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THE BIGGER PICTURE Gigahertz phonons are emerging as attractive information carriers in signal process-
ing and quantum information applications, with a growing demand to construct long-lived quantum mem-
ories. The ever-expanding applications call for precise control of elastic waves in the ultrahigh frequency
regime. By applying a concept from high-energy physics known as Klein tunneling, which describes the per-
fect transmission of a relativistic particle through an energy barrier, we designed a nanoscale on-chip pho-
nonic circuit for wave filtering with applications in nanoelectromechanical devices. Furthermore, we realized
angle-dependent phonon filtering by engineering group velocity in the reciprocal space. The ability to guide
and filter gigahertz phonons is beneficial for enhanced device performance in integrated circuit technology
and future quantum information devices.

SUMMARY

The Klein tunneling effect describes the transmission of a relativistic particle with normal incidence through
an energy barrier. It has been observed and tested in various electronic, photonic, and phononic systems, but
its potential in guiding and filtering classical waves in the ultrahigh frequency regime has not been explored.
Here, we report the realization of acoustic Klein tunneling in a nanoelectromechanical metamaterial system
operating at gigahertz frequencies. The piezoelectric potential profiles are obtained by transmission-mode
microwave impedance microscopy, from which reciprocal-space maps are extracted. The transmission
rate of normally incident elastic waves is near unity in the Klein tunneling regime and drops significantly
outside this frequency range, consistent with microwave network analysis. Strong angular dependent trans-
mission is possible by controlling the launching angle of the emitter interdigital transducer. This work
broadens the horizon for exploiting high-energy-physics phenomena for practical circuit applications in
both classical and quantum regimes.

INTRODUCTION

Electromagnetic waves in photonic systems and acoustic/
elastic waves in phononic systems share many features with
electronic waves in condensed matter systems. For instance,
the frequency dispersion of engineered metamaterials closely
resembles the band structure of solid-state materials."? Macro-
scopic periodic structures can be constructed to test exotic phe-

nomena such as Majorana zero modes®* and non-Hermitian
bands,>® which are difficult to achieve in real materials.
Conversely, quantum physics in condensed matter systems
can provide insight on the realization of unusual functionalities
in various metamaterials, such as topologically protected trans-
port against structural defects or sharp bends.””'® In this
context, the classical analog to the Klein tunneling effect,’'~"®
which describes the unity transmission of a relativistic particle
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Figure 1. Phononic crystal design and TMIM
experiment

(A) Schematic of the phononic crystal design,
where the green snowflake regions are etched
away. The dashed rhombus depicts the unit cell.
(B) Optical image of the freestanding AIN device
overlaid with the TMIM setup. The normal of IDT is
tilted from the normal of PnC by an angle «. The
scale bar represents 100 um.

(C and D) Topographic (C) and TMIM-Ch1
(D) images inside the yellow dashed box in (B).
Data are taken on the sample with R = 1.90 um at
f=1.02 GHz. The scale bar represents 20 pm.

300 nm

nanoelectromechanical phononic meta-
materials are fabricated on freestanding
aluminum nitride (AIN) membranes, where
graphene-like structures are patterned.
Using transmission-mode microwave im-
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passing through a potential barrier upon normal incidence, holds
promise for waveguiding and filtering applications in photonic
and phononic systems.

In elementary quantum mechanics, the transmission probability
of a nonrelativistic particle decays exponentially when passing
through a classically forbidden region.'* For relativistic Dirac par-
ticles, however, normal transmission is unimpeded regardless of
the height and width of the energy barrier because of the effect
known as Klein tunneling.”’~"® This process relies on two condi-
tions: (1) the presence of a continuum of negative-kinetic-energy
states inside the barrier that matches energy of the incoming
states and (2) the conservation of chiral pseudospin (a degree
of freedom analogous to electron spin) in a bi-spinor wavefunc-
tion, which prohibits backscattering under normal incidence. In
the originally proposed particle-physics setting,'"™"® however,
the realization of Klein tunneling requires the acceleration of a par-
ticle to the relativistic regime and the construction of a parallel
barrier, which are experimentally very difficult. As a result, exper-
imental investigations of Klein tunneling have been mostly carried
out in graphene,’'® where quasiparticles near the charge-
neutrality point behave as two-dimensional massless Dirac fer-
mions."”'® Signatures of Klein tunneling in this condensed matter
platform include the excess resistance across a ballistic P-N junc-
tion due to the collimation effect'®" and the half-period shift in
magneto-conductance oscillations induced by quantum interfer-
ence between two parallel interfaces.® Similar theoretical and
experimental works have also been performed in photonic sys-
tems at optical frequencies®®?* and phononic systems at the kilo-
hertz (kHz) range.?>® It is widely accepted that analogs of the
Klein tunneling effect, originally proposed as a high-energy phys-
ics paradox, can be utilized for enhancing quantum transport 922
and manipulating light and sound waves.?> 2%

In this work, we extend the investigation of phononic Klein
tunneling to the gigahertz (GHz) regime, which has potential appli-
cations in wireless communication and integrated circuit. The
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pedance microscopy (TMIM),?°*° we visu-
alized the real-space profile of the elastic
waves, from which phononic band struc-
tures in the reciprocal space are obtained
using Fourier transform. Upon normal incidence, near-unity trans-
mission is observed at the center of the Klein tunneling regime,
while wave propagation outside this frequency range is strongly
attenuated. By controlling the launching angle from interdigital
transducers (IDTs), we observe strong angular dependent trans-
mission through the heterostructure, in agreement with theoret-
ical predictions.'®'® Our work represents the first demonstration
of Klein tunneling in integrated phononic circuits in the ultrahigh
frequency (UHF, 300 MHz-3 GHz) regime, which is desirable for
classical signal processing and quantum information systems.

RESULTS AND DISCUSSION

Metamaterial design and device fabrication

The phononic crystal (PnC) structure is based on an acoustic
analog of graphene. As illustrated in Figure 1A, the metamaterial
is formed by etching away snowflake-like patterns®' from sus-
pended polycrystalline AIN films whose normal direction is along
the c axis defined in conventional crystallography. The choice of
polycrystalline AIN is mainly due to its in-plane isotropic proper-
ties for implementing acoustic graphene. The freestanding film
can minimize acoustic leakage to the substrates. Details of the
sample quality and the effect of imperfections on the PnC
band structure are included in Note S1. The structure has the
Cey symmetry (i.e., 6-fold rotations about the center and mirror
symmetry about the vertical planes) that is essential for low-en-
ergy Dirac dispersion in the band structure.

Characterization of acoustic graphene

Similar to our earlier work,> we employ TMIM to study wave
propagation on AIN membranes through the piezoelectric effect.
As shown in Figure 1B, elastic waves at around 1 GHz are
launched by the emitter IDT, which is tilted from the normal of
the PnC by an angle « such that elastic waves inside the PnC
can propagate in the horizontal direction. Details of the
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Figure 2. Simulated and measured phononic bands of two PnCs
(A) Schematic 3D band structure of acoustic graphene.

arb. unit

¢ CellP’ress

OPEN ACCESS

1.4

1.3

-
N

Frequency (GHz)

-
o

o
©

arb. unit

(B) Reciprocal-space map of the honeycomb lattice. The solid hexagon is the first Brillouin zone, with the high-symmetry points labeled in the map. The blue dots

represent the reciprocal lattice sites.
(C) Simulated band structure of sample #1 with R; = 1.90 pm.

(D) k-space maps of sample #1 obtained by FFT of the TMIM data at 1.06, 1.02, and 0.98 GHz, as marked in (C). The first Brillouin zones are denoted by yellow

dashed hexagons.
(E and F) Same as (C) and (D) for sample #2 with Ry = 2.32 um.

momentum matching condition that determines the launching
angle can be found in Note S2. The piezoelectric surface poten-
tial on AIN is detected by the cantilever probe, amplified by the
TMIM electronics, and demodulated by an in-phase/quadrature
(/Q) mixer.?°° The technique detects the net effect of piezo-
electric transduction from the vector (both out-of-plane and in-
plane) displacement fields to the GHz electrical potential on
the sample surface. Signals at the radio-frequency (RF) and
local-oscillator (LO) ports of the I/Q mixer can be expressed as

Vie ce/@t=KP) and Vo <!, respectively, where w is the angular
frequency, and K is the wave vector. The two output channels of
the I/Q mixer are therefore Vcny <Re(VreV)y) = cos(? -F) and

Vere o Im(VaeVi) = — sin(k - 7).

Figures 1C and 1D show the simultaneously taken atomic-
force microscopy (AFM) and TMIM-Ch1 images, respectively
(Note S3). ltis clear that the TMIM is measuring the GHz potential
rather than the surface topography. By combining the two TMIM
output channels as Vgh1 +17 % Vone, we obtain phase-sensitive
signals that are proportional to the displacement fields, from
which the reciprocal-space (i.e., k-space) information can be ex-
tracted through fast-Fourier transformation (FFT). Such an
approach will be exploited in our analysis below.

Figure 2A shows a schematic illustration of the 3D band struc-
ture in acoustic graphene, a prerequisite to emulate the Klein
tunneling effect. In the following, we will follow the convention in

condensed matter physics to describe the phononic system.
The unit cell (dashed rhombus in Figure 1A) of the honeycomb lat-
tice consists of two sets of triangular sublattices, leading to the
formation of linearly dispersed Dirac cones near the K and K’
points of the Brillouin zone (Figure 2B, where the blue dots corre-
spond to the reciprocal lattice sites). For single-layer graphene
with sublattice pseudospin degree of freedom, the electron wave-
function at the barrier interface matches the corresponding hole
wavefunction, which is known as the charge-conjugation symme-
try. Fermions in single-layer graphene thus exhibit a chirality that
resembles the half-integer spinor wavefunctions in quantum elec-
trodynamics. Theoretical analysis'®'® has shown that a massless
Dirac electron normally incident on a translationally invariant po-
tential cannot be backscattered. In other words, the electron ve-
locity remains the same regardless of the presence of the barrier;
i.e., itis conserved along the propagating direction. The two con-
ditions'®'® for Klein tunneling are thus satisfied for single-layer
graphene. Because of the analogy between electronic and pho-
nonic systems, Klein tunneling is expected for the acoustic gra-
phene in our study.

The snowflake pattern offers multiple parameters for adjusting
phononic bands,®' such as the length R and width w of six arms
and the lattice constant ag. We vary R to tune the position of the
Dirac point, while keeping w = 1 um and ag = 5.2 um unchanged
in the design. Figure 2C shows the acoustic band structure of
sample #1 with Ry = 1.90 pm simulated by finite-element
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Figure 3. Acoustic Klein tunneling across the NPN sample

ky (21/ao)

(A) Schematic of Klein tunneling of a Dirac quasiparticle with energy E across a potential barrier of width D and height V,. The three sections of the heterostructure

are labeled by N1, P, and N2. Arrows represent the direction of pseudospin.

(B) TMIM modulus image and FFT maps in each section of sample #3 taken at f = 1.02 GHz. The scale bar represents 20 pum.
(C) FFT line profiles along the K'-K direction in all three sections of the NPN sample. The peak in the P region corresponds to the propagating acoustic wave in the
hole-like band. The peaks near the K’ points are associated with waves reflected from the boundary of PnC.

modeling (see experimental procedures), where the K and lower
M points are situated at 1.06 and 0.97 GHz, respectively. The full
band structure of the phononic crystal starting from zero fre-
quency, as well as the mode profiles in the vicinity of the Dirac
cone, are shown in Note S4. Note that the Dirac-like linear
dispersion no longer holds as the frequency approaches the M
point. For comparison, we obtain the k-space maps by Fourier
transformation of the TMIM data. For simplicity, we only present
results near the 1% Brillouin zone and ignore FFT peaks in higher-
order zones (Note S3). The FFT images in Figure 2D indicate that
the Dirac point is indeed at 1.06 GHz, and the peaks move away
from the K point at decreasing frequencies. Note that the sharp
boundary of a rectangular real-space image will lead to the
missing of information on the x axis and y axis of FFT data.*®
The third equivalent K point on the x axis is thus very weak
due to such boundary effects. For sample #2 with R, =
2.32 um (Figure 2E), the calculated K and upper M points are
at 1.00 and 1.04 GHz, respectively. The FFT images in Figure 2F
confirm that f = 0.98 GHz is inside the valence band and 1.02
GHz inside the conduction band. At f = 1.06 GHz, the chemical
potential is well above the M point. Correspondingly, the FFT im-
age displays a semicircle within the 15! Brillouin zone, in good
agreement with the simulated band structure. Complete FFT
data for samples #1 and #2 can be found in Note S5.

Observation of acoustic Klein tunneling

With the successful tuning of Dirac frequencies in samples #1
and #2, we can now emulate the Klein tunneling effect in sam-
ple #3, which is formed by sandwiching a section of PnC with

4 Device 2, 100474, October 18, 2024

R = Ry (Dirac point at 1.06 GHz) between two sections with
R = R, (Dirac point at 1.00 GHz). For an excitation frequency
between the two Dirac points, e.g., f = 1.02 GHz, the band
alignment in Figure 3A resembles the negative-positive-nega-
tive (NPN) configuration in gated graphene devices. % Here,
the electron-like quasiparticle with energy E = 20 MHz in the
N-type region sees an effective potential barrier of Vo = 60
MHz in the P-type region. Due to the one-to-one correspon-
dence between velocity and sublattice pseudospin, formally
known as momentum-pseudospin locking, Dirac quasiparticles
cannot be backscattered to the other sublattice under normal
incidence.'®'® As a result, the expected transmission across
the NPN heterojunction is unity even in the presence of a clas-
sically forbidden energy barrier. In our experiment, the TMIM

modulus (1/V2,,+V2,,) image in Figure 3B indicates that the

strength of the elastic wave is comparable on both sides of
the potential barrier. For quantitative analysis, we perform
FFT of the TMIM data in all three sections (Note S6) and plot
the FFT line profiles along the K'-K direction in Figure 3C. Since
we use the same tip and electronics to take the TMIM image
and crop the same frame for Fourier transformation, the ratio
of FFT peak heights between the two N-type sections provides
a good measure of the transmission of acoustic wave, which is
near unity from Figure 3C. Note that FFT peaks also appear
near the K valley, which are associated with the reflected
wave due to impedance mismatch at the sharp interface be-
tween the PnC and unpatterned AIN membrane.

In theory, wave reflection at the PnC boundary can be sup-
pressed using a tapered structure.® In reality, however,
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Figure 4. Frequency-dependent transmission under different band alignment conditions

(A) Close-up band alignment diagrams of sample #3 near the K points.

(B) Ratio of the FFT amplitude between the two R = R, sections, which is a measure of the transmission rate across the energy barrier. The transmission coefficient

Sp4 measured by a network analyzer is also shown for comparison.

sufficient reduction of reflected waves requires a very long taper
(Note S7), which is not practical in our current design. In addition,
using network analysis of the transmission and reflection (Note
S8), one can show that multiple reflections at the PnC boundary
do not affect the measurement of transmission.*” The observa-
tion of unity transmission from N1 to N2 is also indicative of
transparent hetero-interfaces without internal transmission and
reflection (Note S8).

Figure 4A depicts the band alignment of sample #3 near the K
points. Within our IDT passband of 0.98-1.07 GHz, there exist
three regimes for the device. Below 1.00 GHz, all three sections
of the sample are in the hole-like band, and the configuration is
denoted as PP*P. In the frequency range between 1.00 and
1.03 GHz, the bands have NPN-like alignment, and Klein
tunneling is expected to occur. For frequency above 1.035
GHz, the deviation from linear Dirac dispersion becomes signif-
icant in the R = R, section; i.e., the system becomes non-Dirac,
and the conditions for Klein tunneling no longer exist. The TMIM
data across the three regimes, as shown in Note S9, are consis-
tent with this analysis. In particular, in the Klein tunneling regime,
the wavefronts in all three sections are uniform and parallel to the
propagation direction. In contrast, for both the PP*P and non-
Dirac regimes, the wavefronts are distorted and less uniform
across the sample.

For quantitative evaluation of the frequency-dependent
wave transmission, we plot the ratio of FFT peak amplitudes
between the two R = R, sections in Figure 4B. The ratio is
around 0.5 in the PP*P configuration, approaches unity in
the NPN regime, and drops sharply to below 0.2 for the non-
Dirac dispersion. For comparison, we also show the time-
gated transmission coefficient S,; measured by a network
analyzer between the two IDTs. Apart from the slight (~5
MHz) difference between the frequency of S,; peak and that
of maximum FFT ratio, which may be due to extrinsic effects
in the RF circuit, the image analysis from TMIM data is in

good agreement with the terminal-to-terminal wave transmis-
sion. We note that near-unity transmission is only observed
at the center of the NPN regime. In the snowflake design,
the two sections with R = Ry and R = R, exhibit very different
bandwidths of the linear dispersion band, resulting in consid-
erably different Fermi velocity that is proportional to the slope
df/dk at the K point of the quasiparticle. While theoretically this
does not change the unity transmission at normal incidence
(see analysis below), it may, together with the multiple reflec-
tions at the PnC boundaries, affect the wave propagation
close to the Dirac point. Further investigations are needed to
understand the mechanism of reduction in wave transmission
away from the center of the NPN regime.

Angular dependence of acoustic Klein tunneling
Finally, we investigate the angular dependence of Klein tunneling
in our phononic devices. For quasiparticle tunneling through a
rectangular energy barrier, the projection of its momentum par-
allel to the interface is conserved since translational invariance
along this direction is not affected by the interface.'®'® The
consequence of this conservation law is that the transmission
coefficient is strongly dependent on the incident angle ¢. In other
words, wave transmission is expected to be perfect only at
¢ = 0° and to drop considerably as ¢ increases. To test this pre-
diction, we constructed 6 devices with the same heterostructure
as that in sample #3 but different launching angle « of the emitter
IDT (Note S10). The inset of Figure 5A shows the schematic of a
particular device sample #4E with « = 19.5°. By analyzing the
relevant wavevectors in Figure 5A, we can calculate the incident
angle ¢ and refracted angle 6 of group velocity on the N-type and
P-type sides of the interface, respectively. Detailed k-space
analysis of the wavevectors can be found in Note S10, where
all angles are tabulated for clarity.

The TMIM-Ch1 image taken at f = 1.025 GHz and corre-
sponding k-space maps of all three sections in sample #4E
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(B) TMIM-Ch1 image and FFT maps of all three sections of sample #4E taken at 1.025 GHz. Arrows indicate the direction of group velocity in each section. The

scale bar represents 20 um.

(C) Energy transmission rate as a function of the incident angle. The IDT angles are labeled next to the data points. The dashed line is the theoretical curve. The

peak at ¢ = 38.8° corresponds to the first-order resonant condition.

are displayed in Figure 5B. The theoretically calculated direc-
tions of group velocity in each section are marked in the
image. A notable feature is that the refraction of Dirac quasi-
particles across the heterojunction does not follow the con-
ventional Snell’s law. Instead, both the incident and refracted
waves lie on the same side of the interface normal, which is
the foundation of the Veselago focusing effect.>**® The com-
plete set of TMIM data for all 6 devices is included in Note
S11. Strikingly, a small change of the IDT launching angle
from 21.9° to 19.5° leads to significant reduction in the wave
transmission through the NPN heterostructure, as evident
from the TMIM data. The positions and strengths of the FFT
peaks also confirm the direction of wavevectors and the atten-
uation of transmitted waves. In Figure 5C, we plot the energy
transmission rate (i.e., the square of the ratio between FFT
amplitude of the peaks near K points in N2 and N1) as a func-
tion of the incident angle and compare the results with theo-
retical analysis (Note S12). The substantial drop of transmis-
sion under oblique incidence is clearly observed in our
experiment, which can be utilized for angle-resolved filtering
applications. It should be noted that ultra-fine control of the
IDT angle well below 0.1° is needed to reach the first-order
resonant condition with perfect transmission at the oblique
incidence ¢ = 38.8° (Note S12), which is very difficult for our
current device design and fabrication.

Conclusions and outlook

We report the observation of Klein tunneling of GHz elastic
waves in suspended piezoelectric membranes with graphene-

6 Device 2, 100474, October 18, 2024

like phononic structures. The real-space profiles of the elastic
waves are visualized by TMIM, from which the reciprocal-space
information can be extracted by Fourier transformation and
compared with simulated band structures. The near-unity trans-
mission through an energy barrier under normal incidence is
observed in the NPN-like heterostructure, whereas the trans-
mitted wave is strongly attenuated outside this regime. By con-
trolling the launching angle of elastic waves from the emitter IDT,
we demonstrated the angular dependence of Klein tunneling in
the same metamaterial design.

The realization of Klein tunneling in the GHz regime has pro-
found implications for classical and quantum acoustic devices.
For microwave signal processing, robust near-unity normal
transmission is important for filtering applications. The strong
angular dependence of the acoustic transmission demon-
strated here will help suppress stray waves that unintentionally
propagate on the device. As GHz phonons are widely utilized
as information carriers in quantum computation systems, the
capability of narrow-band filtering and angular waveguiding
by Klein tunneling structures is desirable for the precise control
of quantum transduction and information transportation.
Finally, while the experimental demonstration is performed
with a narrow filtering passband around 1 GHz in this work,
the device fabrication and TMIM imaging can be easily
extended to the 3-6 GHz regime®”*® for wireless telecommuni-
cation and quantum acoustic applications. In all, our work
paves the way to exploit exotic high-energy-physics phenom-
ena for classical waveguiding and integrated phononic circuit
applications.
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EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Keji Lai (kejilai@physics.
utexas.edu).

Material availability

This study did not generate new unique reagents.

Data and code availability

The datasets generated during the current study, and/or analyzed during the
current study, are available from the corresponding author. This paper does
not report the original code or a dataset generated by any code.

Device fabrication

The 800-nm-thick c-axis-oriented polycrystalline AIN films were provided by the
Claire & John Bertucci Nanotechnology Laboratory at Carnegie Mellon Univer-
sity. The films were grown on 100-mm undoped <100> Si wafers with a nominal
resistivity >20,000 Q-cm. The wafers were loaded into a magnetron sputtering
system with an S-gun arrangement,*® which includes DC, AC, and RF compo-
nents. The AC power is the primary power source. Before the AIN deposition, an
argon sputter etch was performed for 180 s, which was designed to remove the
native oxide on the Si wafer. The AIN deposition time was 549 s. The X-ray
diffraction rocking curve of the thin films showed a full width at half maximum
of 1.2°, indicative of a high degree of crystal orientation.*° The phononic crystals
consist of hexagonal arrays of etched six-armed snowflake patterns. The IDTs
were formed by the deposition and overnight soak in Remover-1165 at room
temperature to lift off the 45-nm Al films. The suspended AIN devices were
released from silicon substrates with isotropic XeF, etcher.

Numerical simulation

The numerical simulation is conducted by the commercial COMSOL Multiphy-
sics software based on the finite-element method. The “Piezoelectric
Effect Multiphysics” module is applied, which couples the “Solid Mechanics”
module and “Electrostatics” module. The Bloch boundary conditions
are imposed on the boundaries of unit cells in the simulation of band struc-
tures. The material properties used in the simulations are as follows:
Cq1 = Coo = 375 GPa, ¢4 = 125 GPa, c43 = Co3 = 120 GPa, c33 = 435 GPa,
Cas = Cs5 = 118 GPa, Cgg = (C11 — C12)/2 = 125 GPa, €31 = €30 = —0.58 C m 2,
€33 =155Cm 2 e5=ep=-048Cm 2 and p =3,100 kg m~2.

Transmission-mode microwave impedance microscopy

The TMIM setup is implemented on an AFM platform (ParkAFM, XE-70). The
shielded cantilever probe (Model 5-300N) is commercially available from
PrimeNano. Details of the TMIM experiment can be found in Zheng et al.?®
All measurements are performed at room temperature.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
device.2024.100474.
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