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Surface acoustic waves (SAWs) provide a contactless method for measuring wave-vector-dependent
conductivity. This technique has been used to discover emergent length scales in the fractional quantum
Hall regime of traditional, semiconductor-based heterostructures. SAWs would appear to be an ideal match
for van der Waals heterostructures, but the right combination of substrate and experimental geometry to
allow access to the quantum transport regime has not yet been found. We demonstrate that SAW resonant
cavities fabricated on LiNbOj; substrates can be used to access the quantum Hall regime of high-mobility,
hexagonal boron nitride encapsulated, graphene heterostructures. Our work establishes SAW resonant
cavities as a viable platform for performing contactless conductivity measurements in the quantum

transport regime of van der Waals materials.
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Introduction.—Spectroscopic probes of frequency-
dependent conductivity are ubiquitous in condensed
matter, but analogous techniques for measuring the
momentum-dependent conductivity are relatively scarce.
The fundamental problem is that photons have millimeter-
scale wavelengths at the energy scales relevant to emergent
phenomena, but the length scales of these phenomena, such
as charge density waves or moiré potentials, are typically
nanometers to microns.

This problem is solved by replacing light with sound.
Sound waves traveling across the surface—surface acoustic
waves (SAWs)—of a piezoelectric material create an
oscillating electric field at the sound wavelength: tens of
microns to tens of nanometers at megahertz to gigahertz
frequencies. This oscillating electric field interacts with a
conducting material placed in proximity to the SAW. By
measuring the resultant changes in sound velocity and
attenuation, one measures the material’s conductance at the
SAW wavelength. This technique is contactless, bulk,
measures at finite wavelength, and is compatible with
low temperatures and high magnetic fields. In the
sense that it is a bulk, contactless technique, SAWs
can be thought of as the transport counterpart to
the thermodynamic measurement of quantum capaci-
tance [1].
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SAWs have been used to great effect in GaAs/AlGaAs
heterostructures, where naturally piezoelectric GaAs sub-
strates generate SAWSs that interact with the 2D electron
gas [2]. SAWs were used to show that current-induced
modification of the bubble and stripe phases is a local
phenomenon [3], to measure the periodicity and energy-
momentum dispersion of the stripe phase at filling factor
9/2 [4], and to measure the Fermi surface in the composite
Fermi liquid at filling factor 1/2 [5].

SAWSs would appear to be an ideal technique for van der
Waals (vdW) materials, where it can be difficult to make
electrical contact, where there are emergent and engineered
length scales such as charge density wavelengths [6] and
moiré periodicities [7], and where there are predictions for
wavelength-dependent phenomena [8,9]. While there has
been some work incorporating vdW heterostructures and
SAWs [10,11], the quantum transport regime has not been
reached.

The two main challenges are finding a suitable substrate
and increasing signal size. First, a piezoelectric substrate
compatible with high-mobility device fabrication and
electrostatic gating must be identified. Second, even
relatively large vdW heterostructures are 2—4 orders of
magnitude smaller than the 2DEGs used in the aforemen-
tioned studies of GaAs/AlGaAs. As the SAW signal is
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directly proportional to the sample area, standard SAW
delay lines are not sensitive enough for quantum transport
experiments on vdW heterostructures.

We have developed SAW resonant cavities on LiNbO;
substrates that are compatible with high-mobility, hexago-
nal boron nitride (A-BN) encapsulated, graphene hetero-
structures. We show that the resonant cavity geometry
increases signal to noise by 2 orders of magnitude over the
traditional delay-line geometry. We observe strong quan-
tum oscillations of the cavity resonance frequency in the
quantum Hall regime of graphene. We comment on the
present limitations of the technique and suggest future
design improvements.

Background.—SAW s generate electric fields that extend
approximately one wavelength above the surface of a
piezoelectric substrate [Fig. 1(c)]. This field contributes
to the stiffness of the lattice and enhances the propagation
velocity of the acoustic wave [12]. A conductive material
placed on top of the substrate partially screens this electric
field. When the conductivity material changes as a function
of gate voltage, magnetic field, or temperature, the SAW
velocity and attenuation coefficient also change [13]. These
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effects are plotted in Fig. 1(b) and are described by the
relation
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where 64.(g, ®) is the longitudinal sheet conductance (in
the direction of the SAW propagation) of the nearby
material at wave vector ¢ and frequency @ = v,g, and
K2 is a substrate-specific coupling coefficient. o, is the
characteristic sheet conductance of the SAW and is given
by 6,, = v,(€ + €y), where ¢ is the permittivity of LiNbOs;.
o, is of order 107% Q! for LiNbO;, and K2, = 0.053
[14]. The response of the SAW to a conducting sample is
maximized when the sheet conductance of the sample
matches the characteristic conductance of the SAW, as
shown in Fig. 1.

There are two predominant methods for generating
SAWs: delay lines and resonant cavities. Most SAW
experiments on GaAs/AlGaAs heterostructures use the
delay-line geometry, where a pulse of sound generated at
one interdigital transducer (IDT) is captured by another.
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Combining vdW materials with surface acoustic waves. (a) Schematic of a SAW resonator driven by a radio frequency (rf)

source across the interdigital transducers (IDTs). A vdW heterostructure is placed in the center of the cavity and connected to gate
electrodes. (b) The change in SAW velocity (v/v) and attenuation (I") as a function of the longitudinal sheet conductivity of a material
placed in contact with the resonator. The transition region, where the velocity change is largest and there is a peak in the attenuation, is
determined by the parameters of the particular piezoelectric substrate (see Supplemental Material [15]). (c) Simulation of a SAW
standing-wave resonator on lithium niobate. A conductive sample in the middle of the cavity is shown in gray. Black arrows indicate the
direction and magnitude of the electric field at the surface of the substrate. In the sample region, the conducting sample screens the
transverse component of the electric field: this interaction with the electric field feeds back into the stiffness of the substrate lattice,
modifying the speed of sound and sound attenuation as shown in (b).
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Resonant cavities use the same pair of IDTs but build up a
standing wave between reflectors that constrain the acous-
tic energy [see Fig. 1(a)]. The signal is then effectively
amplified by the quality factor (Q) of the cavity, which can
easily be 10° or higher. This suggests that the resonant
cavity geometry may be preferable to the delay-line
geometry for small samples.

This argument can be quantified by examining how the
measured phase changes for the two geometries. For a
delay line [16], a change in sound velocity (6v/v) translates
to a change in the phase (6¢/360°) of the SAW as

5 _ A o
360° AW v’

(2)

where A, is the sample area, W is the width of the delay line
(perpendicular to the direction of propagation), and 4 is the
wavelength of the SAW. For a resonant cavity with quality
factor Q near its resonant frequency, the phase shift is
given by

5 QA bv
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where A, and A, are the sample and cavity areas,
respectively. Defining the “gain” G as the cavity phase
shift divided by the delay-line phase shift, we obtain
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where L is the length of the cavity or delay line.

Equation (4) suggests that, for a given év/v induced by a
change in sample conductivity, large phase shifts can be
achieved with high-quality-factor cavities. The factors L
and A are constrained by device fabrication: we use
A=20 pm SAW cavities with an IDT separation of
L = 100 pm. These length scales are easily achieved with
standard photolithography and leave enough space to
fabricate a heterostructure in the center of the cavity.
These cavities regularly achieve Q’s between 1000 and
5000, producing a gain of up to 300; i.e., the phase shift is
300 times larger when the device is operated as a cavity
instead of a delay line.

Experimental design.—Figure 1(a) shows a schematic of
the two-port, Fabry-Perot SAW resonators used in this
study. These resonators consist of two IDTs for excitation
and detection of the SAW and two Bragg mirrors placed
behind the IDTs [17,18]. vdW heterostructures typically
require gate and grounding electrodes, as well as possible
transport electrodes if desired, which we fabricated from
thinner metal than the Bragg mirrors to maintain a high
cavity Q and to allow room for heterostructure fabrication.

We fabricated our resonators on commercially available,
128° Y-cut, SAW-grade, black LiNbO; wafers. The device
has 15 nm gold electrodes and 300 nm, electrically isolated

gold reflectors, where the mass of the gold loads the
resonator surface and confines the SAWs. A second
resonator is describe in the Supplemental Material [15].

The monolayer graphene devices were mechanically
exfoliated and encapsulated with ~2-BN on both sides to
ensure high sample mobility [19]. The device shown in
Fig. 2(a) consists of a 37 nm bottom /-BN layer, a graphene
monolayer, a 64 nm top 4-BN layer, and a 5 nm graphite
top gate. The resonator had a Q of 1500 after device
fabrication.

Results.—Figure 2(a) shows the frequency and phase
response of the device. IDT1 was driven at 10 mV with a
Zurich Instrument UHF lock-in amplifier with both the
graphene and the graphite gate grounded. The signal from
IDT2 was filtered with a ZX75BP-204 bandpass filter
from Mini-Circuits, amplified with a AM-1571 amplifier
from MITEQ, and measured with the lock-in amplifier.

Two resonances near 190 MHz, labeled f; and f,, are
each accompanied by a phase shift of approximately 180°.
Each resonance corresponds to a different integer number
of wavelengths in the cavity: f| — f, = 3 MHz is equal to
surface wave velocity, 3980 m/s, divided by twice the
effective cavity length of 660 pm (note that the Bragg
mirrors make the effective length much longer than the
physical length of 240 pm). The quality factor of the
resonance at f; is 1500; we use this resonance for our
measurements.

Figure 2(c) shows the change in cavity phase at the f
resonance as a function of magnetic field. Traces at two
different gate voltages are shown, both taken at 1.7 K.
Shubnikov—de Haas oscillations are clearly observed down
to approximately 0.6 T, illustrating both the sensitivity of
the technique and the quality of the sample. A standard
Lifshitz-Kosevich analysis of the oscillation data (details in
the Supplemental Material [15]) determines the carrier
densities to be 1.6 x 10'> and 3.1 x 10'?> cm™ at -5
and 0 V, respectively. Using the known Fermi velocity
of graphene [20], we obtain the quantum lifetimes 7, using
a Dingle analysis: 7, ~ 0.4 ps at =5 V and 7, ~ 0.26 ps at
0 V, corresponding to quantum mobilities greater than
10* cm? V='s~!. This high mobility demonstrates the
compatibility of LiNbO; as a substrate material and the
suitability of the cavity geometry and our fabrication
procedure with high-quality vdW devices.

Next, we measure as a function of gate voltage at fixed
magnetic fields. Figure 2(d) shows a Landau fan diagram
over the entire available gate voltage range and up to 8 T.
Above 3 T, additional peaks emerge between the main
series of peaks at filling factors v = 2, 6, 10, 14, etc. At
high gate voltage, there are clearly three intermediate
peaks: these are the additional Landau levels (LLs) that
emerge when Zeeman and valley degeneracy are broken,
and these have been characterized extensively in high-
quality transport devices [21]. Note that we do not believe
that any of the oscillatory features we observe are due to the
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FIG. 2. Quantum transport in graphene using a surface acoustic wave resonator. (a) Optical microscope images of the device. The
lower image shows an enlarged view of the full SAW resonator cavity. The image on the top left shows an enlarged view of the center of
the cavity with the detail of the prepatterned gold electrodes without the graphene sample (the six transport electrodes were not used in
this study). The image on the top right is a false-color image showing the graphene device in detail. The monolayer graphene is colored
in light purple and the graphite top gate is colored in light green. (b) Amplitude and phase of the transmitted voltage through SAW
resonant cavity as a function of frequency. Two resonances are indicated as f; and f,. (c) The change in the cavity phase at fixed
frequency f, as a function of magnetic field, at two different gate voltages, and at 1.7 K. Quantum oscillations are clearly visible above
0.6 T, and oscillations related to degeneracy-broken Landau levels are observed above 3 T. The data have been offset for clarity.
(d) Landau fan diagram at 1.7 K, from 1 to 8 T. The color scale corresponds to the shift in SAW velocity, proportional to the shift in

cavity phase through Eq. (3).

graphite gate [22]: the fourfold LL degeneracy we observe
in Fig. 2(d) is unique to graphene. The lack of oscillations
from the graphite gate is because the graphite conductance
is too high: the gate conductance is on the far right of
Fig. 1(b) and any modulation of that conductance produces
no significant velocity shift. A second device with slightly
lower mobility, but where we can gate to the Dirac point
and observe a conductance peak of similar width to other
high-quality graphene devices [23], shows qualitatively
similar features—this data are shown in the Supplemental
Material [15].

It is worth noting that evidence for the fractional
quantum Hall effect (FQHE) is not immediately apparent
in the data. This may be surprising, given the other

indications of high device mobility. Plausible explana-
tions for the absence of the FQHE include the inter-
action between disorder in the substrate and the graphene
and device heating above the recorded thermometer tem-
perature. Future studies focusing on delicate, ultralow-
temperature physics such as the FQHE would benefit from
low-temperature amplifiers to reduce power dissipated at
the device.

Discussion.—We have demonstrated that high-quality-
factor, two-port, Fabry-Perot SAW resonators fabricated on
LiNbO; can be used to measure quantum transport in
graphene heterostructures. We observe degeneracy-broken
LLs at less than 3 T and extract quantum lifetimes longer
than 0.2 ps—both indicative of high carrier mobility.
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The measured changes in cavity phase shift and SAW
amplitude can be converted to changes in the conductivity
of graphene at ¢ = 27/(20 pm) and @ = 2z - 200 MHz. In
GaAs/AlGaAs heterostructures, this conversion is per-
formed using Eq. (1) with a simple relaxation-type model,
and the results agree well with experiment [24].

To perform this conversion on our data, we perform
finite-element simulations of the full resonator and hetero-
structure assembly, including the graphite top gate which
also contributes to the cavity phase shift [25] (see
Supplemental Material [15]). We used published conduc-
tivity data from the quantum Hall regime of graphene to
estimate the change in cavity phase shift between Landau
levels [26] (see Supplemental Material [15]). Our model
predicts a phase shift of the same order of magnitude that
we observe in our data. The extraction of the conductivity
from the SAW resonator data could be made quantitative
with two improvements: (1) by greatly reducing the top-
gate conductance by switching to a low-conductivity
material such as MoS, and (2) by increasing the sample
size and/or reducing the total cavity area.

We used SAW resonators operating at 200 MHz in this
study because the 20 pm feature size is easily achievable
with cost-efficient, standard photolithographic techniques.
SAW resonators operating up into the gigahertz frequency
range, however, are a well-established and mature tech-
nology—a typical smartphone contains more than a dozen
SAW filters and delay lines. Having demonstrated that
LiNbO5; SAW resonators have the requisite sensitivity for
small heterostructures, it should now be possible to explore
wave-vector-dependent effects down to hundreds-of-nano-
meter length scales. Immediately accessible experiments
based on existing theoretical proposals include searching
for the crossover from Dirac to Schrodinger-like behavior
in the longitudinal conductivity of graphene [8], and
measuring the SAW attenuation of twisted bilayer graphene
as a function of chemical potential to look for non-Fermi-
liquid signatures [9]. With further development, one could
imagine using SAW resonators to impose dynamic, peri-
odic potentials on vdW heterostrucures that are both
tunable in wavelength and switchable on nanosecond
timescales.

The fabrication of vdW heterostructures on SAW devices
was supported by the Cornell Center for Materials Research
with funding from the NSF MRSEC program (DMR-
1719875). B.J.R. and Y.F. acknowledge funding from
the National Science Foundation under Grant No. DMR-
1752784.
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