tip (~1-30 nm
diameter) on a cantilever. A laser points at the cantilever and reflects onto a 4 quadrant
“position sensitive” photodiode (PSPD). When the tip deflects, the laser position shifts on

the photodiode, resulting in a change in the photodiode voltage.

In contact mode, the most basic mode of operation, the desired contact force (corresponding
to a vertical PSPD voltage) is selected as the set point for a feedback loop. The tip is
rastered over the sample and height of the tip is adjusted in order to maintain the set point
force. This tip height is the topographic map of the sample. In addition to the Z Height
channel, it is common to record the LFM (lateral force microscopy) channel, which outputs
the lateral voltage signal from the PSPD. The Error channel is usually collected as well; it

shows the difference between the setpoint force and the measured force (from the PSPD).

Due to the nonlinearity in the piezos which control the XYZ position, many modern AFMs
(including the Park NX10) employ a sensor to measure the piezo position, rather than simply

converting the applied piezo voltage to a displacement.

More advanced modes oscillate the tip at near resonance and measure height based on
the shift in the resonance frequency due to proximity to the sample surface. The natural
resonance of a harmonic oscillator is \/%; however, the attractive interaction between the

tip and sample modifies this as the tip approaches. The attraction results in an effective



spring constant, keg < k, which can be understood intuitively because the attraction negates
some fraction of the cantilever’s spring restoring force, pulling the tip down. This smaller
effective spring constant results in a downward shift in the resonance frequency, and this too
can be understood intuitively as the “stickiness” of the sample pulls on the tip, making it

linger and decreasing its oscillation frequency.

——- -A/r® Attractive van der Waals
B/r'? Repulsive Coulomb
— B/r12 - pJro

Interaction Potential

Tip - Sample Distance

Figure 1.1: AFM tip-sample interaction potential

The combined potential is referred to as the Lennard-Jones or 12-6 potential.

This can be used to perform a “tapping” mode measurement, where the cantilever is driven
at a slightly lower frequency than the resonance. When the tip approaches the surface, it
feels an increased force, the resonance frequency shifts downward (towards the drive) which

increases the amplitude of the tip oscillations causing it to “tap” the sample surface.

The general feedback mechanism is using the amplitude of the tip oscillations as the setpoint.
When the tip is too far away, the oscillation amplitude is too small, and the feedback brings
the tip closer. When the tip is too close to the sample the amplitude is larger than the

setpoint, and the feedback moves the tip away. It is by feedbacking to keep this setpoint

4



Shifted

Tip Amplitude

Frequency

Figure 1.2: AFM tip frequency shift
The AFM tip resonance shifts downward in frequency due its the attractive interaction
with the sample.

amplitude constant that the topography of a surface can be mapped.

The Park NX10 also has a variation on tapping mode, non-contact mode (NCM), which
instead drives the tip slightly above the resonance. The peak still shifts down when the tip-
sample distance decreases (Figure 1.2), however this moves the peak away from the drive and
decreases the oscillation amplitude. In this mode the tip does not directly tap the sample,
preserving both the tip sharpness and sample for longer. In my experience, I have found
that NCM mode can be useful if you are concerned about damaging the tip/sample, but it
almost always requires the user to adjust the default set point (use increments of 0.2-0.5 nm)

and does not produce as high quality images as Tapping mode with a new tip.



Chapter 2

Mechanically reconfigurable van der
Waals devices via low-friction gold
sliding

I like water colors. I like acrylic paint... o little bit. I like house paint. I like oil-based paint

and I love oil paint. I love the smell of turpentine and I like that world of oil paint very,

very, very much. - David Lynch

This text was originally published in Barabas & Sequeira et al., Sci. Adv. 9, eadf9558 (2023),

used with permission from The American Association for the Advancement of Science.

2.1 Paper Main Text

Abstract: Interfaces of van der Waals (vdW) materials such as graphite and hexagonal

boron nitride (hBN) exhibit low-friction sliding due to their atomically-flat surfaces and

6



weak vdW bonding. We demonstrate that microfabricated gold also slides with low fric-
tion on hBN. This enables the arbitrary post-fabrication repositioning of device features
both at ambient conditions as well as in-situ to a measurement cryostat. We demon-
strate mechanically-reconfigurable vdW devices where device geometry and position are
continuously-tunable parameters. By fabricating slidable top gates on a graphene-hBN de-
vice, we produce a mechanically-tunable quantum point contact where electron confinement
and edge-state coupling can be continuously modified. Moreover, we combine in-situ sliding
with simultaneous electronic measurements to create new types of scanning probe experi-
ments, where gate electrodes and even entire vdW heterostructures devices can be spatially

scanned by sliding across a target.

2.1.1 Introduction

Nanoscale electronic devices are typically static, with the material structure and device ge-
ometry set during the fabrication process. Exploring the full parameter space requires fabri-
cating multiple devices with varying geometries and material structures. Ideally, a device’s
material structure and geometry would be reconfigurable in-situ, allowing for post-fabrication
modification while simultaneously measuring its properties. Micro-electro-mechanical sys-
tems (MEMS) enable a limited range of mechanical reconfigurability at the cost of com-
plex suspended device structures [12]. For conventional non-suspended devices, mechanical-
modification of the device structure is typically not possible due to high friction forces at all

interfaces.

An exception to this is van der Waals (vdW) layered materials, which exhibit low interfacial
friction due to weak vdW bonds, atomically-flat layers, and lattice incommensurability [1-
7]. Recently, this property has been exploited to perform twist-angle dependent studies of

graphite and graphene-based heterostructures by sliding vdW flakes with an atomic force



microscope (AFM) [8-11]. This approach is powerful, but currently limited by difficulties
in fabricating complex vdW heterostructures, as well as the need to perform experiments in

ambient conditions.

Here, we show that microfabricated gold exhibits low-friction sliding on hexagonal boron
nitride (hBN), a vdW material, at both ambient conditions and at cryogenic temperatures
(7.6 K). The low-friction gold-hBN interface enables us to produce a wide range of slidable
structures to form mechanically-reconfigurable vdW devices, including a tunable graphene
quantum point contact and sliding-based scanning probe devices. Such devices can be mod-

ified ex-situ in an AFM or in-situ in a measurement cryostat.

2.1.2 Low friction gold on hexagonal boron nitride

We create reconfigurable structures, by depositing gold microstructures directly onto hBN
flakes using electron beam lithography and electron beam evaporation (see “Friction mea-
surements” in the Methods section for fabrication details) . By pushing laterally with an
AFM tip, we can slide microscale, polycrystalline gold features as large as 35 pm? across the
hBN surface. The low-friction sliding enables arbitrary repositioning of deposited features
(Figure 2.1a-b). We observe that small features can even be moved by scanning an AFM
tip in tapping mode. The motions are non-destructive, with no change to either the gold or
hBN observable in AFM except for the cleaning of contaminants on the hBN surface, which

are swept away by the sliding gold (Figure 2.1c).

To characterize the friction, we slide gold squares of different sizes on hBN using an AFM tip
and determine the interfacial friction from AFM deflection measurements, similar to previous
vdW tribological studies [3-5, 7, 13, 14]. Figure 2.1d illustrates the friction measurement
scheme. First the tip is moved laterally at a fixed z-piezo extension elevated above the hBN

surface (left panel). Once the tip makes contact with the edge of the stationary gold square it



deflects laterally, resulting in a voltage signal on the AFM photodiode (middle panel). The
lateral deflection increases until the static friction of the gold-hBN interface is overcome,
after which it drops to a constant value corresponding to the kinetic friction as the gold
slides on the hBN (right panel). These regions are highlighted in an example deflection trace

in Figure 2.1e, where the peak (static) voltage and constant (kinetic) voltage are indicated.

To determine the scaling of friction with interface size, we repeat these measurements mul-
tiple times each for 0.5 to 3 pm wide gold squares and observe a linear scaling of deflection
voltages versus area, with slopes of 82 4+ 6 mV /pm? (static) and 24.4 + 0.6 mV /pm? (kinetic).
Assuming that force is directly proportional to deflection voltage, our data shows that in-
terface friction scales linearly with area, which is expected for polycrystalline interfaces [14].
By contrast, atomically flat and lattice incommensurate interfaces, including single-crystal
gold nanoparticles on graphite, can exhibit sublinear scaling versus area [2, 3, 7, 14]. This
suggests that increasing the grain size of our gold will decrease interface friction. To test
this, we vacuum annealed our samples at 350 °C for 30 minutes and observed the deflection
voltages decrease by 50%. The annealing process also caused the average gold grain size
to increase from ~20 nm to ~80 nm, suggesting a connection; although, the removal of

contaminants from the Au-hBN interface by heat annealing likely plays a role as well.

We convert the AFM deflection voltage to a lateral force using a linear model which requires
both the AFM tip’s lateral spring constant and the AFM’s lateral sensitivity. The spring
constant is the ratio of lateral force applied to the tip and lateral displacement, which we
determine by simulating our tip in COMSOL Multiphysics. And the sensitivity is the ratio
of lateral tip displacement and lateral deflection voltage measured on the AFM photodiode.
To measure the lateral sensitivity, we use the slope of the static region of our deflection

linetraces (see “Friction measurements” in the Methods section for more details).

Converting the deflection voltages yields forces of 6 pN (static) and 2 uN (kinetic) for a 9

m? gold square on hBN. Applying the conversion to the linear fits results in a friction force



per unit area. For the unannealed Au-hBN interface, the friction values are 800 nN /pm?

2 and

(static) and 230 nN/pm? (kinetic), and after annealing they decrease to 400 nN/pm
100 nN/pm?, respectively. These force values have uncertainties of 30%, dominated by
uncertainty in the sensitivity, and should be considered upper bounds due to the calibration
method and limitations of the linear model (see “Friction measurements” in the Methods
section). These interfacial friction values are comparable to prior tribology studies of gold
on graphite, which measured 50 to 430 nN/um? (kinetic) for ~60 to ~100 nm wide, single-
crystal, gold nanoparticles [13]. For additional comparison, the previously reported kinetic
friction of unaligned graphite on hBN is smaller, at 15 nN/m? [4]. We have also made friction
measurements of gold with a 3 nm Cr sticking layer on hBN, and initial tests show it exhibits

roughly an order of magnitude higher friction than annealed gold on hBN without a sticking

layer (see Figure 2.6 in Supplemental Information (SI)).
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Figure 2.1: Au-hBN sliding friction

All scale bars are 3 pm. (a&b) Optical images of ~170 nm tall gold squares on hBN
before and after manipulation with an AFM tip. (¢) AFM height image of 3 pm wide gold
square on atomically flat hBN surface with contaminants swept aside by sliding. The RMS
roughness of the swept hBN is 1 A, and the height of the surface contaminants is roughly 8
nm. A non-linear color scale is used to highlight features across a wide range of heights. (d)
Schematic illustrating AFM lateral friction measurement: before contact (left), during static
friction (middle), during kinetic friction (right). (e) AFM friction linetrace for a 3 pm wide
square with the tip moving at 1 nm/s. The peak voltage corresponds to the Au-hBN static
friction, and the subsequent constant voltage corresponds to the kinetic friction. (f) Lateral
deflection voltage versus interface area between gold and hBN for 0.5, 0.75, 1, 2 and 3 pm
wide squares, before and after annealing at 350 °C for 30 minutes. Each data point is the
average of multiple measurements for each size. Error bars show standard deviation. Lines
are linear fits through zero, fitting only the 4 and 9 um? data points; this excludes smaller
deflection data points which have variable AFM sensitivity (see “Friction measurements” in
the Methods section for more details).

2.1.3 Sliding gate devices: Mechanically-tunable quantum point

contact

The low friction between Au-hBN enables studies of vdW quantum devices in which re-
configurable gold gates are used to mechanically-modify electron confinement. Gate-defined
quantum point contacts (QPC) and quantum dots are of particular interest as they are in-

tegral for making graphene-based qubits [15-17] and for studying non-abelian quasiparticles
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18, 19].

We apply this unique confinement control capability to make a reconfigurable QPC defined
by movable gold-only top gates on a hBN-encapsulated graphene device (Figure 2.2a). The
top gates confine electrons by depleting the graphene into a band gap, thereby forming a
narrow QPC constriction between two conducting regions. Although graphene lacks an in-
trinsic band gap, one forms in a perpendicular magnetic field at zero density due to exchange
interactions [20]. Therefore, in the quantum hall regime, we can study the edge mode trans-
mission through the constriction at different Landau level filling factors and QPC separations
by holding the dual-gated region at the charge neutrality point while sweeping the back-gate

voltage [21, 22].

To adjust the QPC separation, the top gates are physically moved with an AFM tip at
ambient conditions, modifying the QPC confinement mechanically (Figure 2.2a). We then
cool the sample to 1.5 K, apply a 9 T out-of-plane magnetic field, and measure the resistance
versus top-gate and back-gate voltages. From these measurements we determine the QPC
conductance, referred to as Gqpc, by taking the inverse of the measured resistance after
subtracting a contact resistance (see “Quantum point contact device” in the Methods section

and SI for more details).

Adjusting the QPC separation modulates the tunneling coupling between counterpropagat-
ing edge modes, thereby tuning their transmission through the QPC constriction. This is
illustrated in Figures 2.2b and 2.2¢, which show different gate separations of the QPC but
at identical gate voltage conditions. The Landau level filling factors shown are v}, = —2 for
the back gate and v; = 0 for the dual-gated regions. When the QPC separation is large,
edge modes transmit across the device unimpeded, resulting in a Ggpc of 2 e?/h (Figure
2.2b). In contrast, at the same filling factors, a smaller QPC separation causes the counter-
propagating edge modes to tunnel couple and backscatter, decreasing Gqpc < 2 €?/h (Figure

2.2¢).
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We measure the QPC conductance with v; = 0 for four separations: 1110 nm, 170 nm, 80
nm, and 10 nm (Figure 2.2d) It is apparent that physically narrowing the QPC generally
decreases Gqpc at a given back-gate voltage. At filling factor v, = —2 (vertical dashed line at
Viy = —1.65 V), a 2 ?/h plateau is observed for the 1110 nm separation, corresponding to the
edge modes in the back-gated region transmitting across the device unimpeded, equivalent to
Figure 2.2b. At the same filling factor, narrowing the QPC separation to 170 nm decreases
Gqrc to between 1 and 2 e?/h, indicating partial reflection of one edge mode. Further
narrowing to 80 nm results in a 1 e?/h plateau. This surviving quantized plateau is explained
by the spatial separation of the edge modes. The innermost counterpropagating modes are
close enough to completely backscatter via tunneling, while the outer modes are still too far
apart to couple and instead transmit through the QPC fully. Narrowing the QPC separation
further to 10 nm results in partial reflection of the remaining edge mode such that Ggpc < 1
e?/h (as illustrated in Figure 2.2¢). Similarly, for v, = —1 (V;, = —0.65 V), a 1 e?/h plateau
is observed in the 1110 nm separation which we reduce to 0.14 ¢?/h by narrowing the QPC
separation, demonstrating our ability to mechanically pinch-off the conductance. In the full
device conductance map (Figure 2.2e-h), the gate voltage region where pinch off is attained

(right of diagonal line) grows in size as the gate separation is reduced.

The mechanical gate tuning we demonstrate offers an unprecedented level of control, as
confinement geometry and physical position of the QPC can be modified independent of
gate voltages. Such an approach will be highly useful for tuning the properties of gate-

defined quantum dots and QPCs in vdW heterostructures.

2.1.4 In-situ heterostructure and cryogenic manipulation

An exciting aspect of the low friction between gold and hBN is the potential for true in-situ

manipulation of a device’s atomic structure. Here, in-situ means simultaneous manipulation
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Figure 2.2: Quantum point contact schematics and gate sweeps

(a) Schematic of an hBN-encapsulated graphene device with a local graphite back-gate and
flexible serpentine leads connected to the movable QPC top gates (metal contacts to the
graphene and graphite not shown). (b&c) QPC edge mode schematic for v; = 0 and
Vpg = —2. (b) For a large QPC separation all edge modes are completely transmitted, as in
the 1110 nm separation. (c) Reduced QPC separation such that the innermost edge mode
is completely backscattered while the outer edge mode is partially backscattered (indicated
by the dotted lines), as in the 10 nm separation. (d) Line cuts of full 2D conductance color
plots taken at 9 T and 1.5 K along v; = 0 for each of the four separations. The vertical
dashed line at Vbg = -1.65 V indicates the v, = —2 filling. (e,f,g,h) Conductance color
plots versus graphite back-gate and QPC top-gate voltages at separations of 1110 nm, 170
nm, 80 nm, and 10 nm, respectively. Dashed lines correspond to v, = 0 linecuts presented
in (d). Insets are false color AFM amplitude images of QPC gates. Scale bar in (e) is 500
nm and applies to all AFM images.

and measurement under the extreme conditions often required for quantum experiments,
such as cryogenic temperatures, high magnetic fields, and high vacuum. Of these conditions,
cryogenic manipulation presents the biggest challenge because friction typically increases
significantly at low temperatures due to reduced thermal vibrations and the freezing of gas

within the cryogenic vacuum space [23].

To advance vdW manipulation beyond pushing individual flakes at ambient conditions, we
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aim to achieve deterministic lateral motion of flakes and even whole heterostructures by
creating a rigid mechanical connection to them. The conventional method for vdW flake
manipulation, as demonstrated in Figures 2.1 & 2.2 and prior works [8-11] uses a sharp
AFM tip to push a flake from the side and then reimages the flake position using the same
tip. This, however, does not result in deterministic, one-to-one motion of the flake and makes
certain manipulation applications such as scanning infeasible. Likewise, this manipulation
technique is not well-suited to overcome the high friction forces at cryogenic temperatures
and for large interface areas due to the small contact area between the sharp tip and the
flake. In fact, we encounter the limits of this style of motion with very large gold contacts in
our QPC devices (area >35 pum?), which are cut by the AFM tip as it pushes laterally. To
address these issues, we have created metal handles which interface the AFM tip to a vdW

heterostructure.

The handle grips the vdW flakes/heterostructures by overlapping the flake edges, so that it
conforms to the flake and distributes force along the flake’s edges. We press-fit a flattened
AFM tip into a donut-shaped hole in the handle, which deforms the metal to match the tip
shape and provides increased grip. This strong connection enables deterministic sliding of

gold on hBN at cryogenic temperatures (T = 7.6 K, see Figure 2.3a and Movie S1 in SI).

Despite the increased friction at cryogenic temperatures, as evidenced by visible tip flex in
Movie S1, we observe that the hBN surface is left pristine and undamaged after more than
100 motions at a speed of 30 pm/s (Figure 2.3b). See “In-situ sliding” in the Methods section
for details about the manipulation technique and setup. Cold sliding can enable a variety of
experiments including reconfigurable vdW heterostructures at cryogenic temperatures, which
would allow for rapid, continuous measurements with respect to physically reconfigurable
parameters. While mechanical linkage and motion is useful in its own right, electrical contact
to moveable structures is also critical to perform many experiments. To this end, we fabricate

flexible serpentine-shaped electrodes connected to our donut handles which are anchored at
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Figure 2.3: In situ mechanically-reconfigurable devices

(a) Optical images showing gold sliding on hBN (pink) at 7.6 K, actuated by an AFM tip
(gray). Arrows denote the range and direction of motions. Dark purple on the left is the
SiO2 substrate. See Movie S1 in the SM for a video recording of the motions. (b) AFM
image of hBN surface after cryogenic scanning motions from (a) showing the hBN surface is
left undamaged with only swept up surface contaminants. AFM area is the solid red boxed
area in (a). (c) Optical images of gold serpentine electrodes on hBN (pale yellow/green)
showing 2 pm longitudinal and transverse motions. Red dotted lines outline the initial
position. Video recordings of oscillating motion shown in SM Movie S2 and S3. (d) Side
profile schematic of a sliding top-gate hBN-encapsulated graphene device, actuated with
an AFM tip. Top-gate slides over stationary graphene to change local gating and device
resistance. (e) Top-down optical image of the same device. The graphene is outlined with
a dotted white line, and the light purple background is hBN. Red rectangle is 2.4 x 9.5 pm.
(f) Graphene resistance versus top-gate position. Scanning range shown as the red rectangle
in the optical image. Dashed lines indicate graphene edges. (g) Side profile schematic of a
slidable graphene-hBN device on a stationary hBN substrate, actuated with an AFM tip.
The slidable features in the schematic are outlined in black. (h) Top-down optical image of
the same device. The pale green background is hBN. (i) 2-probe resistance of the slidable
graphene device versus sliding position (see Movie S4 in SM for the video recording). 0 pm
corresponds to the initial, transferred position. The increase in resistance over subsequent
motions is likely due to photodoping from the light source used for imaging.
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one end off the hBN flake on the SiOs, shown in Figure 2.3c. We are able to oscillate these
electrodes at 10 Hz with an amplitude of 2 pm by actuating with an AFM tip and the same
donut interface described above (video available online). We find these accordion geometries
with a wire cross section of 1 pm thick and 1 pm wide are able to stretch over 10 pm before
breaking. Note, except for extreme displacements, the friction force is high enough to prevent

the electrodes from springing back when the AFM tip is disengaged.

By combining mechanical motion and flexible electrodes, we create a sliding scanning top-
gate, shown in Figure 2.3d-f. At room temperature, we raster a gold top-gate by sliding it
over an encapsulated graphene-hBN device, modulating the device resistance by changing
the overlap between the graphene and top-gate. The resistance versus gate position is plotted
in Figure 2.3f, which can be interpreted as a coarse image of our graphene device convolved
with the geometry of the sliding gate. This constitutes a new mechanism for scanning probe
microscopy [24], where a scanned gate is in direct atomic contact with the sample, obviating
the need for the feedback control of the probe-sample distance that is typical with scanning

probes.

Taking advantage of the low-friction of both graphene-hBN and Au-hBN interfaces, we
apply our technique to make a slidable, contacted vdW heterostructure, shown optically and
schematically in Figure 2.3g,h. Here an entire graphene device is translated over an hBN
substrate, actuated via a metal handle. The graphene, edge-contact electrodes, and top
hBN all slide as a single unit, and allow for continuous measurement of the graphene as it
is moved. Figure 2.3i shows the change in graphene resistance as it is translated back and
forth. As the graphene slides 1.2 pm, we observe a reproducible modulation of the device
resistance corresponding to a maximum change of 10-15 2. Naively, one would not expect
any change in the graphene resistance due to translating the device. One explanation for this
effect is that the graphene is gated by charge inhomogeneity in the hBN [25], modulating its

resistance and causing it to act as a local charge sensor. Another effect which can arise in
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this device geometry is strain in the graphene or at the graphene-gold interface that develops
in response to friction forces during the motion. These effects will be isolated and explored

in future studies.

2.1.5 Discussion

The ability to move both metal and vdW layers within a device offers an unprecedented
level of control and flexibility in both device function and experiment design. The mechan-
ically reconfigurable devices we demonstrate enable experimental studies where structure
and geometry are continuously tunable parameters. This allows for dense sampling of the
device and heterostructure parameter space while keeping local disorder constant, some-
thing that is impossible to achieve with the conventional approach of fabricating multiple
devices. Reconfiguration by sliding makes possible the modification of quantum confinement
via moveable gate electrodes, as well as the continuous tuning of lattice interfaces in vdW
moire heterostructures. Our demonstration of deterministic in situ sliding also introduces
the possibility of dynamic structural studies, where time-varying modulations of the device
geometry,strain, and interfacial moires induce electronic effects such as topological charge
pumping [26-28] Last, the proof-of-principle sliding scanning probe experiments show a new
approach to spatial mapping of local material properties at the extreme limit of proximity,

i.e., direct atomic contact, as well as with the full flexibility of planar nanofabrication.
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2.2 Materials and Methods

2.2.1 General Fabrication Techniques

The following techniques are universal to our device fabrication except when specified oth-

erwise.

Lithography

All lithography performed is electron beam lithography (EBL) using a PMMA resist. We
use PMMA 950 A5 spun at 2000 rpm for 2 minutes resulting in a ~500 nm thick layer for
depositions less than 300 nm in thickness and for etch masks. EBL patterns are written at
1.6 nA or 3.2 nA with 30 kV excitation. The PMMA is developed for 3 minutes in a cold

mixture of 3:1 IPA:water.

1D-edge-contacts

1D-edge-contacts for our graphene encapsulated in hexagonal boron nitride (hBN) devices
are written with EBL and developed before reactive ion etching (RIE) with 10 sccm of SF6,
2 scem of 02, 30 W of RF power, at 100 mTorr for 30 s [29].Then 3 nm of Cr and ~100 nm
of Au are deposited at 1 A/ s in an electron beam metal vapor deposition system. Liftoff is

performed by soaking the sample in acetone for 1-2 hours and agitating with a pipette.

Exfoliation and Dry Transfers

We exfoliate hexagonal boron nitride and graphene from bulk crystals. Stacks are assembled

using stamps consisting of PC film on a PDMS square on a glass slide [30].We have used
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hBN ranging from ~15 nm to ~230 nm thick as a substrate for sliding gold structures.

2.2.2 Friction Measurements

Fabrication for gold-hBN friction measurements

Gold-only squares for friction measurements are fabricated by spinning PMMA on a silicon
chip of exfoliated hBN, writing squares using EBL, depositing 170 nm of gold, and lifting

off in acetone.

AFM lateral friction measurements

To measure lateral friction we use the lithography mode of a Park Systems NX10 AFM and
a Budget Sensors Tap300Al-G tip to manipulate gold on hBN in ambient conditions. First
the top surface of the gold squares is measured using lithography set point mode with 100
nN of downward force and a dwell time of 8 s. The tip is then moved next to the gold
square, lowered 100 nm below the top surface of the gold, and moved laterally, transverse to
the AFM cantilever, and into the gold square at 10 nm/s. The lateral deflection voltage is
recorded throughout the motion. Measurements were also made at 1 nm/s and 100 nm/s,
and no dependence on speed was observed in this range. Care is taken for the motion to be
through the center of mass of the gold in order to avoid rotation, and motions with rotation
are excluded from our analysis. The squares are also oriented so their edge is perpendicular
to the direction of motion. Note, that no permanent deformation of the gold is observed in

AFM images taken after manipulations.

The regions before contact, during static friction, and during kinetic friction are identified
to extract the average baseline voltage, average kinetic friction, and the peak static friction

value respectively. We include some example linetraces to demonstrate the scales, and overall
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appearance of typical linetraces (Figure 2.4. Although some traces do not exhibit the ideal
lineshape, their kinetic and static friction values do not deviate from other traces. The exact

mechanisms which cause non-idealities are not clear.

To measure force using the AFM, we assume a linear model where deflection voltage is
related to the force on the cantilever as Fy;, = Vi,k/S, where Vi, is the lateral deflection

voltage of the AFM tip, k is the tip spring constant, and S is the AFM sensitivity.

The cantilever is simulated in COMSOL Multiphysics to determine its spring constant, ref-
erencing optical and SEM images for its dimensions [5].To simulate the spring constant a
lateral force is applied 100 nm above the apex of the tip and the displacement at this posi-
tion is determined, resulting in a force per distance displaced of k = 250 + 10 N/m for our
tip. The simulations are parameterized with respect to the cantilever dimensions in order to
estimate an uncertainty for the lateral spring constant. The material used is single-crystal
anisotropic silicon with the top of the cantilever as the <100> plane and the cantilever

pointing in the <110> direction.

To determine the sensitivity, S, which is the ratio of the lateral voltage deflection to tip
displacement, we take the slope of the static region of the deflection linetrace, when the
tip deflects before the gold starts moving. This assumes that the lateral displacement of
the AFM piezo stage is equal to the tip deflection during the static portion of the pushing.
However, we expect the tip deflection to be less than the stage displacement due to other
effects such as the elastic deformation of the gold, or due to the tip slipping as it comes into
contact with the gold edge. Such effects are evidenced by non-linearity in the slope of the
static region and by the variable sensitivities we observe for smaller squares. The net effect
is that our approach will overestimate the displacement of the cantilever, which would result
in our extracted forces providing an upper bound on the friction force. Due to the variable
sensitivity we observe for smaller squares (1 ym? and smaller), we only use the 4 and 9 ym?

linetraces to calculate an average lateral sensitivity of S = 27 £ 8 mV /nm.
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Annealing gold on hBN

To test the effect of heat annealing, the gold squares on hBN are vacuum annealed for 30
minutes at 350 C in a tube furnace. Measuring their friction again, we see that the tip
deflections decreased by ~50%. AFM imaging shows that the grain sizes increased from
~20 nm to ~80 nm in diameter. This qualitative behavior is expected for polycrystalline
materials, but it may also be the result of trapped contaminants escaping from the gold-hBN

interface.

2.2.3 Quantum point contact device

QPC device fabrication

Our reconfigurable QPC device consists of a graphene strip encapsulated in hBN, with a local
graphite back-gate on an Si/SiOy substrate. 1D-edge-contacts are added to the graphene
and graphite back-gate. The moveable top gates are 170 nm thick gold-only deposited with
long, flexible electrodes to allow the gates to be moved while maintaining electrical contact.
The Au-hBN interface friction is relatively large for the top gates and flexible electrodes due
to their large surface area. To avoid cutting the gates while attempting motions we cross-link
500 nm tall PMMA rectangles onto the gates (Figure 2.7a). These tall features provide more
surface area for the AFM tip to push into in order to move the top gates. Although they
still deform from manipulations they serve as a sacrificial handle. We dose the PMMA with
15000 pC/pm? at 30 kV and 3.2nA in order to cross-link it. A small, isolated square of gold
is also deposited onto the hBN (at the same time as the gold-only top gates), in order to

sweep contaminants from the hBN surface, seen in Figure 2.7b.

To determine the QPC constriction width we measure the top gate separation using AFM.

Due to the height of the top gates, the separation at the base of the gate differs from what
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is observed using a standard AFM tip. To account for this we measure the sidewall profile
using an ATEC-NC cantilever and subtract that from what is measured with our standard

tips, referencing features on the top surface of the gate.

The graphite back-gate for our device is smaller than the graphene. This is so the 1D-edge-
contacts to the graphene don’t short to the back-gate. We refer to regions of the graphene
which are not gated by the graphite as the graphene contacts, and they are doped to a higher

carrier density by the silicon back-gate.

QPC measurement details

The resistance data was taken in a four-probe configuration by measuring the current at
the drain electrode via a Femto current preamplifier (1IE6 V/A gain) and the longitudinal

voltage drop with a SR830 lockin amplifier using low frequency lockin techniques.

Before performing the 2D gate sweeps, we hole-dope the graphene contacts by biasing the
silicon back-gate with -45 V corresponding to a filling factor of ~7 at 9 T (nominal 285 nm
SiOy thickness). For this reason, when both the dual-gated region and back-gated region are
electron doped the device is unable to effectively transmit quantum hall edge modes across
the resulting pn-junction, and it appears insulating as evident in the upper right corner of

each conductance color plot in Figure 2.2e-h of the main text.

2.2.4 In-situ sliding

Metal handle and flexible serpentine electrode fabrication

To fabricate the “thick” metal handles and flexible serpentine electrodes for in-situ sliding,

much thicker PMMA than normal is used: 950 A11 spun at 4000 rpm for 5 s, then 2750 rpm
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for 2 minutes. This produces a film of PMMA that is ~2.25 pym thick. EBL is performed
using our standard parameters described in the general fabrication technique section. The
metal deposition consists of 80 nm Au, 10 nm Cr, 1 pm Cu, 10 nm Cr, and 50 nm Au, all at
1 A/ s except for the copper which is deposited at 3 A/ s. The bottom layer of gold is for low
friction with the hBN substrate, the top gold protects against oxidation, and the chromium

acts as a sticking layer between the gold and copper.

1 pm and 500 nm flexible serpentine electrode widths were tested and we find that 500 nm
width electrodes are more flexible, but also more fragile. Both work well for manipulation
but we prefer the 500 nm due to the decreased interface area and hence reduced friction. We
have also fabricated 1 pm and 500 nm width “thin” serpentine electrodes which are 150 nm
tall gold-only instead of the thick multilayer metal combination and find that the 500 nm

width electrodes are quite fragile in this case and can break more easily.

Typical metal handle donut dimensions we use have a nominal inner diameter 3 pm and an
outer diameter of 9 pm. The C-shape is to help with liftoff as well as to add compliance in

being stretched open upon press-fitting with the AFM tip.

In-situ manipulation technique

Before performing in-situ manipulations using our metal handles, we first flatten a 100 N/m,
1200 MHz MicroMasch 4XC AFM tip in order to increase the tip-handle contact area. This
is carried out by oscillating the tip back and forth and side to side while in contact with
the SiO4 of our sample until it is >3 pm wide, slightly larger than the inner diameter of the
donut. We choose this tip for its high force constant and the protruding “tip view” style

which makes it easier to align with the donuts.

In general, our technique for performing in-situ manipulations involves the sample with a

metal handle donut mounted on a XYZ piezo scanner that engages into a stationary flattened

24



AFM tip. This process is carried out by first aligning the donut with the tip and raising the
piezo stage. The stage is raised until the donut contacts the tip as determined by optically
observing a change in the light reflected off the cantilever (seen through a 20x objective).
After the initial contact, we press-fit the tip into the donut by raising the stage further.
At room temperature we engage the donut into the tip by ~1.5-2.5 num to achieve a rigid
connection with the structures shown in Figure 2.3c of the main text. In higher friction
situations, such as for larger objects or at cryogenic temperatures, engaging more than ~2.5
nm, corresponding to a larger downward force of the tip on the donut, is necessary to reduce
the slippage between the tip and donut and to achieve deterministic, one-to-one sliding
motions. For the sliding done at 7.6 K, we engaged ~5 pm as opposed to ~2.5 pm at room
temperature to get a similar one-to-one deterministic motion. When finished, the tip can be

removed by lifting it from the donut, which results in a slight lateral motion.

Room temperature manipulation setup

Room temperature in-situ sliding experiments, including the scanning top gate and the
sliding graphene “hockey puck” heterostructure, were performed at ambient conditions. The
setup consists of an AFM tip glued to a glass slide, mounted on a coarse manual XYZ stage
and the sample/chip carrier mounted on a Thorlabs 3-axis NanoMax open loop piezo stage.
A Mitutoyo VMU microscope with 20x and 2x objectives is used for optical imaging. In both
the room temperature and cryogenic manipulation setups, nanomanipulation is performed

using the piezo positioners, which are brought into range by coarse screw-based positioners.

Cryogenic manipulation setup

Cryogenic manipulations are performed in a continuous flow Janis ST-500 optical cryostat,

using the same microscope as for the room temperature manipulation setup. The ST-500
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is cooled using a Janis helium recirculation setup and achieves a sample temperature of 7.6
K. The sample is mounted on an Attocube ANSxyz100std/LT piezo scanner (with 55 pm
of XY range and 25 pm of Z range at ~4 K), and the AFM tip is mounted to a custom
flexural positioner for coarse positioning at room temperature (Figure 2.9). Accounting for
thermal contraction, the tip is coarsely positioned at room temperature so that it will be

within piezo scanner range of the sample once at base temperature.

Sliding “hockey puck” heterostructure

We fabricate our encapsulated slidable graphene “hockey puck” device by transferring ~200
nm thick top hBN onto monolayer graphene, writing rectangular PMMA etch masks, and
etching with SFg and O, (same recipe as 1D-edge-contacts) to leave behind rectangles of hBN
on graphene. We then write and deposit 150 nm gold-only “wrap-around contacts” which
provide edge contacts to the graphene. The thick top hBN and “wrap-around-contacts” add
mechanical support to prevent buckling and provide a rigid grip to hold the “hockey puck”
heterostructures together while it is translated. The “hockey pucks” are picked up using a
PC/PDMS stamp and transferred onto a large bottom hBN substrate before writing and
depositing thick flexible electrodes and donuts in order to electrically contact and manipulate
them in-situ. Of the five “hockey puck” devices we attempted to transfer and electrically

contact, all but one were successfully contacted (Figure 2.10f).

Two-probe resistance measurements were performed by current biasing and measuring the
voltage drop across the device to determine the resistance. The resistance versus displace-
ment trace was measured by displacing in 10 nm steps and then recording the resistance
after a short pause. In the main text we refer to the full forward and backward measurement
sequence as a single “motion”. Each motion takes about 30 seconds. A video of the motions
was recorded, and a light source illuminated the sample during all of the measurements. In

addition, all measurements were performed with the silicon back-gate grounded.
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In Figure 2.3d of the main text, the zero position corresponds to the initial transferred
position of the “hockey puck”, before any motion. After being transferred and contacted,
the device was slid to the leftmost position, at about —275 nm, before the subsequent 1.2

pm back-and-forth motions.

Scanning top gate device

The scanning top gate device was fabricated by encapsulating graphene in hBN and 1D-
edge-contacting it. For this device, the “thick” metal top gate serpentine electrode structure
was initially written and deposited on a separate SiOs chip and then picked up and trans-
ferred onto the completed graphene device using a PC/PDMS stamp. This electrode was
transferred to a position so that one end overlapped with a previously written Cr/Au contact
which provided the electrical connection to the top gate as well as a high friction anchor

point (Figure 2.11).

Two-probe resistance measurements were performed in an identical manner to the sliding
“hockey puck” device described earlier with the addition of 2 dimensions of motion. The
fast scan direction was perpendicular to the graphene channel. The top gate voltage was

held at zero volts for the data presented in the main text.
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2.3 Supplemental Information

2.3.1 hBN-graphite friction

We measure several flakes of hBN on graphite and see that while the friction for 6 pm?
flake matches very well for the same sized gold square, larger hBN flakes on graphite exhibit
similarly low friction and hence indicate a sub-linear scaling with area, unlike the polycrys-
talline gold on hBN (Figure 2.5). This is expected since the hBN flakes are single crystal
and exhibit superlubricity [4, 7].The hBN flakes measured are 20-50 nm tall, much shorter
than the 170 nm tall gold squares, so to manipulate the thin hBN flakes, the height of the
underlying graphite substrate is measured with 100 nN downward force. This sets the AFM
tip height for the lateral motion. We find that using this height setting does not result in

the tip touching the graphite substrate during manipulation.
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Figure 2.4: Example AFM deflection linetraces for various sizes of gold squares on hBN.
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Figure 2.5: All static and kinetic deflection values for gold-on-hBN and hBN-on-graphite
extracted from linetraces.

Friction forces per unit area for Au-hBN are: static 0.762 4+ 0.232 MPa, static annealed
0.386 £ 0.117 MPa, kinetic 0.233 4+ 0.07 MPa, kinetic annealed 0.099 £+ 0.031 MPa. Fits

are through zero and only include 4 and 9 pm? data points.

2.3.2 Cr-Au friction on hBN

When moving small pieces of 3nm Cr 4+ 100 nm Au on hBN, we have found their static and
kinetic deflection voltages to be roughly an order of magnitude higher than the same sized

annealed gold-only square on hBN.
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Figure 2.6: Voltage deflection for 2 pm x 2 pm, 100 nm thick gold + 3 nm Cr sticking layer
square on hBN.

Figure 2.7: Images of mechanically reconfigurable quantum point contact device

(a) 100x optical image of completed QPC device after finishing first set of gate manipulations
to achieve a desired gate separation. Graphene flake is outlined and graphene contact regions
highlighted in green reside in regions where the carrier density is determined only by the
silicon back-gate. (b) AFM amplitude data taken zoomed in on the QPC gates showing the
cleaning process. A gold square is swept back and forth between the QPC gates to remove
surface contaminants from the sensitive QPC region prior to positioning the QPC gates to

a desired separation.
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2.3.3 QPC conductance map kink

The kink feature observed in Figure 2.2e-h near zero top gate voltage is a result of our
top gates extending to the graphene contacts providing a parallel conduction path which is
different from other QPC studies. This aspect is not important to the operation of the QPC

which only exists for v; < 0.

2.3.4 QPC contact resistance

VA

I source

Figure 2.8: Three hole-doped quantum hall regions in series.

Electrodes in yellow are set up in a four-probe configuration, identical to the measurements
for the QPC device. vy is the filling factor of the graphene contacts and v, is the filling

factor of the graphite back-gated region where |vy.| > |1y

Due to the graphene contacts being in series with the QPC constriction, the measured
resistance is a sum of the QPC constriction resistance and the graphene contacts resistance
RC. This constant resistance RC is subtracted from the measured value to calculate Ggpc
which is presented in Figure 2.2 of the main text. RC was determined by fitting the value of

the widest plateau in Figure 2.2d to a conductance of 2 e?/h, which we ascribe as an effective
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Vgpe = —2 at the QPC constriction point. Note that the graphene contacts support their
own quantum hall edge states, generally at a different filling factor than the back-gated and
dual-gated regions. In a four-probe longitudinal resistance measurement between a network
of different quantum hall regions with different filling factors, one can measure effective
positive and negative contact resistances as outlined below. For the largest separation, we
measured a net positive contribution to the contact resistance and for the three smallest
separations we measured a net negative contribution. The contact resistance values used are

Re =(+1580, -3000, -2920, -2800 €2) for the QPC separations of 1110 nm, 170 nm, 120 nm,

and 10 nm respectively.

A positive contribution to RC can be understood due to disorder causing forward moving
edge modes to backscatter to backward moving edge modes and vice versa. Bubbles formed
between the layers during the stacking process are a source of disorder in our device and can

be seen optically or in our AFM images in the graphene contact regions.

As an example of how one can measure a negative contribution to R¢ with our contact
configuration, consider the scenario depicted in Figure 2.7 with three quantum hall regions
in series with filling factors from left to right vy, 14, and v, where v, is the landau level
filling factor of the graphene contact regions. Assuming both v, and v, are negative (as is
the case for operating the QPC), the magnitude of |vy .| > |y, and full equilibration of the
quantum hall edge modes, one can derive the following equations: defining Rap = Vap/I,

then Rap = Ry, — Rye where Ry, = h/(vp,€?) and Ry = h/(vgee?).
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Figure 2.9: Custom build cryogenic manipulation setup

33



Figure 2.10: Optical images of hockey puck device fabrication.

The scale bar in (a) is 3 pm and applies to all images. (a) hBN transferred on top of graphene
flake on SiO, substrate. (b) Developed PMMA etch mask written over regions of hBN with
and without graphene beneath. (c¢) hBN and graphene etched using SFg and O,. (d) 150 nm
gold-only wrap-around contacts deposited. (e) Hockey pucks and contacts transferred onto
bottom hBN flake. (f) Thick metal handles and flexible serpentine electrodes deposited.
The metal donut is out-of-focus because it is ~1 pm thick, but it is still in good contact with

the hBN.
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Figure 2.11: hBN-encapsulated graphene device with transferred scanning top gate serpen-
tine electrode, donut inner diameter is 3 pm.

Movie S1. Gold sliding on hBN at 7.6 K Motion amplitude is approximately 10 pm verti-

cally, 10 pm horizontally, and 14 pm diagonally.

Movie S2. Gold accordions longitudinal sliding at 3 Hz on hBN at room temperature

Oscillation amplitude is approximately 2 pm.

Movie S3. Gold accordions transverse sliding at 3 Hz on hBN at room temperature Oscil-

lation amplitude is approximately 2 pm.

Movie S4. Encapsulated graphene hockey puck in-situ sliding and measurement Measure-
ments performed at room temperature with an amplitude of motion is 2.4 pm. Resistance

data is collected every 10 nm.
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Chapter 3

Mechanically reconfigurable van der
Waals devices via low-friction gold

sliding: Additional details

Some garbage is ok. - Hannibal Buress

3.1 AFM Z Scan drift

The Z Scan and Z Drive of the AFM output a height which is directly proportional to the
voltage applied to the piezo. They are different from the Z Height channel which takes
data from a separate sensor to measure the Z position of the tip. As a result, the Z Scan
and Z Drive channels can differ significantly from Z Height. This is particularly noticeable
when using Z Scanner mode in Lithography mode. The AFM software (in its current version

SmartScan 2.0 RTM2) allows the user to specify the Z Scanner position (based on this piezo
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Figure 3.1: AFM Z Scan versus time
Taken immediately after approaching in Tapping mode. This illustrates the piezo charging
effect.

voltage scaling). It doesn’t use the Z Height sensor.

Additionally, the Z Scan value changes over time, especially immediately after approaching,
see Figure 3.1. T suspect this is due to some kind of charging/capacitance effect when a very
different voltage is applied to the Z piezo. As a result, when measuring the height of the
sample in order to use Z Scanner mode for a manipulation, the measurement is performed
with an 8 s dwell time. Using this dwell time results in a height value which is ~10-
20 nm above the sample surface, and doesn’t result in scratching the sample for pm-scale
manipulations. Ideally, Park would update their Litho Mode to allow the user to input a Z

Height position, which would make vertical positioning much easier and more accurate.
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3.2 AFM before/after annealing Au

Figure 3.2: Au grains before and after annealing
A': Before annealing B: Profile of marked grains C: After vacuum annealing at 350C for 30

minutes D: Profile of marked grains

3.3 COMSOL tip simulation

I created a model of the tip in COMSOL, first very crude and over time I added more
detail to better reflect the tip appearance as seen in SEM /optical images (Figure 3.3). It is
possible to import geometry from Solidworks and probably from other 3D CAD software as
well, but creating the geometry in COMSOL allows you to more easily parameterize your
simulations in order to rapidly simulate variations on a geometry. The downside is that

creating a geometry in COMSOL is less intuitive than Solidworks.

For the tip spring constant simulation I used a stationary simulation and applied a force to
the tip. I then measured the displacement at the location of the applied force and from that
calculated the spring constant. Since we can easily measure the tip frequency in the AFM, I
also performed an eigenfrequency simulation which helped confirm the simulation accuracy.

Additionally, the out-of-plane spring constant can be used to corroborate the simulation.
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Figure 3.3: SEM image of Tap 300 cantilever

While simulating the spring constant and resonance frequency in COMSOL is very straight-
forward, a great deal of time was spent in generating the mesh in an intelligent way. A mesh
that is too coarse won’t produce accurate results, and one too fine will take too long to run,

especially if you are parameterizing the simulation.

Because the tip tapers to a very small size, the mesh must get quite small as well too. For
this reason it is useful to use different mesh in different areas with larger or smaller sizes. It
can also be incredibly helpful to set custom maximum and minimum element size, growth
rate, and resolution at narrow regions. For the pyramid of the tip that allows the base to
be larger mesh and the apex to be smaller. For other simulations I have done, such as for

electrostatic simulations of thin metals, regions where you know the important physics is
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happening, such as at certain edges or surfaces, should be set to finer mesh as needed. If
you see any behavior in your simulation with the same size as the mesh, that is a clear sign

to increase the resolution.

With regards to an AFM cantilever, initially one might assume that the softness of the probe
is primarily set by the cantilever dimensions and depends less on the tip pyramid, but this is
not true for the torsional spring constant. This is apparent when considering that along its
height, the XY dimensions of the pyramid are similar in size or smaller than the cross-section

of the cantilever.

Figure 3.4: Tap 300 mesh in COMSOL

I also spent a decent amount of time working out how to best deliver a force to the cantilever.

To distribute the force I applied the force to a thin area 100 nm from the apex of the tip.
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Figure 3.5: AFM Cantilever apex and pushing surface.

The force was applied to the left, red highlighted surface

To determine if the thickness of the area played a significant role in the measured spring
constant, I parameterized it and got the thickness/spring constant combinations shown in
Table 3.1. The difference in spring constant here is only ~2% for very large percent changes

in the thickness. So it is not particularly sensitive.

Tip push thickness (nm) | 10 | 30| 50
k (N/m) | 200 | 205 | 201

Table 3.1: Tip contact area thickness effect on spring constant
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Figure 3.6: Thickness of push surface variation

Another consideration we made is that the sample, which is a gold rectangular prism, has
some springiness itself and will deform and spring back when pressed into by the AFM tip.
When pressing into such a gold rectangle with a 10x8 nm surface area, the spring constant
approaches that of the cantilever, different by only a factor of ~2. Here the contact area

strongly determines the spring constant measured:

Contact dimensions (nm) | 70x3000 | 70x100 | 20x100 | 10x8
k (N/m) 98 5588 2550 | 460

Table 3.2: Au contact area effect on spring constant
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Figure 3.7: Simulation to test the spring constant due to pushing into soft Au rectangle

I also considered the height of the push from the apex. Minor variation in this parameter

are also not critical as a 50% change only results in a ~10% change in the spring constant.

It’s possible though that this is more sensitive for actual AFM tips, whose pyramid edges

become more curved near the apex of the tip.

Ftip/u (N/m)

L L
0 5 10 15 20 25 %1078
hp (m)

Figure 3.8: Cantilever spring constant vs height of push

In my initial geometry, I made the tip a simple triangular pyramid. This differs from the

actual tips which have a much bulkier /wider base. To check how large of a factor this played,

I simply ran the same simulation with certain sections of the pyramid set to be fully rigid.

The elastic height refers to how much of the pyramid is treated elastically. 17 pm means the
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Elastic height (pm) | 17 7 1 0
k (N/m) | 207 | 217 | 300 | 800

Table 3.3: Pyramid elasticity effect on spring constant

entire pyramid is elastic, 1 pm means that only the 1 pm closest to the apex is elastic and
the rest of the pyramid is rigid. The data in table 3.3 suggests that while the base 10 pm of
the pyramid is relatively rigid, the next 6 pm up plays a more significant role. This inspired

me to more accurately represent the true pyramid shape.

D/

Figure 3.9: Tap 300 SEM image and initial simulated geometry

3.4 AFM tip torsional sensitivity

We determined the AFM-tip torsional sensitivity simply by taking the slope of the static
friction signal for each lateral force friction measurement. While this is not the best way to

make this measurement, it was much simpler than the most accurate method.

In Figure 3.10 I plot the sensitivity vs the static peak position for each trace. It is apparent
that the 3 smallest square sizes have a different sensitivity than the 3 largest sizes. It is for
this reason that only the 4 and 9 pm? data sensitivity values are used. The sensitivity is also

quite different for G-BN. This may be due to the flakes being only ~20-50 nm resulting in a
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contact point much closer to the apex of the cantilever or due to different Young’s modulus

between gold and hBN.

Sensitivity
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Figure 3.10: AFM tip sensitivity vs static friction peak.

Each data point is a single Au-hBN square friction measurement.
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3.4.1 Stick slip motion

Throughout our manipulations we have periodically observed evidence of stick slip motion
in the form of a sawtooth pattern in the friction signal. If the tip is moving quickly or
the time-resolution is too low, then the signal will simply appear noisy. We have observed
this for a variety of interface combinations: Au-hBN, graphene-hBN (with Au mask above),
Au/Cr-hBN, Au/Ti-hBN. For pm-sized Au-hBN the slip distance (determined from the tip
speed and time between stick-slip peaks) was ~2 nm versus 8-10 nm for Au/Ti (100/10 nm)
on hBN.

Keithley Voltage (Waolts)

Time (s)
Figure 3.11: Stick slip motion
Friction signal of a Au/Ti (100/10 nm) rotor sliding on hBN with a tip speed of 10 nm/s,

average distance for the slips is 8 nm.
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3.4.2 Manipulating gold on hBN

Before . After
AFM  — AFM
Tapping Tapping
Scan Scan

Figure 3.12: Au-only pushed by tapping mode AFM (AS18)
A 150 nm tall gold only electrodes on hBN before AFM tapping scan. B The same
features accidentally pushed together as a result of imaging in tapping mode.

3.5 Room temperature probe and AFM manipulation

Figure 3.13: Flat Au-only pads on hBN for probe tip manipulation
Various samples with 100 nm thick Au pads. A,B,C,E,F: Attempted manipulation in
Janis cryoprobe station at LN2 temperatures. D: AFM of C showing mostly undamaged
hBN in the region the Au slid, with a gouge on the right edge. A: AS18, B: AS19, C,D,E,F:
AS20
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Figure 3.14: Before and after probe tip manipulation with anti-slip measures.

A,B,C,D,E,F,G,H: Before and after 100 nm thick Au anti-slip measures. These did not
reliably keep the probe tip from slipping on the Au pad. I,J: Au pads with Cr/Cu/Cr/Au
(10/1000/10/80 nm) donut shapes. These performed much better at keeping the tip from

slipping. However, the tip could still gouge the hBN through the 100 nm base Au pad.
A,B: AS26, C,D: AS27, E,F: AS28, G,H: AS31, I,J: AS35
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Clean BN
Surface

Figure 3.15: Before and after probe tip manipulation with anti-slip measures (IS-Si02-01-T1)
Left & Middle: Before and after images of gold features on hBN manipulated (100’s
of back/forth motions) via a ground down AFM tip pressing into the gold. Right: AFM
afterward of the undamaged hBN surface. The poor XY control, large degree of slipping, and
potential to still gouge hBN underneath lead us to attempt motion using AFM tips. While
tips for imaging were quite sharp and could gouge hBN through 100 nm of Au, ground
down tips, with pyramid apex of ~3 pm wide, would distribute the force much more evenly.
Additionally, they slipped much less, likely because the corner of the apex plateau was sharp
and could dig into the Au. AFM tips are also very helpful for avoiding extremely large
forces on the hBN because they are designed to be compliant in the out-of-plane direction,
lessening the force and providing clear feedback for contact when the cantilever deflects (by
eye, though a more advanced system could use a laser and photodiode to detect deflection
as in a standard AFM system).

The poor XY control, large degree of slipping, and potential to still gouge hBN underneath
lead us to attempt motion using AFM tips. While tips for imaging were quite sharp and
could gouge hBN through 100 nm of Au, ground down tips, with pyramid apex of ~3 pm
wide, would distribute the force much more evenly. Additionally, they slipped much less,
likely because the corner of the apex plateau was sharp and could dig into the Au. AFM
tips are also very helpful for avoiding extremely large forces on the hBN because they are
designed to be compliant in the out-of-plane direction, lessening the force and providing clear
feedback for contact when the cantilever deflects (by eye, though a more advanced system

could use a laser and photodiode to detect deflection as in a standard AFM system).
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3.6 Montana cryostat cryogenic manipulation

Figure 3.16: Montana crude probe tip manipulation setup and damaged sample
Left & Right: Probe tip clamped to bent copper sheet. Bottom: AS35 which was
manipulated at 4K via that probe tip. Likely issue is that the tip holder was too floppy
and oscillated by ~microns when the cryostat was running. This resulted in it acting like a
jackhammer of sorts. This attempt was still useful though because some of these Au pads
were pushed indirectly and slid on the hBN, providing evidence that Au could slid on hBN

at liquid He temperatures without damage to the sliding interface.
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3.6.1 Janis ST-500 cryogenic manipulation

Figure 3.17: Progression of ST-500 cryogenic manipulation setup

A: Empty cryostat with ring-shaped heater holder. The ring shape is to heat the stage
uniformly. B: Attocube and custom base plate inside ST-500. C,D,E: Prototypes with
needle holder mounted to the Attocube and sample held stationary F: Prototype with sam-
ple mounted to the Attocube and needle holder stationary (at cryogenic temperatures and
adjustable by hand at room temperature). This switch is enabled by bending the chip car-
rier pins outward and allows the sample and Attocube to be mounted more centrally in
the cryostat. Since the samples and Attocube are similar sizes, it makes sense to have the
sample on the Attocube. If instead the tip was on the Attocube, it would increase the XY
footprint of the sample and tip. Though such a design should not necessarily be ruled out.
G: Setup in F inside the cryostat H: AFM tip holder instead of a probe tip holder. This
setup has a XYZ flexural arm actuated by set screws in order to perform coarse positioning
at room temperature. This design, while very cool looking and compact, had too much cross
talk between the different directions in order to be useful. It was easier to perform coarse
positioning simply by hand. Additionally the 2 screw clamping mechanism here resulted in
the probe tip holder shifting laterally as the screws were tightened down. The simpler single

screw clamp of the previous designs was much more stable.
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Figure 3.18: Current state of ST-500 cryogenic manipulation setup

A,B,C: Views of the custom vacuum shroud and radiation shield extension. D: Attocube
and Elliot Martock semi-custom ultra small XYZ micropositioner mounted to an elevated
plate, which is itself mounted to the Janis stock sample pedestal. This brings the working
area higher and accessible from all directions compared to the prior recessed position. E.
Solidworks assembly showing the sample, pogo pins for contact and AFM tip holder. The
tip holder still needs to be finalized and machined. And the thermal links from the elevated
baseplate to the sample holder must be made. F. 1 of 2 machined sample holders with

tapped mounting hold and grooves for pogo pins.

3.7 Moire charge pumping devices

3.7.1 Theory and charge pumping mechanism

When aligned to hBN, graphene’s band structure modifies due to the moire superlattice be-

tween the materials. The A and B sublattice sites of graphene become more inversion asym-
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metric due to hBN inherent inversion asymmetry. This opens a band gap at the graphene’s
charge neutrality point. Additionally the moire pattern couples opposite ends of the Dirac
cone via the moire wavevector, resulting in satellite Dirac points (SDPs) and gaps. These
gaps occur at densities of 4 electrons per moire unit cell, as this corresponds to full filling of

the minibands formed by the moire.

At these SDPs the electron wavefunctions can be described as Wannier functions localized
by the moire pattern. This means that the translation of the moire will result in translation

of the localized change as well.
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Figure 3.19: Aligned graphene-hBN band structure and density of states
Right image shows a contour plot of the hole side band with a dashed green line to indicate

the path of the cut. Units are in inverse graphene lattice constants. Contour intervals are

10 meV

The most straightforward method to translate the charge is to move the whole crystal.
However, it is also possible to move the moire by translating one of the layers, most feasibly,

the graphene. When the graphene is translated by one lattice constant the moire pattern
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also translates but instead by a distance of one moire lattice constant. This means that the
moire lattice motion is amplified relative to the graphene motion by a ratio of 14/.246, or
~57. This larger moire motion means that the moire lattice sweeps across the graphene as

it moves.

If the system is doped to the hold SDP, the moire will drag the 4 electrons per unit cell as it
moves, shuttling charge from one end of the graphene to the other. If the graphene is made

to oscillate, such a measurement could be made as a lock-in measurement.

d moire . moire .
I = pwx— xg = Asin (27 ft) Tmoire = a4 Asin (27 ft)
dt ag

I =2nfpw dmoire 4 gin (27 ft)
ag

w=1um, A=10um, f=100kHz, ag=.246nm, ameie= 14.0nm

I ~ 0.5 nA

Figure 3.20: Hlustration of localized charge and expected current for oscillatory motion

3.7.2 Open face devices

Initially, we attempted a device style similar to the Dean group g-hBN twisting study, with
an open face graphene strip and a sliding aligned hBN piece on top. The primary issue here
was that the hBN would tear the graphene as it was slid onto the graphene. It is possible that
this worked for the Dean group due to lighter etching parameters or possibly tip cleaning
before transferring the hBN rotor. In addition to tearing the graphene during alignment,
this suggested we would be unable to oscillate the rotor safely. We devised the alternative,

“hockey puck” structure, which protects the graphene and should handle motion better.
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3.7.3 Rotors and Cr,Ti friction

In the process of attempting open face devices, we found that the friction of Au/Ti and
Au/Cr to hBN was often not sufficient to slide the hBN rotors on an etched hBN substrate.
This was especially an issue when the rotors had been annealed, as the Cr and Ti will
migrate into the Au and away from the interface, significantly decreasing their contribution
as a sticking layer. This was even evident when picking up rotors with a stamp, as the
Au/Cr or Au/Ti cap would slide off of many rotors during the natural translation which

occurs during the pickup/transfer process.

3.7.4 Outlook

There were several challenges and unknowns which remained when we paused this project.
Whether the friction of aligned graphene-BN at cryogenic temperatures would allow us to
oscillate a hockey puck device. Whether we could make contacts which would stay connected
(our test sliding device became disconnected from slow sliding at room temperature). Sliding
at high enough frequency is also an issue. The resonance frequency of the Attocube, tip
holder, and Martock XYZ state are in the 500-1500 Hz range, which limits the hockey puck

oscillation frequency to below that.

Another issue we had was that the graphene would slip out from under the hBN until it
aligned with the top hBN. The need to have the moire only between the graphene and the
bottom hBN means that the friction of that interface would be higher than that between
the graphene and the top hBN. In order for the graphene to slide on the bottom hBN there
would need to be an additional force to overcome the graphene bottom hBN friction. At
the time we attempted having extra graphene extending from under the top hBN, a “g-out”
device, but as we discovered here and later for our heterostrain project, the friction between

aligned g-hBN is higher than that of g-Cr or even g-Ni.
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All of these issues besides the resonance should be somewhat resolved by our method for
gripping monolayer graphene explained in the heterostrain paper. Here the strong adhesion
of the Oy-plasma contacts is enough to overcome aligned g-BN friction at room temperature.
The pre-etched holes in the hBN give electrical contact which is separate from the handles

(likely necessary for good/better contact).

Figure 3.21: Possible fabrication for graphene hockey puck devices

A: graphene (purple) on SiO2, with pre-etched hBN (blue), transfered on top B: high friction
Os,-plasma-treated Au/Cr handle contacts C: PMMA etch mask D: SFg + O5 reactive ion

etch to remove hBN and graphene E: Au/Cr or Au contacts added

With a frequency of 100-1000 Hz, the generated current would be ~0.5-5 pA.

3.8 Curved metal with super low friction

The most extreme case of low friction we observed was for Au/Cr metal which curved outward
on the substrate, resulting in very little contact between the metal and substrate and a factor
of ~7-13 reduction in the interface friction. This curvature was likely due to internal stress
from the deposition, and stress like this could likely be created intentionally in order to make

extremely low interface friction devices.
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Figure 3.22: Hockey puck devices
A: Hockey puck device transfer to hBN B: Close up AFM height image showing graphene
slipped out from under top hBN C: Graphene-out hockey puck devices before transfer to
hBN substrate D&E: After transfer and electrical contact. These suffered from graphene

slippage just like the non graphene-out devices.
A,B AA10, C,D IS27, E: 1526

Similarly, reductions in friction were seen for Au/Ti rotor masks which slipped on hBN yet
remained suspended above the substrate. This was due to some combination of their rigidity
and some built in stress, which caused them to bend upwards. As the Au/Ti slid off the
hBN, the friction decreased. Eventually the adhesion force between the Au/Ti and hBN was

overcome and the Au/Ti collapsed onto the underlying substrate.
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Figure 3.23: Arched Au/Cr metal on graphene/SiOs (AG6-TL)
A: AFM height data showing some Au/Cr squares which are rounded due to internal strain
and others which remained flat. It is also apparent that some of the squares tore the graphene
on which they were deposited B: height profile from image A C: AFM height image of a
rounded square D: AFM lateral friction data showing a flat square sliding on graphene (or-
ange), compared with a rounded square sliding on graphene (green) exhibiting significantly

lower friction
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Figure 3.24: Au/Ti mask on hBN suspended in air over the edge (AS43)
Left: AFM height image of Au/Ti mask partially slid off of hBN. From the brightness it is
clear that the metal in the lower section of the image is curve upwards and not in contact
with the underlying substrate Right: Line traces from the height data image showing the

bottom-most portion of the metal is curved ~120 nm above the metal which is in contact

with the hBN.

3.9 Electrostatic thermal actuators

Figure 3.25: Graphite electrostatic actuator device and a related COMSOL force simulation
Left: AS22 (AKA AG10-L G2), etched and contacted graphite flakes which did not move

when a voltage was applied Right: COMSOL simulation displaying surface charge density

for a coplanar capacitor geometry
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Our earliest attempts at van der Waals motion came in the form of electrostatic and thermal
actuation devices. The electrostatic devices relied on the metal or vdW flakes forming
capacitors which, when charged up, would feel an attractive force to each other. Our attempts
at graphite devices of this style did not succeed, but gold metal ones did, and we heard from
the Cory Dean group that they were able to make such a device with a center graphene flake

and outer gold electrodes actuate and bend the graphene.

Due to the complication of the van der Waals transfer process and the favorable forces for
coplanar electrostatic devices, we transitioned to making devices using evaporated gold. The
electrostatic actuators were initially designed as simple 2-probe devices where the 2 electrodes
would attract each other. However, this design has a flaw in that when the actuation was
successful, the electrodes would touch and short the circuit, suddenly passing such large
currents that the wires would explode (see figure below). We developed an alternative
geometry which used 5 probes: 1 center wire which would move, 2 outer wires to which a
large voltage would be applied, and 2 additional sensor wires which would make contact with

the center wire when it was actuated, heralding the motion with a small signal current.

We had 2 styles of thermal actuators. The first style was a U-shaped thermal actuator
which should straightforwardly expand according to its thermal expansion coefficient. These
devices were able to work, though they could also fail due to too high of a current flow. The
other style was Chevron-shaped. Its geometry is inspired from MEMS thermal actuators
and should result in some amplification. We were not able to determine if this style was able

to actuate.
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Figure 3.26: Au electrostatic and thermal actuators on hBN

Top: Electrostatic and thermal actuator devices. Some of whose contacts were later used
to make alternative devices and sliding test shapes (AS20). Left: Actuator devices before
actuation (AS19). Right: Actuator devices after actuation and subsequent damage due to

high currents.
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3.10 Motion due to fluids

Figure 3.27: Au sliding on hBN due to liftoff in acetone (AS59)
Left: sample with Au on hBN features in the top left corner. Sample is covered in PMMA.
Right: after liftoff the Au features have move significantly, especially small or high aspect
ratio ones. The narrow strip which moved the most was designed to be 500nm wide.

We’ve seen motion as a result of violent squirting during liftoff, one example is shown in
Figure 3.27. In addition to these accidental motions, I tried to intentionally move 1 pm
thick Au/Cr/Cu/Cr/Au features using ~100 psi Ny gas. 1 MPa (145psi) applied to 1x1 pm
surface will exert a force of 1 uN, which exceeds the static friction of a 1 m? Au-hBN interface
of .4 uN. Assuming all of the force is applied to the surface, 58 psi should be sufficient to
move a 1x1x1 pm cube of Au on hBN. In practice, it’s likely that a drag/viscous fluid model

is a better approach.
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Chapter 4

Manipulating moires by controlling

heterostrain in van der Waals devices

Y’all been standing on rocks this whole time? - Hannibal Buress

This content is in preparation for submission to ACS Nano Letters.

4.1 Paper main text

Abstract: Van der Waals (vdW) moires offer tunable superlattices that can strongly manip-
ulate electronic properties. We demonstrate the in-situ manipulation of moire superlattices
via heterostrain control in a vdW device. By straining a graphene layer relative to its hexag-
onal boron nitride substrate, we modify the shape and size of the moire. Our sliding-based
technique achieves uniaxial heterostrain values exceeding 1%, resulting in distorted moires
that are larger than those achievable without strain. The stretched moire is evident in
transport measurements, resulting in shifted superlattice resistance peaks and Landau fans

consistent with an enlarged superlattice unit cell. Electronic structure calculations reveal
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how heterostrain shrinks and distorts the moire Brillouin zone, resulting in a reduced elec-
tronic bandwidth as well as the appearance of highly anisotropic and quasi-1-dimensional
Fermi surfaces. Our heterostrain control approach opens a wide parameter space of moire

lattices to explore beyond what is possible by twist angle control alone.

4.1.1 Introduction

Moire materials offer highly-tunable superlattices with lengthscales that are unattainable in
natural crystals. The extreme sensitivity of the electronic behaviors and correlated states
to the moire structure motivates the precise control of moire patterns, especially in-situ
manipulation techniques [8, 31-33]. These efforts have primarily focused on controlling the
relative twist angle, which determines the size of the moire pattern, but cannot alter its

shape or symmetry.

Strain control offers an alternative route to manipulating moire patterns beyond what is
possible via twist angle, where both the size and symmetry of the moire can be altered.
To strongly distort the moire, it is necessary to strain adjacent layers by different amounts,
which is referred to as heterostrain. The possibility of achieving large heterostrain on the
atomic scale is a unique feature of van der Waals (vdW) materials due to exceptionally low
interlayer shear strengths [34]. When two lattices form a moire, the effects of heterostrain
are amplified by a moire factor ~1/(d —€), where ¢ is the mismatch between the lattices and
€ is the strain in one layer. This factor diverges as € approaches ¢, and has a directionality set
by the strain direction. As a result, heterostrain can strongly distort the moire, changing its
size and symmetries in a way not possible when straining both layers simultaneously (Figure
4.1a,b,c)[35, 36]. Correspondingly, heterostrain can also strongly manipulate moire systems’

electronic structure, especially in flatband systems such as twisted bilayer graphene[36-38].

To date, the experimental study of heterostrain has been limited by the challenge of con-
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trollably producing uniform and large heterostrain. Local probes such as scanning tunneling
microscopy or optical measurements have been successful in measuring the effects of heteros-
train on spectroscopic features[39-45], but transport measurements have been more limited
due to the need for uniform heterostrain over larger areas. Current transport studies have
relied on moire heterostrain introduced accidentally in the nanofabrication process[37, 46].
Such strain profiles are generally small, and of uncontrolled direction and homogeneity.
Progress has been made in controlling strain in vdW heterostructure devices by stretching
or bending the underlying substrate[47-49], or by using deposited stressors[50-52]. For all
approaches, an outstanding challenge is to achieve large and controlled heterostrain in a

high-quality moire device.

4.1.2 Heterostrain technique

Here, we demonstrate the control of uniaxial heterostrain in graphene-hexagonal boron ni-
tride (g-hBN) devices and study its effects on moire structure and transport properties. To
achieve this, we have fabricated open-faced graphene devices on an hBN substrate where
the electrodes are used to both measure transport and selectively strain the graphene (Fig-
ure 4.1d&e). The graphene is aligned to the hBN using a gold-based transfer method that
deterministically produces large moire superlattices (see deterministic alignment of g-hBN

samples in the methods section).

Following our prior work on mechanically-reconfigurable vdW devices[53], we implement a
moveable handle electrode that grips the graphene to slide and stretch it across the hBN. To
selectively adhere the metal handle to the graphene only, we apply a light Os-plasma etch
before depositing the Cr/Au handles. The graphene-handle bond is strong enough to strain
graphene beyond its tensile strength and tear it (Figure 4.8a&b). We found the plasma pre-

treatment to be critical, as thermally-evaporated metals such as Au, Cr, and Ni exhibit low
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Figure 4.1: Controlling heterostrain to manipulate vdW moires formed between graphene
and hBN

a-c: Hexagonal lattices with a § = 5% lattice mismatch. a: unstrained, b: 2.5% uniaxial
heterostrain, ¢: 5% uniaxial heterostrain. d: Side view schematic of a stretchable open-face
graphene-boron nitride device with an AFM tip pushing on one electrode. Red lines indicate
areas that are Os-plasma treated before deposition e: Optical image of device B. Scale bar is
4 pm f-h: 100x100 nm CAFM images of g-hBN moires in device A. Inset shows FFT of the
image. Fitting the wavevectors results in the indicated strain values e (+3e-4 uncertainty)
with strain angles relative to the +x-axis of +804+20°, +1+5°, +174+4°, and twist angles
-0.12°, 0.02°, 0.02° for f,g,h, respectively. All parameters and uncertainties are listed in SI
Table 4.1

sliding friction on graphene and cannot overcome the friction of graphene aligned to hBN.

The devices are designed with a fixed source electrode and a moveable drain electrode that
can be displaced laterally by pushing with an atomic force microscope (AFM) tip (Figure
4.1d&e), inducing heterostrain in the gripped graphene layer. The moveable electrode has
sufficient sliding friction to retain the graphene strain when the AFM tip is retracted. The
end result is an open-face graphene device that can be progressively strained independent
of the hBN substrate. The graphene strain can be directly observed both in the physical
displacement of the graphene edges (measured in AFM), as well as in Raman shifts of the
graphene G peak, both showing at least 0.6% strain can be fixed in the graphene layer
(Figure 4.9a-d).
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To image the effects of heterostrain on the g-hBN moire, we perform conductive AFM
(CAFM) on the open graphene channels (Figure 4.1f-h). An unstrained graphene is shown
in Figure 4.1f, where the moire pattern appears clearly in CAFM with a ~14 nm wavelength,
the maximum possible for unstrained g-hBN. By stretching the graphene via the gold handle,
we observe a large elongation of the moire along the strain direction, in line with the channel
(Figure 4.1g&h). For the case in Figure 4.1h, the moire lattice vector most aligned to the

strain direction is stretched by 84% to 25.7 nm.

To analyze the stretched moire structure, we extract the moire lattice vectors from the fast
fourier transform (FFT) of the CAFM images. We find that a uniaxial strain model can fit
most device regions to within 1% of the extracted wavevectors. By assuming pure uniaxial
graphene heterostrain, we can extract local values for the uniaxial strain (e), strain direction
(¢), relative graphene-hBN twist angle (6), as well as the global orientation of the layers

with respect to the AFM image (See SI Uniaxial heterostrain model and fitting section).
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4.1.3 Characterization of moire with CAFM

14 -
0.0

Uniaxial Strain (%) X Position (um)

Figure 4.2: Progressive uniaxial strain and spatial uniformity in device B

All reported strain values have an average uncertainty of +0.02% due to a 1% uncertainty
in measuring the moire wavevector. All parameters and uncertainties are listed in SI Table
4.1. a-d: Sequence of 100x100 nm CAFM images of graphene-hBN moires ordered from
lower to higher strain (0.07% to 0.43%). Images are taken within ~200 nm of the same
location. Insets: FE'T of the real space images. White hexagon overlay is the same for each
panel as a reference to demonstrate the evolution of the lattice wavevectors with strain. e:
Plot of measured moire wavelengths versus uniaxial graphene strain for ten strained states.
Lines are theoretical moire wavelengths for a twist angle of 0.022° and strain angle of 18.279°
with respect to the graphene lattice vector, that correspond to the average values for the
dataset. Insets illustrate the moire unit cell orientation and stretch. f: Moire wavelength
versus position for the most strained state. Blue/purple shaded points correspond to the
blue/purple vectors in e, respectively. Different hues correspond to different rows along the
devices separated by vertical distances of 1 pm. g: Graphene strain versus position for a
single strained state. Each line is a row along the device.
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To track the evolution of the moire patterns under strain, we incrementally stretch our
samples and perform CAFM imaging in a grid of locations to characterize the homogeneity.
Figures 4.2a-d show a sample of these for device B, as it is progressively stretched horizontally.
We measure this sample in ten strained states and plot the measured moire wavelengths
versus the strain values extracted from our uniaxial strain model fits (Figure 4.2e). As the
graphene is stretched, we observe that the moire lattice vectors are elongated depending on
their orientation to the strain axis. The (purple) moire vector, nearly aligned with the strain
axis, is stretched up to 34% relative to 14 nm, corresponding to a 0.46% uniaxial strain of
the graphene aligned 5+4° with respect to the AFM x-axis and the graphene channel. The
(blue) moire vector that is nearly perpendicular to the strain axis shows little change. The
theoretical moire wavelength for a 0° sample under uniaxial homostrain is plotted in green
and shows weak dependence on strain. It is clear then that by heterostraining our samples

we are able to achieve moire wavelengths that would be impossible using homostrain.

We compare the moire wavelength measurements to the expected values given by the average
twist angle (6 = 0.022°) and uniaxial strain angle (¢ = 5° with respect to the horizontal)
extracted for all the points (solid lines in Figure 4.2e). A majority of the datapoints are
clustered around the model lines, indicating the uniformity in the twist and strain angles in
the sample. See SI figure 4.12 for an example of a stretched device with a non-uniform twist

angle.

The stretched moires exhibit a consistent spatial variation across the channel, with the largest
moire wavelengths and strains near the stretching electrode. This effect is clearly seen in
the final strained state in Figure 4.2 f&g. We attribute this strain gradient to the friction of
the aligned g-hBN domains, as well as local pinning from sample edges and disorder, which
prevents an ideal elastic response of the stretched graphene. Nonetheless, in the final state,
the device is strained across its entire 2.1 pm length with a max wavelength that varies from

16.3 to 18.8 nm.
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4.1.4 Effects on electronic properties
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Figure 4.3: Effects of uniaxial heterostrain on the transport properties of graphene-hBN
devices

a: Cartoon band structure of aligned g-hBN at zero strain. Each moire subband corre-
sponds to 4 electrons per moire unit cell area. b: Room temperature gate sweeps of device
B showing the superlattice peak shifting due to AFM manipulation. Sequential traces are
offset for clarity. The measurements are made in situ to the AFM immediately after ma-
nipulating. The first two manipulations are compressive and the last seven are stretching
motions. The dashed black line indicates the expected location of the superlattice peak for
the largest unstrained moire, corresponding to a 14 nm wavelength. Inset: device manip-
ulation schematic. c¢: Moire unit cell area measured from CAFM images versus the area
extracted from the superlattice resistance peak position via transport. Marker colors differ-
entiate 10 devices. Circle markers correspond to transport data taken at ambient conditions.
The two star markers correspond to transport data taken at 1.6K (plotted at the average
CAFM area). Devices B/C are colors blue/orange, respectively. The black dashed line de-
notes equal CAFM and transport areas. d: Magnetoconductance data of device C taken at
1.6K. Horizontal white lines overlaid correspond to a magnetic flux of 1/2,1/3,1/4,1/5,1/6
flux quanta per moire unit cell area (2214+5nm?). A contact resistance value of 4.43 k() is
subtracted to align the v = 2 plateau to 2 €?/h.
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The large heterostrain with micron-scale uniformity achieved with our approach offers a
unique opportunity to study the electronic properties of stretched moires in transport. When
graphene is aligned to hBN, superlattice-induced band gaps emerge at the edge of the re-
duced moire Brillouin zone (Figure 4.3a). In transport measurements, this results in new
superlattice resistance peaks at densities n = £4/(moire unit cell area), where the peak at
hole doping is more prominent (Figure 4.3b). As the aligned graphene is stretched, we ob-
serve the satellite resistance peak to progressively shift closer to the primary Dirac peak at
charge neutrality. Compressing the channel shifts the peak in the opposite direction. This
effect is consistent with heterostrain causing a substantial modification of the moire unit cell
area. At the maximum strained state, the satellite peak has moved 29% closer to the main

Dirac peak, suggesting a corresponding increase in the moire unit cell area.

To further analyze the behavior of the satellite resistance peak, we compare moire areas ex-
tracted from the resistance peak position to moire areas measured by CAFM.We plot these
in Figure 4.3c for multiple devices in different strained states. Due to the applied heteros-
train, many of the data points exceed the maximum area for unstrained, aligned g-hBN of
V/3/2(14nm)? ~ 170 nm? (black diamond). The horizontal spread in CAFM areas is due to
strain and twist angle inhomogeneity within each device. For small moires, there is agree-
ment between the areas extracted from transport and CAFM. However, for stretched moires
beyond ~14 nm, the moire area extracted from transport consistently exceeds the area mea-
sured in CAFM. We ascribe this effect to the reduced electronic bandwidths of the stretched
g-hBN devices. Similar effects have been observed in room temperature measurements of
twisted bilayer graphene[46, 54]. Indeed, cooling down devices B and C to 1.6 K removes the
discrepancy between the transport and CAFM areas (see SI satellite dirac peak temperature

dependence section).

At cryogenic temperatures, applying a perpendicular magnetic field to devices with nearly-

uniform heterostrain results in Landau fans emerging from the charge neutrality point and

71



the hole-side superlattice peak (Figure 4.3d and Figure 4.15). Figure 4.3d shows magneto-
transport data for device C, which has an average uniaxial strain of 0.304+0.04%, twist angle
of 0.034+0.04°, and strain angle of 9+4° with respect to the graphene lattice vector, where
the uncertainties are the standard deviation from the CAFM dataset. Fan features emerge
from a sharp superlattice peak corresponding to a moire area of 22145 nm?, which is close
to the average areas measured by CAFM at room temperature (20010 nm?). Due to the
stretched moire unit cell size, the primary Landau fan is disrupted at lower magnetic fields
than is typical for g-hBN devices[55, 56]. These disruptions arise due to the collisions of the
primary and superlattice Landau fans, with intersections occurring at B field values of 1 flux
quanta per integer number of moire unit cells, B = ¢o/(g* A,,), where B is the magnetic field,
¢o is the magnetic flux quanta, Am is the moire unit cell area, and q is an integer (horizontal
lines in Figure 4.3d). We conclude that the heterostrain is sufficiently uniform to produce
coherent superlattice modulation of the transport features consistent with a stretched moire

unit cell.

Another characteristic of aligned g-hBN devices is the presence of an insulating state at
charge neutrality due to the breaking of graphene inversion symmetry by the aligned hBN[56,
57]. In the heterostrained devices, we only observe a weak insulating-like dependence at
the charge neutrality point or at the superlattice point for our heterostrained devices. We
ascribe this to strain and charge inhomogeneity in the device, where the latter is known to
play an important role in obscuring insulating states in graphene devices due to edge doping

effects[58, 59].
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4.1.5 Theoretical calculations

O
)
m
i
=
=
L
(@]
IS
S

N
o

W
!

-200 -100 0 100
Energy (meV)

€=0.5%

o
'

Density of States (a.u
Qo
Bandwidth (meV) Gap (meV)
8 o

Energy (meV)

Energy (meV)

0.1 -0.1

k(@"
Figure 4.4: Aligned graphene-hBN theoretical band structure and DOS

A': Real space plot of moire superlattice showing the unit cell and strain angle orientation.

B: Density of states plots for e=0%, 0.5%, and 1% at ¢=0°. Arrows and highlighted regions

indicate gap and bandwidths for ¢ and d. C: Primary, secondary, and tertiary gap size

versus strain at ¢=0. D. First and second hole miniband bandwidth versus strain at ¢=0.

E. Band structure contour plots of the first hole miniband for e=0%, 0.5%, and 1% at ¢=0°

and ¢=30°. Red hexagons show the moire Brillouin zones. Contour intervals are 10 meV

To analyze the effects of heterostrain on the electronic structure of the g-hBN moire, we
theoretically calculate the band structure using a continuum model that includes lattice

relaxation (Figure 4.4, details in the SI theory section). The simplest effect of the uniaxial
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heterostrain is to shrink the moire Brillouin zone (BZ), reducing the carrier density per
superlattice miniband. This results in a reduced bandwidth of the first hole miniband,
which shrinks by 41.9% for 1% uniaxial strain applied along the graphene lattice vector
(zero strain angle). Under the same strain conditions, the primary Dirac point gap grows
by 22.7%, and the first hole superlattice gap decreases by 15.5%. Straining along different
directions causes different changes to the gap sizes, but the primary and hole superlattice gaps
remain open up to 1% strain, independent of strain angle. These basic theoretical results are
in line with our experimental observations of the shifting of the superlattice resistance peak
as strain increases the size of the moire unit cell. Because both the primary and hole-side
superlattice gaps remain open as the graphene is stretched, the carrier density of the hole
miniband remains at 4 electrons per superlattice unit cell, which is consistent with the match
between our cryogenic transport measurements of the superlattice hole peak and the CAFM-
extracted moire area. By contrast, the electron-side superlattice band edge remains gap-less
with applied strain, consistent with our lack of observation of an electron-side superlattice
resistance peak. Moreover, the decrease in bandwidth with uniaxial strain is consistent with
the discrepancy with the moire area extracted from room temperature measurements as
compared with CAFM and cryogenic measurements. At room temperature, thermal energy
is a significant fraction of the bandwidth of the first hole miniband, with increased thermal
excitation expected as the bandwidth is reduced with 1% heterostrain from 85 meV to 49

meV for zero strain angle (Figure 4.4).

Heterostrain introduces strong anisotropy in the graphene electronic structure, where the
Fermi surface near the hole superlattice gap becomes stretched and can even become quasi
one-dimensional due to the heterostrain. For zero strain angle, the anisotropy is apparent in
the effective mass at the bottom of the hole miniband, where m, /m, ~3.63, corresponding
to the ratio of the effective mass in the direction of the strain versusperpendicular for 1%
uniaxial strain and zero strain angle. This is contrasted with the Fermi surfaces around the

primary Dirac point, which are less sensitive to the distorted moire and remain effectively
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isotropic under the effects of the 1% graphene strain. For 30° strain angle, open Fermi
surfaces dominate the electronic band structure for large heterostrain (Figure 4.4e). These
open Fermi surfaces are strongly anisotropic and quasi-one-dimensional, where the Fermi

velocity is limited to a range of directions along a preferred propagation direction.

4.1.6 Conclusion

In summary, we present a method to controllably introduce large heterostrain in a g-hBN
device. The induced heterostrain is sufficiently homogenous to observe a modified electronic
structure corresponding to the stretched moire pattern. These overall observations are in
agreement with the reduced bandwidth and BZ size observed in theoretical calculations,
which also predict that heterostrain should introduce anisotropy in the effective masses and
open Fermi surfaces. In future studies, multi-terminal devices with different strain angles
will be able to probe the effects of the anisotropic electronic structure. We note that even
larger strain values are achievable locally using this technique, where we have observed local

moire patterns ~70 nm long correspond to ~1.4% level strains (See SI Figure 4.12).

For this work, we used an AFM tip to set the strain in our devices, but we envision that other
actuation methods such as bending, piezoelectric actuation, or thermal contraction can be
used to achieve in-situ manipulation, even at cryogenic temperatures. Moreover, our methods
should apply to other types of crystals supported on hBN, especially twisted graphene and
transition metal dichalcogenide multilayers, where strain control can be used to controllably
break the symmetry of moire patterns, manipulate the structure of pseudomagnetic fields
and electronic flatbands, or alternatively be used as a method to reduce strain in a device

unintentionally introduced by nanofabrication.
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4.2 Materials and Methods

4.2.1 Sample Fabrication

Deterministic alignment of graphene-hBN samples

To maximize the impact of heterostrain on the size of the g-hBN moire pattern, the graphene
must be aligned to the hBN, with the twist angle as close to zero degrees as possible. To
reliably fabricate such aligned open-face g-hBN stacks, we developed a gold-based transfer
technique and deterministically rotate the graphene into alignment using AFM nanomanip-

ulation.

We begin by lithographically defining rectangular gold shapes (4 pm x 8 pm x 200 nm) on
Si04 and picking them up with a PC stamp. To pick up the gold shapes, we typically heat to
approximately 150C, so the PC melts and completely encases the gold shapes, then cool to
room temperature and pick up slowly to reduce strain in the PC film. Next, we transfer the
gold shapes onto graphene and perform an O, plasma etch to remove the exposed graphene
(Figure 4.5a&b). At this stage, the gold-graphene stack is picked up with another PC stamp

and transferred onto a bottom hBN substrate (Figure 4.5¢).

To rotate the graphene, the Au is pushed laterally at one end with an AFM tip (Figure
4.6 a&b). This rotates the Au, and the friction between the Au and graphene rotates
the graphene along with it (see AFM manipulation technique section). Near 0°, the g-hBN
friction peaks due to increased atomic registry [4, 8, 10, 32] (Figure 4.6¢). Ideally this friction
exceeds the Au-graphene friction, causing the graphene to lock to the hBN and the Au to
slide off of the graphene and leaving behind a well-aligned, clean, open-face g-hBN stack
(Figure 4.6 c&d). In practice though, the g-hBN friction is not always enough to release the

graphene from the Au by rotating. Often we find that it is necessary to halt the rotation at
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the aligned g-hBN friction peak, then translate the Au off of the graphene.

A common failure when rotating or translating the Au off, is for the graphene to be torn
from its edges. We speculate this is due to the edges of the graphene having bonded to
the gold. Nevertheless, we found this process proved to be significantly more reliable in
producing well-aligned (<0.5°), open-face devices as compared to simply aligning straight
edges of the two flakes during the transfer process. Lastly, to further clean the surfaces and

aid in further alignment we vacuum anneal the samples at 350C for 30 minutes.

Flexible electrode and handle contacts

We perform 2 steps of electron beam lithography (EBL) and metal vapor deposition, with
the first step primarily to mechanically contact the graphene and the second to electrically

contact.

Using EBL, we define a large contact on one side of the graphene which overlaps with the
hBN. This will be the side of the graphene which is stationary and pinned to the hBN. On
the other side of the graphene strip we define a rectangle in the interior of the graphene, so
that it does not overlap with the hBN at all. This will be the handle which we will use to
apply forces to the graphene. We then etch these features with an Oy plasma. The etch is
performed with a PE-25 plasma cleaner on low power (~10W), with 15 SCCM of O, at 250

mTorr for 20s. We then deposit 5/95 nm of Cr/Au.

For the 2nd metal contact step we overlap the previous contacts in order to improve electrical
contact to the graphene. On the handle side of the strip we write the electrode in a thin,
serpentine shape in order to increase compliance and decrease friction for AFM manipulation.

This deposition is also 5/95 nm Cr/Au.
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AFM tip cleaning

Post device processing, the graphene will have substantial polymer residue on it which can
interfere with CAFM imaging and is also a major source of disorder, broadening transport
features. To clean the surface, we tip clean the sample with a Budget Sensors Multi75-G
using a setpoint force between 5-15 nN. Before tip cleaning, superlattice peaks are typically
not visible. After tip cleaning, the Dirac peak becomes sharper and the satellite peaks are

clearly resolvable.

AFM cutting

We find that strain-induced tears tend to originate from nicks and sharp corners in the
graphene. We remove these features by AFM cutting the graphene into a regular channel
with rounded corners (~0.5 pm radius of curvature). We use AC local anodic oxidation[60]
to cut the graphene in our Park NX10 AFM. We use a Nanoworld ARROW-EFM tip, 100

nN setpoint force, and 100 kHz, 20 Vpp tip bias.

Current annealing

Large contact resistances were observed in many of the devices. To decrease the contact
resistance, we current anneal by voltage biasing while measuring the current with a Keithley
2400 source measuring unit to perform IV measurements. Typically the samples were current
annealed up to 0.5 mA/pm [61]. After current annealing we observed significant reduction

in the contact resistance and hysteresis.
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4.2.2 Transport measurements

Two probe transport measurements were performed via current biasing with a 1 M{2 resistor
at a frequency of 17 Hz and using an SRS830 lock-in amplifier to measure the voltage drop.
At room temperature, current biases of 10 pA or 100 pA were used in order. At cryogenic

temperatures, current biases of 100 pA or 1 pA were used.

For the g-hBN moire, the first hole doped satellite gap is larger than its counterpart on the
electron doped side[56, 57]. At room temperature, thermal broadening and strain inhomo-
geneity often obscure the satellite resistance peak on the electron-doped side of the Dirac
point. For this reason, and to minimize hysteresis which can occur at ambient conditions in

a silicon-backgated sample, we typically constrain our room temperature gate sweeps to the

hole-doped side.

4.2.3 AFM manipulation technique

We stretch our devices using the Lithography mode of our Park NX10 AFM with the 1200
kHz tip on the MikroMasch 4XC-NN probe. We choose this very stiff tip (100 N/m) for
manipulations because softer tips often exceed the 10 V limit of our AFM photodiode when
manipulating higher friction objects and stiffer tips exhibit less backlash when transitioning
from static to kinetic friction. We first measure the height of the gold handle surface. For
the manipulation, the Z piezo is set to ~150 nm below the top surface of the gold handle,
and the tip moves at 1 nm/s. During motions, we monitor and record both the AFM lateral
deflection signal and the device resistance in order to better understand when the device
begins moving. We have observed that friction for the initial motion is higher than for
subsequent ones. This usually results in a large initial displacement on the order of 50 nm,
which for short devices, is enough to immediately tear the graphene. For this reason, our

first motion is to compress the device, so the initial large displacement does not rip the
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graphene.

4.2.4 Conductive AFM

Our conductive AFM (CAFM) images are taken using the internal lock-in of our Park NX10
AFM. We apply an AC voltage to the sample and amplify the tip current signal using a
FEMTO current amplifier. We use an ARROW-EFM tip with 50 nN setpoint force. Other
tips, like the ARROW-NCPt work as well, but we prefer the ARROW-EFM because its lower
spring constant makes it better suited for contact mode. These tips have a Ptlr coating, and
we have found that we are able to image moires with them for longer than Tilr coated tips,

and much longer than Au or Pt coated tips.

We take several steps to account for the drift in our conductive AFM images and reduce its
effects. First, we minimize the time per scan by using a relatively high scan rate of 15 Hz,
taking small scale images (100x100 nm), and only taking 128 lines per scan. At each moire
position, we sequentially record a forward and backward scan image and extract a thermal
drift velocity by comparing the differences in the extracted moire lattice vectors. With this
information we can correct for the effects of the drift in each image. Additional details can

be found in the SI AFM drift correction section.

4.2.5 Moire FFT strain fitting

To determine the strain parameters from the g-hBN moire patterns, we adapted a fitting
approach from Tran et al[62]. The code generates graphene and hBN lattice vectors, trans-
forms them via a global rotation, a relative g-hBN rotation, and a uniaxial strain. From
these transformed lattice vectors we can generate the moire lattice vectors, and iteratively

adjust rotation angles and strain to match the moire lattice measured from CAFM images.
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We use ag = 0.246 nm and apgy = 0.2504 nm for the graphene and boron nitride lattice

constants, respectively, and a graphene Poisson ratio = 0.16 [63, 64].

4.2.6 Error Analysis

To estimate the uncertainty for the extracted device parameters, we numerically invert func-
tions for calculating the twist angle, strain and strain angle parameters for a given set of
moire wavevectors. We assume a 1% error in the moire wavevectors, and report the max and
min range of the resulting calculated parameters as the uncertainty values in the main text.
We estimate a 1% error in the FFT position from the reproducibility of repeated CAFM

moire imaging in a single position (See SI Figure 4.10: AFM moire wavelength reproducibil-

ity).
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4.3 Supplementary Information

4.3.1 Sample fabrication figures

Figure 4.5: Optical images of gold based transfers
a: 200 nm thick gold shapes transferred onto a graphene flake. Shapes are 8 pm x 6 pm b:
After oxygen plasma etching to etch away exposed graphene c: Etched gold-graphene stack

transferred onto bottom hBN flake and ready to be aligned by performing AFM manipula-

tions

o

friction peak /'

Lateral Deflection Voltage (V)

Figure 4.6: Deterministic alignment of graphene to hBN substrate
a-d: Sequence of AFM topography images of gold-graphene on hBN during the AFM ma-
nipulations to rotate the graphene into alignment, purple dashed lines outline the graphene.
Blue arrows indicate positions where the gold shape is pushed with the AFM tip. d is the
final result after sliding the gold off of the aligned graphene-hBN e: Lateral AFM deflection
voltage vs time for the manipulations done in a (blue) and b (orange). As the graphene gets

rotated into alignment with the hBN, there is a peak in the voltage signal and the gold slips
off.
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Figure 4.7: Device E before (a) and after (b) AFM cutting

4.3.2 AFM image of torn graphene device

a b
0 pm 2 4 6 00pm 05 10 15 20

0.0 |

0.5

2.0

25 |

Figure 4.8: Torn graphene-hBN devices
a,b: Graphene strips tore due to being stretched. Close inspection of (a) showed it tore at

a nick in the edge.
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4.3.3 Unaligned G-BN strain Raman signal
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Figure 4.9: Stretching and Raman of unaligned G-hBN
a: Optical image of unaligned G-hBN device. Graphene strip highlighted in purple b: Ra-
man signal from strained graphene. Spot size also includes an adjacent, unstrained graphene
strip. 33 em™! shift corresponds to 0.61% graphene strain [48] c: AFM image of graphene
corner before motion d: AFM image of graphene corner after motion, showing ~40 nm
displacement relative to hBN substrate. 40 nm displacement for a ~6.78 pm long strip

corresponds to 0.59% strain. This agrees well with the Raman signal
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4.3.4 AFM drift correction

We model the drift in our AFM images as follows: For a square image with dimension d

taken at scan rate f, the time elapsed between 2 points in a scan is:

At = &i + %l
d 2f d f
d = Image dimension f = scan rate

| = number of lines in the slow direction
X = X position or size y = y position or size

Given 2 vectors a and b, one from an image taken top-to-bottom and the other taken
bottom-to-top, the drift velocity, v, can be calculated, assuming it is constant for the duration
of the 2 scans. Both vectors are an attempt to measure the same true feature in the image,
but are distorted due to the drift, and thus each differ from the true feature by an offset Aa
and Ab (the offsets are different from each other because a and b are different lengths, and

thus different have different elapsed times, meaning different displacements).
i+ Ad=0b+Ab (4.1)

The drift velocity can then be calculated from this offset and from the time it took to
measure a. We know how much time elapsed between any two points in the AFM image,

At, from above. And the distance the AFM has drifted in that time is Aa.

sopa(fl w1\ (4.2)
N d 2f d f ’
The same is also true for b.
s ap(te L b1 (4.3)
N d2f df ’



Equations 4.1, 4.2, and 4.3 form a system of equations whose solutions are the drift
velocity and offsets. We get 2 systems of equations from each pair of images, one from the
al vector and one from a2. Performing this analysis on all of the moire AFM data we present
in this paper, we find a relatively low drift: in the y direction 0.084+0.16 nm/s and in the x
direction 0.00£0.04 nm/s corresponding to a 1+2 nm drift over the course of a single scan.
There is significant spread which we attribute to having the AFM piezo scanners warmed

up to different extents between measurements and other thermal effects.
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Figure 4.10: AFM moire wavelength reproducibility

8 pairs of images taken sequentially at the same position over the course of 8 minutes.
Even pairs consist of one image with the slow direction upwards and one downward; odd pairs
have one rightwards and one leftwards. This explains the alternating spread in uncorrected
wavelength. Dark, hollow markers are moire wavelengths from the 2 uncorrected images,
and light, solid markers are the corrected values. The mean and standard deviation of the
corrected values are shown with the horizontal lines and shaded areas, which are 12.24 + 0.09

nm and 11.84 4+ 0.03 nm. This corresponds to a 0.7%, 0.3% spread in the moire wavelength.
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We calibrate our AFM’s XY scanner using an etched SiOs/Si calibration standard provided

by Park Systems by taking a 50x50 pm image of the 5 pm pitch standard.

4.3.5 Uniaxial heterostrain model and fitting

We transform the real space graphene unit vectors with a rotated strain matrix:
[+ R(¢)SR" (¢)G
Which is then rotated by the graphene-hBN twist angle, 6: R(6)(I + R(¢)SRT(¢)G)

This result and the hBN unit vectors are rotated by a global twist angle. Their reciprocal
lattice vectors are calculated. And the moire reciprocal lattice vectors are calculated by
subtracting the rotated hBN reciprocal lattice vector from the stretched /rotated graphene

reciprocal lattice vector.

I is the identity matrix, and R and S are defined as follows:

R(9) = cos(f) —sin(0) | o € 0
sin(0)  cos(0) 0 —0.16¢
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Figure 4.11: Moire peak fitting
Moire fits from the CAFM images of main text figures. Solid circles are the peak positions
measured from the FFTs of CAFM moire images; solid squares are the same peaks inverted;
crosses are the fitted peak positions using a uniaxial strain model to fit the measured peaks.
The largest discrepancies in fitting result from the images which appear to require some
biaxial strain to fit, such as Fig 1f&g. 85% of our moires can be fit to within 1% of the
measured FFT peaks, and >99% can be fit to within 5%.
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Table 4.1: Parameters and uncertainties for main text figures

The uncertainties correspond to a 1% error in the moire FFT peak position. The rows for Fig 2e each use the average twist
angle, strain angle, and global rotation angle for the Fig 2e data with several uniaxial strain values in order to estimate the
uncertainty throughout the data range.



4.3.6 CAFM and strain data from other devices
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Figure 4.12: Moire wavelength versus strain for Device C (left) and Device A (right)

Data for Device A are not differentiated by color because the twist inhomogeneity and high

strain make different moire vectors difficult to distinguish.
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Figure 4.13: Extreme moire heterostrain in Device A
CAFM moire images of Device A, our most strained sample. Note it has a high degree
of strain inhomogeneity, as evidenced by the varying moire size within the right and bottom

pairs of images.
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4.3.7 Satellite Dirac peak temperature dependence
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Figure 4.14: Temperature dependent gate sweeps for various devices
a-e: Temperature dependent gate sweeps for 5 separate devices. Red to blue color scale
corresponds to temperatures from 300K to 1.6K. f: Side view schematic indicating thermal
contraction of the anchor with temperature and top view optical image of device F.
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Device | Anchor (pm) | Channel (pm) | Ratio
B 1.5 3 0.5
C 1.5 41 0.375
D 1.5 4.5 0.33
E 1.3 2.7 048
F 5.2 3.2 | 1.625

Table 4.2: Table of the device dimensions presented in Figure 4.14

Upon cooling, the superlattice peak for most of our devices shifts outward, to higher densities
(Figure 4.14a-d). This effect is also observed in twisted bilayer graphene[46, 54] and is
discussed in the main text. However, for one device, the dependence is opposite, exhibiting
an overall shift to lower densities and larger superlattice unit cells as the sample is cooled to
1.6K. This suggests that the graphene is being stretched as it is cooled down. We attribute
this effect to thermal contraction of the anchoring drain electrode, which should have a large
effect for this device as the metal anchor is ~1.75x the length of the graphene channel (Figure
4.14f). The anchor is held only by its friction with the hBN, so we expect it to contract
inward equally on all sides. From 293K to 4K the relative contraction of gold is ~0.3% [65],
so the graphene should receive an additional strain of 0.3% *1.75/2 = ~0.28%. This is a
substantial amount of thermally-induced strain. By contrast, the other devices that do not
exhibit thermal contraction effects have a metal anchor that is only half the length of the

graphene channel, which would result in a 3.5x smaller thermally-induced strain (0.075%).

In addition, variations in the O5 plasma etch performed on the electrodes lead to different
levels of friction with the graphene. In some cases, this results in slipping and a lack of one-
to-one motion during manipulations, as was the case for the devices B and C presented
in Figure 4.3 of the main text. Consequently, significantly larger motions (~100x) of the
handle were necessary to impart strain. This provides further reasoning as to why for these
devices we do not observe a decrease in carrier densities due to the thermal contraction of

the anchors upon cooling.
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4.3.8 Additional magnetotransport
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Figure 4.15: 1.6K magneto transport of device B
Before cooling down, the sample had an average: uniaxial strain of 0.35+0.05%, twist
angle of 0.014+0.05°, and strain angle of 144+8° with respect to the graphene lattice vector
where the uncertainties are the standard deviation from the CAFM dataset. A constant

resistance value of 10.54 k() is subtracted to align the v=2 plateau at 2e?/h.
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4.3.9 Additional theory

First Electron Miniband

(Aow) Abusu3z

(ASw) ABusu3z

Figure 4.16: Contour plots of first electron mini band

Contour intervals are 10meV
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Figure 4.17: First hole mini band contours dependence on strain angle

Contour intervals are 10 meV. The right column shows the real space moire structure for 1%

strain.
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Figure 4.18: Band structure cuts for several strain values at 0° strain angle
Upper plots are band structure cuts following the green dashed line in the 2D contour

plots below. Contour intervals are 10 meV.

4.3.10 Detailed theory methods

In our theoretical calculation, we assume that only graphene has a uniform strain that is

independent of real-space. Each strain is characterized by the two parameters: the strain
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strength e and strain angle ¢. We set ¢ = 0 to align with the zigzag direction of moiré
hexagonal pattern of g-hBN. The moiré pattern of strained g-hBN is defined by G; = b; — b/,
where b;, b} and G are the reciprocal lattice vector of the strained graphene, hBN, and

moiré lattice respectively. The moiré real lattice vector is given by G; - L; = 27d;;.

To investigate the relaxed lattice structure of the strained g-hBN, we apply the contin-
uum method [66, 67]. For the analysis of electronic properties, we employ the continuum
Hamiltonian with relaxation[68, 69]. The details of the calculation are presented in the Sup-

plementary Material.

Moiré pattern

In this section, we define the moiré pattern for strained graphene/hBN. We consider the
bilayer system constructed by monolayer graphene and hBN. We take the xy-plane in the
layers and the z-axis along their perpendicular direction. The lattice constant of graphene

and hBN are a = 0.246 nm and a,gy = 0.2504 nm respectively.

Before we derive moiré lattice of strained graphene/hBN, we briefly review moiré pattern
the non-strained case. We consider that hBN is rotated by 6 relative to graphene. The
lattice vector of graphene are defined as a9 = a(1,0) and a9 = a(1/2,/3/2), and for hBN, it
is written as @’ = R (0) (appn/a)a) for j = 1,2 where R (f) is the 2d rotation matrix. The
reciprocal lattice vector are given by b9 = (47/v/3a)(v/3/2,—1/2) and b9 = (47/+/3a)(0, 1)
for graphene, and b; = R (#) (a/anpn)b] for hBN. The corner of B.Z. of graphene and hBN

are written as K¢ = £(2b) + b3)/3 and K{ = R (0) (a/anpn) K respectively.

While the system generally has a commensurate moiré period at the specific twist angle,
for an angle small enough, we can define the incommensurate moiré period by G?- = b? — bl

for j = 1,2. The moiré lattice vector L; is given from GY - LY = 27d;;. The angle between
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L? and x-axis is

—sinf
¢M = arctan (m) s (44)

where 0 = (appy — a)/a.

Next, we move to the case of strained Graphene/hBN. In this model, we ignore the strain
on hBN because the strain of graphene is more dominant for electronic properties around

the fermi energy.

The primitive lattice vector of strained monolayer graphene is given by a; = (1 + & )a?,

and the reciprocal lattice vector is b; = (1 + &)~""dY, where

€z = € [cos* (¢ + dur) + vpsin®(¢ + dur)]
€yy = € [Vp cos” (¢ + dar) + sin®(¢ + dur)]

€y = € (L 4+ vp)sin(¢ + ¢ar) cos(¢ + dur)- (4.5)

is the strain matrix. € and ¢ are the strength and direction of the strain. vp = 0.16 is the
Poisson’s ratio of monolayer graphene[63, 64]. We set ¢ = 0 to align to L? at each twist
angle. ¢ = 60° gives the same moiré pattern of ¢ = 0° due to Cy, symmetry of the strain
matrix (4.5) and C3, symmetry of non-strained graphene/hBN. Therefore we only consider

(0° < ¢ < 60°) in this model.
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The moiré reciprocal lattice vector for the strained Graphene/hBN can be defined by

G]:bj—b;

- l(1+8)_1’t— ( . )R<9)} b; (4.6)

anBN

for each strain parameter € and ¢. The moiré lattice vector is given by G, - L; = 2md;;.

Continuum method for lattice relaxation

For each strain parameter € and ¢, we calculate the optimized lattice structure by using the

continuum method|[66, 67| while keeping the strained moiré unit cell.

We define the displacement vector of each atom as wu(RU)y), where Rg? is the atom
position of the sublattice X (= A, B) in layer . When moiré period is long enough relative
to the atomic length scale, the displacement vector w smoothly varies in the moiré length
scale. As a result, we can adapt the continuum approximation for the displacement vector

and we can replace it as the continuum function of real space u(Rg?) — ul(r).

We introduce the total lattice energy as the function of the displacement vector U =
UuW(r),uP(r)] = Up + Ug, and the optimized lattice structure is given by solving

ou/ (9u£f) = 0. Up is the binding energy between layers
3
Up = /d2fr Z 2Vpcos [Gj - T + b - (u@) —uW) + Yo] (4.7)
j=1

where b = —b) — b3, G3 = —G; — G5. We take Vj = 0.202 eV /nm? and ¢y = —0.956 [67].
We ignore the constant term of the binding energy because it disappears on the equation

U /oulY = 0.
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The elastic energy Ug is written in a standard form [70, 71] as

2
e =305 10002 ()
=1
1 { () = u)” + 4 (u)*}] @, (4.8)

where A() = 3.25 eV/A? and p) = 9.57 ¢V/A? are graphene’s Lamé factors, and A?) =
3.5 eV/A? and p® = 7.8 eV/A? are for hBN[57, 72, 73]. ) = (&-ug»l) + 0;u")/2 is the

1]

strain tensor. Here we ignore the elastic energy caused by the strain matrix because it only

gives a constant term due to the uniformity of strain.

To solve the equation AU /0u» = 0, we define the Fourier components of the displace-

ment vector as

u(r) = Z uge'®". (4.9)

where G = m;G1 + myG5 are the reciprocal lattice vector of strained moiré.

We also introduce fg ; by
sin [Gy -7+ b) - (u® (1) + u® ()] =) f e (4.10)
G

After some calculation using the above Fourier components, 0U/ 8u,(p =0 for (u=z,y)

and (I = 1,2) gives the self-consistent equation as follows,

3
~ —1
ug =203 fou [KQ] 0
=1

-1

3
uf = +2% > fas |KG| 0. (4.11)
j=1
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where

(AD +240) G2 4+ uOG? (A + ) GG,

KY = (4.12)

(A 4+ D) G,G, (AO +2u0) G2 + O G2

By using Eq. (4.9),(4.10) and (4.11), we numerically solve the self-consistent equation while

keeping the strained moiré period.

Continuum Hamiltonian

Here we define the continuum Hamiltonian for strained graphene/hBN following [68, 69].

The Hamiltonian for valley £ is written as

Hg(k) U
HO (k) — o(k) , (4.13)
U HhBN

where Hg(k) and Hppy are the 2 x 2 Hamiltonian of distorted monolayer graphene and

hBN.

The Hq (k) is given by

Ho(k) = —ho [(1 L)t <k: + %A)] .o, (4.14)

where v is the graphene’s band velocity, o = ({0,,0,) and o,, 0, are the Pauli matrices in

the sublattice space (A, B).

We take hv/a = 2.14 eV [74]. The A is the strain-induced vector potential that is given
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by[70, 75, 76]

30 [ Cee ™

AD
4 ev

(4.15)

—2€4y
Yo = 2.7 €V is the nearest neighbor transfer energy of intrinsic graphene and g ~ 3.14.

The effective Hamiltonian of hBN Hj,gy is given by

Vv 0
Hypy = , (4.16)

0 Vg

where Vy and Vp are the on-site potential of nitrogen and boron. We ignore the k dependence

in this model.

U is the inter-layer coupling which written as

3
U= Ujeitlarm+ @ m-u )] (4.17)
j=1

where we define

p=KY-K? ¢=0+G, g=¢g+G +G,

Qi=Ky, Q=0Q1+0b), Q3=0Q1+b)+b) (4.18)
and
11 1 w 1 wtt
Ul = ) U2 = ’ U3 =
11 wts 1 w1
(4.19)

The parameters o = 152 meV is the interlayer coupling strength[77].
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Chapter 5

Manipulating moires by controlling
heterostrain in van der Waals devices:

Additional details

His screaming is nearly gone from my mind - Twark Might

5.1 Massaging out strain with AFM tip

After performing an overlapping grid of 500x500 nm CAFM images of one device, MS24-
B, we found that the sample appeared drastically less strained. However, the transport
appeared unchanged. These large, overlapping CAFMs show some interesting signals in the

lateral signal channel and strong dislocations in moire at the same locations.
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Figure 5.1: Stitched together CAFM images spanning the entire device (MS24-B)
Vertical dislocations in some of the right images correspond to lateral friction signals

suggesting that the graphene is shifting as a result of the AFM scan.

Figure 5.2: AFM moire dislocation streaks (MS24-B)

Top row: CAFM channel. Bottom row: LFM (Lateral) channel for the same scans.
Clear streak-like dislocations in the CAFM amplitude data correspond to higher lateral

signal. These suggest some mechanical shift in the graphene due to the scan.
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5.2 AC Conductive AFM (and AFM internal lock-ins)

We perform conductive AFM differently from how Park suggests, which is a DC measure-
ment. Instead we use the same external current amplifier scheme they outline, but we use one
of the AFM’s internal signal generators and lock-in amplifiers to perform a lock-in measure-
ment. We have found this to be a more reliable method to image moires of graphene-hBN. It
is possible that it may not be sufficient for imaging moires of the transition metal dichalco-
genides due to their band gap. If there are issues, the lock-in signal could be combined with

a DC offset to the sample bias in order to overcome the gap.

AFM Internal FEMTO
Lock-in | | current
amplifier amplifier

1

O pi=imi=g

1 ’7 Boron nitride (BN)

Figure 5.3: Conductive AFM circuit

Figure 5.4 shows the 4 AFM internal lock-in amplifiers. Each one differs slightly in what
channels they can input or output to. Lock-in 1 is dedicated for NCM /Tapping mode and
has a maximum frequency of 5 MHz. As far as I can tell its parameters are set as a result

of an NCM sweep and can only be modified through the NCM Sweep window.

The other lock-ins can be configured by the user. 3 and 4 have a max frequency of 5 MHz;
2 has a max of 100kHz. All have a maximum output amplitude of 10V (peak to peak). All
of the lock-ins get disabled/reset when switching between different tip modes, eg Tapping
mode to Contact mode. According to Park this is for "safety reasons”. Unfortunately, this
means that lock-in 2, which can output its 100kHz voltage directly to the AFM tip, cannot

be used for AFM Local Anodic Oxidation lithography unless the tip is in Contact mode
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Figure 5.4: AFM 4 internal lock-ins

before performing lithography. So while the AFM technically has the ability to apply an
AC voltage to the tip during lithography, it is less convenient than simply connecting a
function generator to the AFM controller. We’ve told Park we want lithography to have this
capability built in, in the same way a DC voltage can be applied. So they are likely working

on it, but it doesn’t hurt to remind them or check in on progress.

Lock-in 2 is shown configured to perform conductive AFM (CAFM) imaging of an open-
face graphene-hBN moire device. The AC output of 17kHz and 0.75V is set to bias the
sample. We use the default frequency of 17kHz because we found that the FEMTO current
amplifier is noisier above ~20 kHz. Other frequencies can still image a moire though, and

in the past we’ve used frequencies ranging from 7kHz to 45kHz.
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In order to reach the sample, the graphene must be electrically contacted, wirebonded,
and shorted to the AFM puck. Usually we use a fully shorted chip carrier, which biases
every pin on the chip carrier, including the back gate. It’s likely that this is simultaneously
gating the graphene, and it’s also possible that there could be phase differences in the signals
received by the different contacts or the gate. In practice, though, we have found no issues in
measuring in this way. It wouldn’t be unreasonable if this AC gating enhancing the CAFM

signal either.

With the graphene biased, a conductive tip in contact will act as a path for current
from the graphene. This current can be roughly in the ~.1-100 pA range, depending on the
resistance of the tip-graphene contact. We amplify this current using a FEMTO DLPCA-
200 current amplifier, which is capable of AC current amplification from 103-10* V/A. The
output of the FEMTO is connected to the Auxl In BNC on the AFM controller, which
must be selected as the Input for Lock-in 2. It is also important to adjust the time constant
from the default 1 ms, which cannot be to long compared to the drive frequency. We also
usually apply the 1st Order filter, which strikes a reasonable balance between noise and
smoothing. The Sensitivity is left at 10V to avoid inadvertently clipping the signal (which
can happen as the tip-graphene contact resistance tends decrease over time). For this reason,
we usually adjust the FEMTO gain to result in a lock-in amplitude voltage of .1-1 V. It may
be necessary to adjust parameters for different moire systems. The lock-in signal can be seen
in the Lock-in1/2/3/4 1/Q/Amplitude/Phase AFM channels. The I and () channels are the

in-phase and out-of-phase amplitudes, respectively.

This lock-in style measurement can also be performed using an external lock-in as well,
such as our SRS830’s or more advanced lock-ins such as high frequency Zurich Instruments
lock-ins. To perform imaging with these, the lock-in should be connected in its standard way
(applying a signal and measuring output at desired locations) and the amplitude/phase/etc

should be output to the AFM controller’s Aux Inputs, which can then be selected as imaging
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channels.

A similar internal lock-in setup is used to perform PFM measurements with Lock-in 2,
where the output is the Tip Bias and Input is the Vertical or Lateral signals. Additional

details for that setup can be found in the Park PFM manuals.

In order to collect the minute current reaching the tip from the sample, the tip holder
must be insulated from the rest of the AFM. We have done this by modifying a Park Clip
Type Chip Carrier with an insulating layer of mica, which prevents the center tungsten ball
on the probe hand from coming in electrical contact with the clip. This has the advantage
of not requiring any modification/extra handling of the AFM head. Note, that this will not
insulate from every Park probe hand. Our high frequency probe hand (up to 5MHz) has 3
tungsten balls instead of 2 ruby and 1 tungsten, so the alignment holes on the clip would

also need to be insulated somehow.

Figure 5.5: AFM CAFM clip-type carrier
Left image: the top side of the soldered clip type chip carrier. A single pin socket has
soldered directly to the edge of the clip and partially ground down in order to keep from
interfering with the cantilever exchanger (the large black screw-down object for swapping
the tip in the clip). Right image: the underside. A small square of 10 pm thick mica
(measured with calipers) has been attached to the bottom using Crystal Bond.

It’s possible that this mica insulation could degrade over time, so I wouldn’t take this

109



insulation for granted. Though, it’s hard to imagine there would be much leakage over such
a thick object, when the tip is not actually be voltage biased for CAFM. It may be relevant
to measure leakage for voltages up to 1-10 V, as are used for PFM. If it needs to be replaced,

the Crystal Bond is soluble in acetone.

There are other options to achieve this tip insulation, but they are much less convenient.
The stock option are PTFE or ceramic insulated holders with glued AFM tips, which would
be much more time consuming or expensive to replace. Our system also has an alternative
probe hand with a PEEK clamp. This is also not convenient because the AFM head must
be removed, the probe hand swapped out, and a tip mounted into the clamp each time.
This makes swapping between CAFM, imaging, and manipulating significantly more time-
consuming. A third option would be to simply disconnect the 3-wire plug for the probe
hand. This would electrically isolate the probe hand, but also disconnect the vibration
piezo, preventing NCM or Tapping mode from being used. Yet another option would be to
only disconnect the single tip bias wire from that plug. I have not tried this, and you would

need to be careful not to damage the wire crimp.

5.3 In situ AFM measurement

In ordered to perform AFM manipulations with electrical feedback (and also perform gate
sweeps in quick succession) I soldered and mounted a 16 pin DIP socket to an AFM puck.
The wiring and pins are held up from the puck with a piece of white delrin epoxied to the
puck (not PTFE which is very hard to glue to). The wires are twisted pairs of polyamide
insulated magnet wire (from the Attocube wiring kit), and they are clamped to the delrin
with a nylon screw and PTFE washer in order to keep strain from directly reaching the
solder joints. Only plastic comes into contact with the wires to avoid scratching through the

thin polyamide insulation.
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This wiring it honestly too thick, and it applies a significant force to the puck. To mini-
mize this force the wires are coiled into a loose spring. The thick cable they are connected
to must be taped down as well. Ideally, thinner wire, perhaps something like the cryoloom
(which would be horrific to have to solder) or an extremely flexible polyamide ribbon ca-

ble/wire could be used.

Figure 5.6: AFM wired DIP socket

5.4 AFM drift velocity
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Figure 5.7: AFM drift velocities in y and x direction
These histograms take data from ~1000 AFM images of different devices. The left is the

y-velocity and right is x-velocity.
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The drift in the y direction is much larger, on average, than in x, and the standard deviation
is much larger as well. This is likely because the cantilever is tilted along that direction, so
drifts in the height of any of the materials in the entire (~10 cm scale) AFM stack can result

in a translation in the y direction.

5.5 Moire Fitting Error

We determine the uncertainty for our moire fit parameters using a numerical inversion of the
our code to generate the moire reciprocal lattice vectors. We create a range of parameters
around a specific global angle, twist angle, graphene strain, and strain angle (a 4D cube in the
parameter space) and generate moire reciprocal lattice vectors for every possible parameter
combination. We then filter out the points which lie outside a desired error range of all
3 measured reciprocal lattice points. We choose 1% for this error primarily based on the

spread in sequential moire lattice measurements in a single position.

Generating the 4D cube of parameters and calculating the corresponding moire wavevec-
tors for all of them is very time consuming; a 30x30x30x30 cube takes ~20 minutes. Thus

this method would not be acceptable if one wanted to perform error analysis for many points.
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Figure 5.8: Output from moire error analysis
Range of filtered parameters for M1x and M1ly. If these points were too sparse, it would
suggest that the parameter hypercube should be shrunk or the number of points should
be increased in order to increase the density and more accurately measure a spread in
parameters. Only M1 is plotted for brevity, however it may be necessary to make these

plots for M2 and/or M3 as well if one of them is not sufficiently dense.
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Figure 5.9: Addtional output from moire error analysis
First row: Plot of all generated moire wavevectors from the parameter cube with black
circles showing the central parameters and their error range. Right plot is the same except
with the filter applied. Second row: Zoomed in plots of the filtered moires. All points
should only exist inside the circles, however, some are outside of the boundaries for some
reason. This results in an overestimate in the error for this range. Not all of the circles are
fully filled in this filtered case because all 3 moire wavevectors must land within the error
bound for M1,M2,M3. Thus a point may be inside the M1 error bound, but outside the M2

and therefore be excluded.
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