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ABSTRACT

Embodiments described herein include systems and techni-
ques for converting (1.¢., transducing) a quantum-level (¢.g.,
single photon) signal between the three wave forms (1.e.,
optical, acoustic, and microwave). A suspended crystalline
structure 1s used at the nanometer scale to accomplish the
desired behavior of the system as described 1n detail herein.
Transducers that use a common acoustic intermediary trans-
form optical signals to acoustic signals and vice versa as
well as microwave signals to acoustic signals and vice
versa. Other embodiments described herein mclude systems
and techniques for storing a qubit 1n phonon memory having
an extended coherence time. A suspended crystalline struc-
ture with specific geometric design 1s used at the nanometer
scale to accomplish the desired behavior of the system.
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Recelve, by a suspended crystalline optical waveguide, a quantum optical 805
signal from an optical device

Convert, by a first suspended crystalline fransducer, the quantum optical
signal propagating through the suspended crystalline optical waveguide {o a

310
quantum acoustic signal, wherein the first suspended crystalline transducer
oscillates at a tuning frequency during the converting
Tune a second suspended crystalline transducer to oscillate at the tuning 815
frequency
In response to the tuning, convert, by the second suspended crystalline | 890
transducer, the quantum acoustic signal o a quantum microwave signal
Transmit the quantum microwave signal on a conductor ' 825
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1200

Receiving, by a suspended crystalline transducer, the qubit signal in —~_ 1205
microwave form

Converting, by the suspended crystalline transducer, the qubit signal from
microwave form to acoustic form, wherein the converting is in response to |} —~_ 1210
oscillation of the suspended crystalline transducer at a tuning frequency

In response to the suspended crystalline transducer converting the qubit
signal to acoustic form, store, by a suspended crystalline structure, the qubit ~_ 1215
signal in acoustic form in the suspended crystalline structure

FIG. 12
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BACKGROUND

[0007] Quantum computing employs quantum bits called
qubaits to represent data and 1s of interest for modeling quan-
tum systems and mmplementing quantum algorithms mnclud-
ing performing complex and/or difficult computing tasks
that may be beyond the capability of classical computers.
Example computations in which a quantum computer may
find application include simulation of quantum systems
themselves, modeling of the chemical or biological proper-
ties of complex molecules, searching through large data
sets, finding approximately optimal solutions to problems
with many degrees of freedom, factoring large numbers, or
distributing quantum mmformation within a network. Quan-
tum systems can mclude, for example, particles, atoms,
molecules, and materials; dynamics such as chemical reac-
tions may also be modeled. Quantum algorithms can
include, for example, Grover’s algorithm to search effi-
ciently through a large dataset. To perform quantum compu-
tations, the quantum state of one qubit (or an ensemble of
qubits) must be able to modily the quantum state of another
qubit or set of qubits. In a canonical quantum computing
architecture, this interaction between qubits 1s mediated
via a quantum bus, which 1s a loose analog to a traditional
computing bus 1n which information 1s transterred between
ditferent parts of a computer.

[0008] Superconducting qubits based on Josephson junc-
tions conventionally operate and communicate at micro-
wave frequencies (e.g., 2-10 GHz) using extremely small
quantities of energy and each qubit requires specialized
coherent excitation and readout structures that also operate
at stmilar frequencies. As the number of qubits 1n a quantum
processor 1s increased, these characteristics result 1n com-
plex interconnect and routing schemes that limit scalabality
of the quantum processor.

[0009] Despaite the progress made related to the formation
of quantum processors, there 1s a need 1n the art for
improved methods and systems for converting quantum-
level signals between optical, microwave, and acoustic
forms. There 1s also a need 1n the art for improved methods
and system for storing qubit quantum states i a memory.

SUMMARY

[0010] The described systems and techniques relate to the
field of quantum mechanics for particular use m quantum
computing. More specifically, systems and techmques are
described for converting (1.¢., transducing) a quantum-
level (e.g., a single photon) signal between an optical signal
and a microwave signal using a common acoustic bandgap
resonator. Systems and techmques are also described for
converting a quantum-level (¢.g. a single photon) signal
between a microwave-frequency electrical signal (1.e., a
photon) and an acoustic signal (1.e., a phonon) for storing
1n a phonon memory.

[0011] A system can be configured to perform particular
operations or actions by virtue of having software, firmware,
hardware, or a combiation of them installed on or incorpo-
rated 1n the system that 1 operation causes or cause the
system to perform the actions. One general aspect includes
a system for transducing and storing a qubit signal. The sys-
tem may mnclude a suspended crystalline transducer for con-
verting the qubit signal between an electrical (e.g., micro-
wave) form and an acoustic form when the suspended
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crystalline transducer oscillates at a tuning frequency. The
system may also include a suspended crystalline structure
coupled to the suspended crystalline transducer, the sus-
pended crystalline structure including acoustic cavities
chained together, where the acoustic cavities are of differing
s1zes to store the qubit signal i acoustic form when the
suspended crystalline transducer oscillates at the tuning fre-
quency. Other embodiments of this aspect include corre-
sponding computer systems, apparatus, and computer pro-
grams recorded on one or more computer storage devices,
cach configured to perform the actions of the methods.
[0012] Implementations may include one or more of the
tollowing features. The system may further include sus-
pended crystalline structures, disposed 1 a geometric
design to 1solate the acoustic signal, surrounding the sus-
pended crystalline transducer and the suspended crystalline
structure. In some embodiments the suspended crystalline
transducer includes a piezoelectric material overlay of a sec-
ond suspended crystalline structure. The piezoelectric mate-
rial may be, for example, Aluminum Nitride (AIN). In some
embodiments, the system may include conductors that are
electrically coupled to the piezoelectric material overlay of
the second suspended crystalline structure, where the con-
ductors form an terleaved pattern and provide alternating
polarity electrical signals to the piezoelectric material to
oenerate an oscillation at the tuning frequency.

[0013] In some embodiments, the suspended crystalline
transducer includes a second suspended crystalline structure
and conductors overlaying the second suspended crystalline
structure. In some embodiments, the conductors are config-
ured to form capacitive features. During transduction, the
capacitive features may oscillate at the tuning frequency to
generate a changing capacitance. The qubit signal 1 acous-
tic form may be generated based on the changing
capacitance.

[0014] In some embodiments, the suspended crystalline
transducer and the suspended crystalline structure each
include silicon (S1). In some embodiments, the suspended
crystalline transducer and the suspended crystalline struc-
ture are disposed 1n a single crystal silicon layer of a Sili-
con-on-msulator substrate. In some embodiments, the con-
ductor 1s aluminum. In some embodiments, the qubit signal
1s swapped between the suspended crystalline transducer
and the suspended crystalline structure when the suspended
crystalline transducer oscillates at the tuning frequency.
Implementations of the described techniques may include
hardware, a method or process, or computer instructions
usable by the system.

[0015] These and other embodmments of the mvention
along with many of 1ts advantages and features are described
in more detaill 1n conjunction with the text below and
attached figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 1s a ssmplified block diagram of a quantum
computing system according to an embodiment.
[0017] FIGS. 2A and 2B are example diagrams of opto-

mechanical transducers according to an embodiment.
[0018] FIG. 3 1s an example of a quantum level acoustic

waveguide according to an embodiment.
[0019] FIGS. 4A - 4D are example diagrams of compo-

nents of a capacitive electro-mechanical transducer accord-
ing to an embodiment.
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[0020] FIG. 4E 1illustrates a graph of the tone spectrum
around the high-frequency LC resonance of the LC circuit
of FIG. 4A.

[0021] FIG. 515 an example diagram of a system including
a capacitive electro-mechanical transducer according to an
embodiment.

[0022] FIG. 6 1s an example diagram of a piezoelectric
electro-mechanical transducer according to an embodiment.
[0023] FIG. 7 1s an example diagram of a transducing sys-
tem for converting a microwave signal to an optical signal
via a common acoustic signal according to an embodiment.
[0024] FIG. 8 1s an example process for transducing a
microwave signal to an optical signal via a common acous-

tic signal according to an embodiment.

[0025] FIG. 91s an example of a phonon memory structure
according to an embodiment.

[0026] FIG. 1015 an example of a system for transferring a
qubit to a phonon memory according to an embodiment.
[0027] FIG. 11A 1s an example depiction of stages of
transferring a qubit to a phonon memory according to an
embodiment.

[0028] FIG. 11B 1s an energy level diagram of the virtual
coupling scheme for connecting a superconducting qubit to
a phonon memory according to an embodiment.

[0029] FIG. 11C 1s an example view of a layout of a pho-
non memory and a piezoelectric transducer according to an
embodiment.

[0030] FIG. 12 1s an example process for storing a qubit 1n

a phonon memory according to an embodiment.
[0031] FIG. 13 1s an example depiction of a process for

creating a suspended crystalline structure according to an
embodiment.

[0032] Unless otherwise mdicated, elements using the
same 1ndicator number are the same elements between dif-
fering figures. For example, phonon memory 1135 mn FIG. 1
1s the same phonon memory 115 depicted n FIG. 10. Some
clements may include multiple of the same elements, which
are indicated by a letter following the mdicator number.

DETAILED DESCRIPTION

[0033] The non-linearity and size of quantum level bits
(1.€., qubits) gives rise to specilic problems for storage and
conversion of the signals between the three wave types (1.€.,
optical, acoustic, and electrical). Qubaits 1n the acoustic or
electrical form are of such small amplitudes (e.g., single
photon level) that the qubit may be lost in the thermal
noise associated with standard room temperatures (e.g.,
sixty degrees Fahrenheit). For this reason, the systems that
manipulate qubits 1 electrical or acoustic form typically
operate at very cold temperatures (e.g., tens of millikelvin).
However, optical waves do not suffer from the effects of
thermal noise at room temperature, and optical waves travel
much faster (1.€., the speed of light) than acoustic waves.
[0034] Embodiments described herein include the systems
and techniques for converting (1.¢., transducing) a quantum-
level (e.g., single photon) signal between the three wave
forms (1.¢€., optical, acoustic, and microwave). A suspended
crystalline structure 1s used at the nanometer scale to accom-
plish the desired behavior of the system as described n
detail herein. Transducers that use a common acoustic mter-
mediary transform optical signals to acoustic signals and
vice versa as well as microwave signals to acoustic signals
and vice versa.
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[0035] Embodiments described herem include systems
and techniques for storing a qubit in phonon memory having
an extended coherence time. A suspended crystalline struc-
ture with specific geometric design 1s used at the nanometer
scale to accomplish the desired behavior of the system as
described 1n detail herein.

[0036] Prior to discussing embodiments of the invention,
1t may be helpful to discuss some terms.

[0037] A “qubit” 1s the basic unit of information n a quan-
tum computer. A specific form of qubit can be realized using
superconducting microwave circuits employing a Josephson
junction which acts as a highly non-linear inductor element.
The superconducting qubaits typically operate at microwave
frequencies between approximately 2 - 10 GHz. That 1s,
their quantum state 18 represented as a special mixture
(called a superposition) of energy states in which the differ-
ence 1 energy corresponds to a frequency 1 the 2 - 10 GHz
range. The energy difference of these qubit states 18 extre-
mely small, correspondingly to the energy of a microwave-
frequency ‘photon’, roughly 5 to 50 micro-electron Volts.
As such, each qubit requires special excitation and read-
out methods (also operated at microwave trequencies), and
must be protected against tiny amounts of electrical noise i
the environment. Further, the superconducting qubits can be
converted to an acoustic qubit (e.g., single-phonon) or opti-
cal qubit (e.g., single-photon), each of which forms has use-
ful properties. For example, an optical qubit may not get
“lost” 1n thermal noise of a room temperature environment
like an acoustic or superconducting qubit may. An acoustic
qubait 18 transmitted at much slower rates, which allows for
much smaller components for filters and the like. As the
number of qubits m a quantum processor 1S increased,
these characteristics result 1n complex interconnect and
routing schemes that limit scalability of the quantum
Processor.

[0038] The three types of waves or signals discussed
herem are microwave signals, acoustic signals, and optical
signals. Each of these signals are discussed at the quantum-
level (¢.g., single photons or single phonons). Theretore,
microwaves discussed herein generally include microwaves,
optical signals discussed herein are generally not visible to
the human eye, and acoustic signals as discussed herein are
generally not audible to the human ear. Rather, for example,
acoustic signals are mechanical vibrations.

[0039] The term “quantum-level” refers to the level at
which quantum mechanical effects become mmportant. For
example, most of the devices and components described
herem are very small (e.g., the nanometer scale) and have
very low energy (e.g., single photon).

[0040] The term “suspended crystalline structure” refers
to a type of structure that may be used 1n creating compo-
nents described herem. The crystalline structure can be, for
example, Silicon, and can be suspended through a process
such as that depicted and described with respect to FIG. 13.

The Opto-Electro-Acoustic Conversion of a Qubat

[0041] FIG. 1 1s a ssmplified block diagram of a quantum
computing system 100 for performing the techniques dis-
cussed herem. Quantum computing system 100 includes
quantum computers 105 and 110 as well as optical network

165.
[0042] Optical network 165 may be any suitable optical
network. Optical network 165 may be, for example, a smgle
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optical fiber cable connecting quantum computers 103 and
110. In some embodiments, optical network 165 may be a
complex optical network connecting any number of quan-
tum computers of which quantum computers 105 and 110
are two exemplary quantum computers.

[0043] Quantum computers 105 and 110 include phonon
memortes 115 and 160, electro-acoustic transducers 120a,
1205, 155a, and 15556, acoustic waveguides 125 and 150,
opto-acoustic transducers 130 and 145, and optical transcei-
vers 135 and 140. While each of quantum computers 103
and 110 comprise similar components, each may comprise
more or fewer components than depicted herein. For exam-
ple additional or fewer waveguides, mcluding optical wave-
ouides, acoustic waveguides, and electrical conductors may
be included n quantum computers 105 and 110. The specific
components mcluded 1n quantum computers 105 and 110
are shown to provide a simplified view for ease of
description.

[0044] Phonon memories 115 and 160 may be one or more
acoustic cavities capable of storing a qubit for some perod
of time. The phonon memories 115 and 160 discussed herein
are ultra-coherent phonon memories. Coherence of phonon
memories 115 and 160 may be, for example, up to one (1)
second. Phonon memories 115 and 160 use specific geome-
tries to accomplish the ultra-coherency as described 1n more

detail with respect to FIGS. 9, 10, 11A, 11B, and 11C.

[0045] Electro-acoustic transducers 120aq, 1205, 1554, and
1555 may be one or more transducers capable of converting
a microwave to an electro-mechanical (e.g., acoustic) wave
(and vice versa) at the quantum-level scale. For example, a
qubit may be 1n the acoustic wave form and electro-acoustic
transducers 120 and 155 may convert the qubit to a micro-
wave form that may be transmitted on a conductor. Electro-
acoustic transducers may be suspended crystalline structures

configured with specific geometries as described 1n more

detail with respect to FIGS. 4A - 4D, §, and 6.
[0046] Acoustic waveguides 125 and 150 may be any

quantum level acoustic waveguide capable of propagating
a qubit m acoustic format. Acoustic waveguides 125 and
150 may be suspended crystalline structures with specific
ocometries as described with respect to FIG. 3.

[0047] Opto-acoustic transducers 130 and 145 may be one
or more transducers capable of converting an optical wave
to a mechanical (e.g., acoustic) wave (and vice versa) at the
quantum-level scale. For example, a qubit may be m the
acoustic wave form and opto-acoustic transducers 130 and
145 may convert the qubit to an optical form that may be
transmitted via an optical waveguide or over an optical net-
work. Because optical waves, even at the quantum scale, are
not substantially impacted by thermal noise, qubits 1n opti-
cal wave form may be manipulated at room temperature.
Qubits 1 acoustic or microwave form are each mmpacted
by thermal noise such that at room temperature the qubat
may be lost in the noise.

Therefore, qubits 1n microwave
or acoustic form are typically manipulated at very low tem-
peratures (€.g., tens of millikelvin). Opto-acoustic transdu-
cers 130 and 150 may be suspended crystalline structures
configured with specilic geometries as described 1n more
detail with respect to FIGS. 2A and 2B.

[0048] Optical transceivers 135 and 140 may be any sui-
table optical device that may send or receive an optical sig-
nal at the quantum level. For example, optical transceivers
may send and recerve optical qubaits.
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[0049] In use, quantum computing system 100 may
manipulate one or more qubits to perform quantum comput-
ing. As a simplified example for explaining the components
herem, a qubit 1 acoustic form may be stored in phonon
memory 1135 of quantum computer 105. The electro-acous-
tic transducer 120a may extract the qubit from the phonon
memory 115 as described with respect to FIG. 11A. The
qubit, now 1n microwave form, may propagate via a conduc-
tor, for example, to electro-acoustic transducer 1205. The
qubit, now 1n acoustic form, may propagate via acoustic
waveguide 125 to opto-acoustic transducer 130. Opto-
acoustic transducer 130 may convert the qubit to optical
form, and the qubit may propagate, for example, to optical
transcerver 135 via an optical waveguide. As mentioned pre-
viously, the quantum computer 105 1s typically operated at,
tor example, tens of millikelvin to ensure thermal noise does
not impact the qubit.

[0050] The optical transcerver 135, which may be at room
temperature 1n some embodiments, may transmit the optical
qubit to optical transceiver 140 of quantum computer 110.
The optical qubit may propagate, for example, via an optical
waveguide to opto-acoustic transducer 1435. The opto-acous-
tic transducer 145 may convert the qubit into acoustic form.
The acoustic qubit may propagate via acoustic waveguide
150 to electro-acoustic transducer 1555, which may convert
the qubit to a microwave form. The qubit may propagate via
a conductor to electro-acoustic transducer 155a, which may
store the qubit 1n phonon memory 160.

[0051] In some embodiments, quantum processors may
further process the qubit within quantum computers 103
and 110. This and many other features of quantum compu-
ters 105 and 110 are not shown herein for simplicity.

Transduction Between an Optical Signal and an
Acoustic Signal

[0052] FIG. 2A depicts an opto-mechanical (e.g., opto-
acoustic) transducer 200. The opto-acoustic transducer 200
may be opto-acoustic transducer 130 or 145 of FIG. 1. The
opto-acoustic transducer 200 1s a patterned Silicon nano-
beam opto-mechanical crystal. The opto-acoustic transducer
200 represents a new paradigm 1n metamaterials, icorpor-
ating nonlinear parametric interactions to provide inter-con-
version between optical wave types and acoustic wave
types. Wave fields of one wave type property provides
dynamic control of wave fields of another type. Stated dif-
ferently, by adjusting, for example, the optical frequency of
a transducer, the optical qubit can convert to an acoustic
qubit.

[0053] Parametric coupling in optomechanics 1s possible
due to the 1nherent nonlinearnity of radiation pressure (the
coupling between light and mechanical motion 1s dependent
upon the optical intensity, not the optical field). Confining
optical and acoustic energy to the nanoscale results 1n a non-
linearity that can be many orders of magnitude larger than
conventional optical nonlinearities and presents unique cap-
abilities for optical signal control. Opto-acoustic transducer
200 relies on the natural hierarchy of higher frequency opti-
cal photons and lower frequency microwave phonons,
which have matching spatial wavelength due to the large
difference mm the speed of light and the speed of sound.
This hierarchy, along with the radiation pressure nonlinear-
1ty, allows one to use two-photon transitions to couple opti-
cal signals to microwave phonon signal. Opto-acoustic
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transducer 200 1s an engineered photonic and phononic
bandgap structure which can be “printed” into the thin-film
surface layer of a microchip.

[0054] Opto-acoustic transducer 200 may be a suspended
crystalline structure. Opto-acoustic transducer 200 may be
made from, for example, Silicon. As an example, a Silicon-
on-insulator (SOI) substrate mcluding single crystal silicon
layer can be processed to form opto-acoustic transducer 200
having elements 1n the single crystal silicon layer. For exam-
ple, the process used as described with respect to FIG. 13
may be used to fabricate opto-acoustic transducer 200. The
nanobeam design of opto-acoustic transducer 200 allows for
conversion of an optical signal to an acoustic signal. The
opto-acoustic transducer 200 mcludes multiple vacancies
(1.¢., holes) 202, 204, 206, 208, 210, 212, 214, 216, and
218 where the silicon 1s etched away to leave the vacancy.
The vacancies are of differing sizes to “trap” the signal
within the area and convert 1t between optical and acoustic
wave forms. For example, vacancy 210 1s the smallest,
vacancies 208 and 212 are shightly larger than vacancy
210, vacancies 206 and 214 arc slightly larger still than
vacanciles 208 and 212, and vacancies 204 and 216 are
slightly larger still. Vacancies 218 and 202 are the largest.
The differing vacancy sizes create a mirroring effect such
that the signal becomes trapped near the smallest vacancy
210 and the opto-acoustic transducer 200 converts the signal
between optical and acoustic forms. The conversion 1s pos-
sible because the displacement field of the acoustic reso-
nance (e.g., 3.5 GHz) 1s coupled to the co-localized optical
resonance.

[0055] The opto-acoustic transducer 200 1s a nanometer
scale device as shown by the scale 220. Such small scale
photonic crystals (1.e., the opto-acoustic transducer 200)
creates a means to localize light to such a degree that radia-
tion pressure coupling to elastic waves of the dielectric
photonic structure 1s strongly mamifest. The physics of
mechanical-light interactions 1n materals, although well
understood 1n the bulk, are quite often much more subtle
when more complex geometries are mvolved, such as the
patterned opto-acoustic transducer 200.

[0056] The radiation pressure nonlinearity utilized 1n the
opto-acoustic transducer 200 described above 1s wavelength
agnostic. The capacitive forces utilized m micro-electro-
mechanical systems (MEMS) and nano-electro-mechanical
systems (NEMS) devices are derived from a low frequency
version of the optical radiation pressure etfect. The opto-
acoustic transducer 200 may be created using a silicon-on-
insulator (SOI) material platform which has excellent
microwave, acoustic, and optical properties. Nanoscale
vacuum-gap capacitors with vacuum gaps of less than
twenty (20) can be fabricated, which are sutficient to create
high impedance microwave resonant circuits capable of
strong coupling to RF (e.g., 100 MHz) acoustic resonances.
[0057] FIG. 2B 1illustrates a system 250 that includes a
thin-film silicon two-dimensional (2D) optomechanical cav-
ity 2355. The optomechanical cavity 255 can be a suspended
crystalline structure as described heremn. Suspended crystal-
line structures may be created usmg a process as described
with respect to FIG. 13. The system 250 as shown includes
nanoscale structures “printed” on a microchip. The optome-
chanical cavity 235 has an opto-acoustic transducer 200 run-
mng along the length of each side of the optomechanical
cavity 255. Accordingly, a microwave signal converted to
an optical signal by one of the opto-acoustic transducers
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200 can propagate through the optomechanical cavity 2585,
which 1s an optical waveguide. The optomechanical cavity
2355 may be a suspended crystalline optical waveguide man-
ufactured using a process as described with respect to FIG.
13. The acoustic shield 270 around the opto-acoustic trans-
ducers 200 includes multiple star-shaped vacancies 260. The
acoustic shield 270 may be a suspended crystalline structure
(¢.g., implemented 1n the smgle crystal silicon layer of an
SOI substrate and mechanically 1solated from the underly-
ing portions of the handle substrate) from which the star-
shaped vacancies 260 may be etched. The acoustic shield
2770 provides mirroring to 1solate the acoustic signal within
the optomechanical cavity 255 and the opto-acoustic trans-
ducers 200. While star-shaped vacancies 260 are depicted,
any shape vacancies may be used that generate a geometric
pattern that provides mirroring to 1solate the acoustic signal.
[0058] FIG. 3 illustrates a quantum level acoustic wave-
ouide system 300. The system 300 includes an acoustic
bandgap waveguide 305, acoustic shield 315 surrounding
the acoustic bandgap waveguide 303, cross-shaped vacan-
cies 310. The cross-shaped vacancies 310 create the geo-
metric pattern of acoustic shield 315. The acoustic shield
315 may be a suspended crystalline structure from which
cross-shaped vacancies 310 are etched. In the mmddle of
acoustic shield 315 1s the acoustic bandgap waveguide
305. The acoustic bandgap waveguide 305 may also be a
suspended crystalline structure. Acoustic waves may propa-
gate through acoustic bandgap waveguide 303. The acoustic
shield 315 may provide mirroring and dampening to 1solate
the acoustic bandgap waveguide 3035 to 1solate the acoustic
signal and keep noise from entering the acoustic bandgap
waveguide 305. The acoustic bandgap waveguide 305 may
be, for example, acoustic waveguide 125 and 150 of FIG. 1.
The acoustic bandgap waveguide 305 may be coupled to, for
example, an opto-acoustic transducer 200 for propagating

acoustic signals to and from the opto-acoustic transducer
200.

Transduction Between a Microwave Signal and an
Acoustic Signal

[0059] FIG. 4A 1llustrates an example capacitive electro-
acoustic transducer 400. Capacitive electro-acoustic trans-
ducer 400 may include electro-acoustic transducer 120 or
155 of FIG. 1. Capacitive electro-acoustic transducer 400
may nclude elements that are suspended crystalline struc-
tures. In some embodiments, capacitive electro-acoustic
transducer 400 may be formed using superconducting alu-
minum wiring (the electrodes 405 and 430) on a patterned
sub-micrometer-thick silicon membrane. Capacitive electro-
acoustic transducer 400 may mclude capacitive structure
417, and mnductor-capacitor (LC) circuit 427. The capacitive
structure 417 may include electrodes 405 and 430, multiple
unit cells 410, and central nanobeam phononic crystal cavity
415. The LC circuit 427 may include capacitor 420 and
inductor 425. The central nanobeam phononic crystal cavity
415 may include a silicon-on-msulator substrate that 1s a
suspended crystalline structure created using steps described
with respect to FIG. 13. The suspended crystalline structure
may support electrode 405. The electrodes 405 and 430
form a top capacitor running along the top of the nanobeam
phononic crystal cavity 415 and a bottom capacitor running
along the bottom of the nanobeam phononic crystal cavity
415. The top capacitor and bottom capacitor are capacitive
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teatures of the capacitive electro-acoustic transducer 400.
The top capacitor and the bottom capacitor each have a
nanoscale vacuum gap.

[0060] In the embodiment i1llustrated i FIG. 4A, electrode
405 formed on the top of the central nanobeam phononic
crystal cavity 415 and 1s U-shaped with a width slightly
wider than the width of ladder structure of the unit cells
410. Although only 1llustrated at the right side of the central
nanobeam phononic crystal cavity 415 1n FIG. 4A, electrode
430 1s formed on the top surface of central nanobeam pho-
nonic crystal cavity 415 and lies 1n the same plane as elec-
trode 405 as illustrated 1n FIG. 4B. Thus, referring to both
FIGS. 4A and 4B, U-shaped ¢lectrode 405 1s positioned
with the opening of the U-shape on the right side of FIG.
4A such that electrode 430, which 1s also U-shaped, with the
opening of the U-shape on the left side of FIG. 4A, 15 posi-
tioned between the two arms of electrode 403. Central nano-
beam phononic crystal cavity 4135, which supports electrode
403, and the ladder structure formed by the umt cells 410,
which support electrode 430, can be fabricated as suspended
structures as described herein.

[0061] A unit cell 410 of the capacitive structure 417 1s
depicted 1n more detail in FIG. 4B. In FIG. 4A, the oscilla-
tion of each unit cell 410 caused by the acoustic (mechan-
ical) vibrations during transduction 1s exaggeratedly 1llu-
strated. The ladder structure of the unmit cells 410 (formed
by jomning multiple unit cells 410 1n a row) support the elec-
trode 430. The oscillation of the unit cells 410 are stimulated
by applying a microwave signal or an acoustic signal for
transduction. The signal induces an oscillation of the unit
cells 410. This oscillation creates a change (1.€., variation)
1n capacitance of the top and bottom capacitors and modu-
lates the resonance frequency of the LC circuit (inductor 423
and capacitor 420). The change (1.¢., variation) 1 distance
between the electrodes 430 and 405 due to the oscillations
oenerate the change m capacitance. In a parametric process,
the application of a microwave tone that 1s detuned by the
mechanical frequency converts the acoustic signal to a
microwave signal and vice versa. Stated differently, the
mechanical phonon causes an ncrease 1n the frequency of
the microwave circuit by one mechanical frequency, which
allows for the conversion of low frequency photons (one
mechanical frequency below the microwave frequency) to
photons at the microwave frequency. Similarly, a photon
one mechanical frequency above the microwave frequency
can be converted to a microwave frequency photon plus a
mechanical frequency phonon.

[0062] A tuning frequency 1s set by the size and number of
unit cells used 1 the central nanobeam phononic crystal
cavity 415. The unit cells 410 form a ladder shape, and the
size of each umt cell must be small enough to generate the
high frequencies needed for quantum scale signals. There-
fore, dimensions (a,, w,, w,, w,) of the unmt cell 410 are
determined based on the desired tuning frequency for the
capacitive electro-acoustic transducer 400. The number of
unit cells 1s selected to generate a capacitance large enough
for the bottom and top capacitive features to couple the
acoustic and microwave frequency elements. The tuning
frequency 1s the microwave transition frequency of the
qubat, also called a qubit frequency.

[0063] The oscillation 1s formed from an acoustic band
near the I'-pomt at wavevector k, = 0. For a lattice constant
of a, = 1.55 um, numerical finite-clement method (FEM)
simulations place the r-poimnt frequency of the oscillation
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mode band at ®,,/2n = 0.425 GHz. A mimimum motional
mass (m,z) 1s desired to increase the zeropoint amplitude
X~ (h/2m,40m,,) . In the case of the central nanobeam pho-
nonic crystal cavity 415, this corresponds to minimizing
both the thickness of the crystalline layer (e.g., silicon) and
conductive layer (electrodes 405 and 430, which may be
aluminum) and the width of the beam features. Also, a
large mechanical capacitance (C,,,) 18 desired, owing to lim-
its on the achievable stray capacitance 420. The use of a I'-
point acoustic mode makes the electromechanical coupling
from each unit cell 410 additive, and thus increasing the
number of unit cells 410 1n the central nanobeam phononic
crystal cavity 415 results 1 an increased mechanical capa-
citance and participation ratio, n = C,,/(C,, + C,). Capacitor
420 1s dommated by the stray capacitance of the planar

spiral coil mmductor 4235 forming the LC resonator.
[0064] FIG. 4C 1llustrates a umt cell 435 of the acoustic

shield 437. Acoustic shield 437 provides additional acoustic
1solation from the surrounding crystalline membrane and
substrate, the central nanobeam phononic crystal cavity
415 and vacuum-gap capacitor may be embedded m the
middle of a cross-pattern acoustic shield 437 as shown 1n
system 440 of FIG. 4D. The acoustic shield 437 may be a
suspended crystalline structure fabricated using the pro-
cesses described heremn. Each umit cell 435 of the acoustic
shield 437 includes a large square plate region with four
narrow connecting tethers. The dimensions (h,,, a,,, w,,) of
the umt cell 435 of the acoustic shield 437 are selected to
minimize the leakage of the mechanical (acoustic) vibra-
tions from the capacitive electro-acoustic transducer 400.
The FEM-simulated acoustic band structure of an optimized
acoustic shield 437 possesses a bandgap of, for example,
(0.1 GHz around the central nanobeam phononic crystal cav-
ity 415 during oscillation at the trequency of, for example,
0.425 GHz. The energy density of the central nanobcam
phononic crystal cavity 415 during oscillation 1s well con-
fined, dropping by, for example, 100 dB within the first two
periods of the shield. In the embodiment illustrated in FIG.
4D, acoustic shield 437, as well as central nanobeam pho-
nonic crystal cavity 4135 are fabricated in the single crystal
silicon layer of the SOI substrate, with electrodes deposited
on the single crystal silicon layer. Because the underlying
BOX layer 1s removed under the acoustic shield 437 and
the nanobeam 4135, these elements are able to mechanically
resonate at frequencies capable of supporting the quantum

level microwaves and acoustic waves.
[0065] FIG. 4D 1illustrates a plot 450 of the measured

probe tone spectrum around the high frequency LC reso-

nance for a drive detunming at two-photon resonance.
[0066] FIG. 5 1llustrates a double-cavity device 500 fabri-

cated on, for example, a silicon-on-insulator silicon mem-
brane. The two spiral coils 505, may be shunted via the
vacuum-gap capacitor of two mdependent nanobeam pho-
nonic crystal cavities 415 which may be embedded 1nside
acoustic shields 437. Inductive coupling between the two
coils 505 may be set by the gap d. External coupling of the
two coils S05 to a microwave drive line may be performed
by shorting the end of a coplanar waveguide and splitting
the current in the center trace into two paths (shunting
wire 510). The offset o from the center of the coils 505
where the wire path S10 splits in two results 1n asymmetric
coupling to the two coils 503, allowing for an adjustable
amount of coupling between the even and odd supermodes
of the coupled LC resonators. Parameters for this device 500
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are, for example, d =12 uym and ¢ = 16.5 um, resulting in a
simulated coil coupling of 2J/2n = 415 MHz and external
coupling rates of ke,-/2n = 9.6 MHz (xe,+/2n = 102 kHz)
tor the odd (even) mode. The bare (decoupled) trequency
of the LC resonators may be designed to be, for example,
o, o/2n = 10.86 GHz for a capacitor vacuum gap of s
=70 nm.

[0067] FIG. 6 illustrates a top view of a piezoelectric elec-
tro-acoustic transducer 600. The piezoelectric electro-
acoustic transducer 600 may be formed using a crystalline
on 1nsulator (e.g., silicon-on-msulator) substrate. Piezoelec-
tric electro-acoustic transducer 600 includes conductors
6035, a portion of acoustic cavity 610, and transducer core
6135. The acoustic cavity 610 forms a phonon memory and
1s described 1n more detail with respect to FIG. 9.

[0068] Conductors 605 include a conductive material
overlaying a suspended crystalline structure. The conduc-
tive material may be aluminum. Each of the conductors
603a, b, ¢, d, e, and 1 are individual chains of crystalline
cavities overlaid by the conductive material. The patterned
crystalline structure 1s configured to block the acoustic sig-
nal that emits from the transducer core 615 (1.e., piezoelec-
tric resonator) at 1ts acoustic resonance frequency. The phy-
sical design of conductors 605 1s mmplemented 1n
compliance with bandgap engineering techniques to provide
the desired mechanical 1solation at the acoustic resonance
frequency. The conductors 605 a, b, ¢, d, and e each overlay
the transducer core 6135, such that they alternate directions.
The polarity of the voltages on each of the conductors 603a,
b, and ¢ are the same and the polarity of the voltages on each
of the conductors 603 d and ¢ are the same and the opposite
of the polarity of conductors 605a, b, and ¢. While five con-
ductors are shown, more or fewer conductors may be used.
At transducer core 615, 1n an exemplary embodiment, the
suspended crystalline structure (e.g., single crystal silicon)
supports transducer core 6135, which, 1in turn, supports elec-
trically 1solated conductors 603 that are operable to apply a
spatially varying electric field to the transducer core 615. An
alternating polarity on the conductors 6035 (¢.g., conductors
6035a, b, and ¢ may provide a positive voltage and conduc-
tors 6054 and ¢ may provide a negative voltage) can create a
wave elfect 1n the transducer core 615, which, as a result of
the piezoelectric properties of the transducer core 615,
excites a mechanical oscillation 1n the transducer core 615.
In some embodiments, the silicon chamns 606 that do not
provide voltage to the transducer core 615 may be removed
during the manufacturing process.

[0069] The acoustic cavity 610 may be a suspended crys-
talline structure, and 1s depicted 1n more detail n FIG. 9.
The acoustic cavity 610 may form a phonon memory. Trans-
ducer core 615 may be piezoelectric material overlaymg a
suspended crystalline structure. The piezoelectric material
may be, for example, Alummum Nitride deposited on the
single crystal silicon layer of the SOI substrate.

[0070] In use, providing, for example, a positive voltage
on conductors 6054, b, and ¢ and a negative voltage on con-
ductors 605¢ and {, can excite the mechanical oscillation
because of the piezoelectric properties of the transducer
core 615. The mechanical oscillation 1s the acoustic form
of the microwave signal.

[0071] FIG. 7 illustrates an electro-opto-mechanical sys-
tem 700 for transducing an optical signal to a microwave
signal and vice versa using a common acoustic mtermediary.
The system 700 mcorporates nonlinear parametric mterac-
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tions to provide inter-conversion between all three wave
types, enabling dynamic control of one wave type property
with wave fields of another. System 700 includes piezoelec-
tric electro-acoustic transducer 600 and opto-acoustic trans-
ducer 200. In some embodiments, an acoustic waveguide
may be, for example, coupled between the piezoelectric
clectro-acoustic transducer 600 and opto-acoustic transdu-
cer 200. In some embodiments, capacitive electro-acoustic
transducer 400 may be used instead of piezoelectric electro-
acoustic transducer 600.

[0072] In use, opto-acoustic transducer 200 may convert
an optical qubit mnto an acoustic qubit. The opto-acoustic
transducer 200 will oscillate at a frequency associated with
the acoustic signal. When the piezoclectric electro-acoustic
transducer 600 1s tuned to oscillate at a matching acoustic
frequency, piezoelectric electro-acoustic transducer 600 can
convert the acoustic qubit to superconducting qubiat for
transmitting on a conductor. The process also works to con-
vert a qubit mm microwave form to an acoustic form and then
into an optical form.

[0073] FIG. 8 illustrates a method 800 for transducing a
qubit between optical signal form and microwave signal
form using a common acoustic signal form intermediary.
The method 800 can be performed using, for example, quan-
tum computing system 100 or clectro-opto-mechanical sys-
tem 700.

[0074] Method 800 begins at block 805 with a suspended
crystalline optical waveguide recerving a smgle photon opti-
cal signal from an optical device. The optical waveguide
may be, for example, optomechanical cavity 255. The opti-
cal device may be any suitable optical device for transce1v-
ing a single-photon optical signal.

[0075] At block 810 a first suspended crystalline transdu-
cer converts the smgle photon optical signal to an acoustic
signal. The first suspended crystalline transducer may be,
for example, opto-acoustic transducer 200. The opto-acous-
tic transducer oscillates at a tuning frequency to convert the
single photon optical signal to a single-phonon acoustic sig-
nal. A photon pump may be used to excite the opto-acoustic
transducer to oscillate at the tuning frequency.

[0076] At block 815 a second suspended crystalline trans-
ducer 1s tuned to oscillate at the tuning frequency. The sec-
ond suspended crystalline transducer may be, for example,
capacitive electro-acoustic transducer 400 or piezoelectric
clectro-acoustic transducer 600. The second suspended
crystalline transducer may be excited by a microwave signal
to oscillate at the tuning frequency. When excited to oscil-
late at the tuming frequency, the second suspended crystal-
lime transducer may obtain or convert the smgle-phonon
acoustic signal from the first suspended crystalline transdu-
cer to a single-photon microwave signal. In other words, 1n
response to the tuming, the second suspended crystalline
transducer may convert the simngle-phonon acoustic signal
to a microwave signal at block 820.

[0077] At block 825, the second suspended crystalline
transducer may transmit the microwave signal on a
conductor.

Storing a Qubit in a Phonon Memory Structure

[0078] FIG. 9 1s an example of a phonon memory structure
610 (also referred to as acoustic structure 610). The phonon
memory structure may be, for example, phonon memory
115. The phonon memory structure 610 may be a suspended
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crystalline structure. The phonon memory structure 610
may include, for example, silicon, such as the single crystal
silicon layer of the SOI substrate 1n a suspended geometry
after removal of the underlying buried oxide layer. The pho-
non memory structure 610 1s a periodic crystalline structure
made up of acoustic elements 905, 910, 915, 920, and 925
that form an acoustic cavity 610 (also called phonon mem-
ory 610). The acoustic elements 905, 910, 915, 920, and 925
are of differing sizes and are chained together. The differing
size crystalline acoustic elements 905, 910, 915, 920, and
9235 form a murroring structure such that the single phonon
acoustic signal may be trapped, 1n some embodiments, 1n
the smallest crystalline acoustic element 910. The acoustic
signal 18 transferred from, for example, a piezoelectric elec-
tro-acoustic transducer when the piezoelectric resonator of
the electro-acoustic transducer oscillates at a tuned fre-
quency as described 1n more detail herein. The chain of
acoustic elements 903, 910, 915, 920, and 925 forming the
acoustic cavity 610 as depicted 1n FIG. 9 are surrounded by
a vacancy. The vacancy may be created when any crystalline
structure 1n the vacancy areas 1s etched away, resulting n
spatial 1solation of the chain of acoustic elements 905,
910, 915, 920, and 925 1n part also because of removal of
the BOX that originally supported the single crystal silicon
layer (1.¢., 1solation m the direction normal to the figure) as
well as the removal of portions of the single crystal silicon
layer above and below the chain of acoustic cavities as 1llu-
strated 1n FIG. 9 (1.¢., 1solation m the plane of the figure).
[0079] FIG. 10 1s a perspective diagram illustrating an
example of a system 1000 including an electro-acoustic
transducer and an acoustic shield 1n which the system 1s
configured to transfer a qubiat to a phonon memory accord-
ing to an embodiment. The system 1000 includes phonon
memory structure 610, piezoelectric electro-acoustic trans-
ducer 600, conductor 1005, and acoustic shield 437. In use,
a microwave signal may arrive on conductor 1005. As
described with respect to FIG. 6, the individual chains of
crystalline elements overlaid by the conductor 1005 may
carry opposite charge voltage from differing directions to
generate a wave-like response 1n the piezoelectric material
of the transducer core. A superconducting qubit 1n micro-
wave form may arrive on the conductor at the transducer
core. The transducer core may be a piezoelectric resonator.
The electric charge from the conductor may excite the
mechanical oscillations of the piezoelectric resonator.
When the piezoelectric resonator 1s tuned to the tuning fre-
quency, the electro-acoustic transducer 600 may convert the
superconducting qubit (1.e., smgle-photon qubit) to an
acoustic qubit (1.e., single-phonon qubit). At the tuned fre-
quency, the acoustic qubit transfers mto the phonon memory
structure 610. In some embodiments, at the tuned frequency,
the acoustic qubit swaps between the electro-acoustic trans-
ducer 600 and the phonon memory structure 610. The sto-
rage may last, for example, up to one (1) second. One sec-
ond represents ultra-long coherence for storage of an
acoustic qubit 1n a phonon memory.

[0080] Gigahertz frequency acoustical waves have micron
scale wavelengths, five orders of magnitude smaller than
clectrical waves of the same frequency. As such, storage,
readout, and bus cavities m a circuit quantum acoustody-
namics (CQAD) architecture can be much more compact
than the equivalent in circuit quantum electrodynamics
(CQED). Information stored in the acoustical domain 1s
much more effectively 1solated because, unlike electrical
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signals, elastic waves don’t propagate i vacuum. Coupling
can only occur within the two-dimensional surtace of the
chip. Furthermore, the chip can be patterned with a
micron-scale periodic structure (1.¢€., as utilized 1n the pho-
non memory) that creates a bandgap 1n the acoustical spec-
trum around the frequency of interest. Finally, the size of
superconducting qubit circuits 1s comparable to or larger
than acoustical wavelengths; thus, qubits don’t couple to
all parts of the acoustic spectrum through structureless
dipole coupling, but only to specific wave vectors, chosen
at the time of fabrication. As such, neighboring qubits can
be eftectively decoupled while remote qubits can be
strongly coupled through virtual phonon exchange.

[0081] Phononic crystals and thin film piezoelectrics m
the described architecture have the advantage of mitigating
many of the 1ssues associated with current piezo-acoustic
technologies, such as Surface Acoustic Wave (SAW), Bulk
Acoustic Wave (BAW), and thin-Film Bulk Acoustic Reso-
nator (IBAR) devices. Geometric patterning of a thin sur-
face layer film, such as the silicon device layer of silicon-
on-insulator, are used to guide, trap, and diffract microwave
acoustic waves with exquisite control, negligible loss, and
utilizing small chip real estate. Coupling between the acous-
tic waves 1n the acoustic circuitry to electrical elements mn
the superconducting microwave circuits 1s realized using the
spatially-selective employment of an additional ultra-thin
layer of piezoelectric, such Aluminum Nitride 1n the trans-
ducer core. The spatially-selective use of an ultra-thin layer
of piezoelectric material reduces acoustic and electrical
losses and noise while allowing for significant coupling
between the two wave fields.

[0082] Acoustic energy damping lifetimes greater than
one second (Q = 5 x 1019) are possible mn, for example, a
5 GHz frequency silicon oscillator. Mechanical (acoustic)
resonators can far exceed, by more than 3-orders of magni-
tude, the performance of chip-scale microwave components
for quantum mformation storage. This performance boost 1s
made possible due to a forbidden frequency gap (bandgap)
that arises for acoustic waves of all polarizations m geome-
trically patterned thin films (thin-film phononic crystals).
The shielding of phononic crystals protects localized pho-
nons from tunneling (clamping loss) and Rayleigh scattering
from 1mpurities and defects. The high level of control over
the dispersion of the propagation channels also enables
dense packing of phononic circuits 1 various connection
topologies while limiting cross-talk 1n large scale systems.
[0083] FIG. 11A 1s an example depiction of the stages of a
system 1100 of transferring a qubit mnto a phonon memory.
J 4 1s the bare vacuum coupling rate between the supercon-
ducting qubit 1125 (wo; transition frequency) and a high
impedance LC resonator 1130 (®,) which 1s detuned by A
= g - O,. J3 1s the resonant vacuum coupling rate of the
high impedance resonator 1130 and a nearly resonant (6 = ®,.
- (,,) prezo-acoustic cavity 1135 (®,,). J¢ 18 the vacuum
acoustic coupling rate between piezo-acoustic cavity 1135
and the phonon memory 115 (®,,) which 1s detuned from
the bare piezo-acoustic cavity 1135 by A" = ®,, - ©,,.
[0084] In the virtual coupling scenario of FIG. 11C, the
phonon memory 115 may be designed to be highly detuned
from the bare piezo-acoustic cavity 1135 and the supercon-
ducting qubat 1125 during the 1dle state of the phonon mem-
ory 115. In order to transfer the quantum state between
superconducting qubit 1125 and phonon memory 115, the
superconducting qubit 1125 1s flux tuned mto resonance
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with the phonon memory 1135 such that A = A'. In the limat
that A >> J 4 5 ¢, the effective coupling rate between super-
conducting qubit 1125 and phonon memory 115 1s given by
Joir = ((JJ ) A?) Jp. The excitation of the “mediating” LC
and piezo-acoustic resonators 1132 1s virtual, and so the
fractional amount of superconducting qubit 1125 or phonon
memory 1135 energy that 1s stored 1n the mediating resonator
1132 during the transter process 1s suppressed. The phonon
memory 115 1s returned to an 1dle state by flux tuning the
superconducting qubit 1125 out of resonance with the pho-
non memory 115. Thus, storage of the superconducting
qubit 1125 1 the phonon memory 115 as well as retrieval
of the superconducting qubit 1125 from the phonon memory
115 are provided by embodiments of the present mvention.
[0085] FIG. 11B depicts the energy level diagram of the
virtual coupling scheme, as described with respect to FIG.
11 A, for connecting a superconducting qubit to a hypersonic
phonon memory.

[0086] FIG. 11C 1s a sumplified schematic diagram of a
system 1150 including a piezoacoustic transducer 1110 and
phonon memory 115 for storing a qubit 1n a phonon
memory.

[0087] As shown in FIG. 11C, both of the piezoacoustic
transducer 1110 and phonon memory 1135 are embedded 1n a
“cross-structure” phononic bandgap crystal (1.e., acoustic
shield) with, tor example, bandgap ®zs/2n = 4.6-3.3 GHz.
A piezo-acoustic coupling between the piezo-acoustic cav-
ity and a LC coil resonator 1s, for example, Jz/2 =@
= 120 MHz. Both the piczo-acoustic cavity and the LC
coil only have a single mode, thus avoiding parasitic cou-
pling to other unmintended modes. The vacuum coupling
between the piezo-acoustic resonator and the phonon mem-
ory cavity can be controlled by adjusting the number of lat-
tice periods between the cavities. A coupling of, for exam-
ple, J,/2n = 20 MHz between the qubit and coil resonator.
[0088] Detuning can be chosen by considering the desired
level of 1solation from the mediating resonator. Assuming a
superconducting (¢.g., transmon) qubit T1 = 100 us and a
L.C coil resonator Q-factor of Qe = 5 x 10> (which are typi-
cal single-photon numbers on silicon on Insulator), (J,/ A)
<~ 10-1 may ensure no added dephasing of the qubit by the
coill resonator. Similarly, for a T1 = 100 ms for the
uncoupled phonon memory and an acoustic Q-factor of Q,
=~ 107 for the piezo-acoustic cavity, (J/A") <~ 10-2. A sui-
table detuning 1n this case, for example, 1s A /2 =«
~ 200 MHz. The corresponding virtual coupling rate 1s
then J.» = 200 kHz, corresponding to a qubit-to-memory
transfer time of T, <~ 1 us, far faster than the assumed
qubit or memory decoherence time.

[0089] The physical implementation shown in FIG. 10 can
be compared to the schematic diagram illustrated in FIG.
11C. Accordingly, transducer core 6135 and phonon memory
610 1illustrated mm FIG. 10 are analogous to piezo-acoustic
transducer 1110 and phonon memory 115 illustrated 1n
FIG. 11C. Moreover, 1n addition to the piezo-acoustic trans-
ducer 1110, the central nanobeam phononic crystal cavity
shown 1n FIG. 4A can be utilized as the electro-acoustic
transducer through the use of capacitance rather than
through the piezo-electric effect and integrated into the sys-
tem 1llustrated 1in FIG. 11C as well as the system 1llustrated
in FIG. 10.

[0090] Although only three electrodes 1115, 1117, and

1119 are 1illustrated 1n FIG. 11C, 1t will be apparent to one
of skill in the art that these three electrodes 1115, 1117, and
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1119 correspond to conductors 6035, ¢, and d, respectively,
in FIG. 6 and voltages +V and -V correspond to the voltages
applied to conductors 1005 and 1007, respectively, in FIG.

10.
[0091] Referring to FIG. 10, conductor 1005 and conduc-

tor 1007 support electrical signals that are transmitted to
electro-acoustic transducer (e.g., piezo-electro transducer
600). The conductors 1005 are overlaid (not shown) on the
acoustic shield 437 and chains 1010 such that every other
chain 1010 contains an overlay of conductor 1005. Simi-
larly, conductor 1007 1s overlaid (not shown) on acoustic
shield 437 and chamns 1012 such that every other chain
1012 contains an overlay of conductor 1007. For example,
the first, third, and fifth chain 1010 may have conductor
1005 overlay that couples to the piezoelectric material n
piezo-¢lectro transducer 600, and the second and fourth
chain 1012 may have conductor 1007 overlay that couples
to the piezoelectric material 1 piezo-electro transducer 600.
Conductor 1005 and conductor 1007 can be formed using an
aluminum metallization deposited on the underlying silicon
layer of the SOI substrate. Adhesion and msulating layers
may be utilized i some embodiments. Conductors 1003
and 1007 are overlain upon a silicon structure and are elec-
trically connected to a plurality of conductors 603 described
more fully 1n relation to FIG. 6. Thus, conductor 1005 pro-
vides an electrical connection (of a first polarity oscillating
at microwave frequencies ) to a subset (e.g., odd numbered)
conductors 603 (e.g., conductors 605a, b, and ¢) and con-
ductor 1007 provides an electrical connection (of a second
polarity oscillating at microwave frequencies) to a second
subset (e.g., even numbered) conductors 603 (e.g., conduc-
tors 6034 and ¢). Although FIG. 10 illustrates metallization
that electrically connects all of the conductors on the top lett
portion of the figure to conductor 1003, 1t will be appre-
ciated that electrical opens can be implemented to prevent
the conductors 606a, b, ¢, d, and ¢ from carrying current to
the transducer core. Similarly, electrical opens can be 1ntro-
duced to prevent the conductors opposing conductors 603a,
b, and ¢ (1.¢., conductors 606c¢, d, and ¢) from carrying cur-
rent to the transducer core.

[0092] As illustrated i FIG. 10, a phononic bandgap
structure (1.¢., acoustic shield) 437 1s implemented as a
two-dimensional array of silicon elements that have been
mechanically 1solated from the underlying handle substrate
and the overlymg BOX layer.

[0093] In one mmplementation, m order to fabricate the
structure illustrated in FIG. 10, Alummum Nitride or other
suittable piezoelectric material 1s deposited on the single
crystal silicon layer of an SOI substrate. The structure 1s
patterned and the Aluminum Nitride 1s removed 1n locations
other than the piezoelectric transducer. The single crystal
silicon layer 1s then patterned to define the two-dimensional
shapes (1.¢., 1n the plane of the figure) of the acoustic shield
437, conductors 1005 and 1007, and phonon memory 610. A
release process 1s then utilized to remove the BOX layer
under acoustic shield 437, conductors 1005 and 1007, and
phonon memory 610, resulting 1n the suspension of the crys-
talline structures.

[0094] FIG. 12 1s an example process 1200 for storing a
qubit 1 a phonon memory. The process 1200 may be per-
formed by, for example, system 1000 or system 1100. The
process 1200 begins at block 1205 with a suspended crystal-
lme transducer (e.g., electro-mechanical transducer 600)
recerving the qubit signal 1n microwave form. As described
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with respect to FIG. 10, the qubit signal may arrive at the
piezoelectric resonator from the conductor and voltages
applied to the piezoelectric resonator at alternating polarities
may excite the mechanical properties of the piezoelectric
material causing it to oscillate and thereby converting the
qubit to acoustic form at block 1210. When the oscillation
of the piezoelectric resonator 1s tuned to an acoustic band-
oap Irequency (tuning frequency) associated with the pho-
non memory, the qubit 1s transmitted and stored 1n the pho-
non memory at block 1215.

Suspended Crystalline Structure Formation

[0095] FIG. 13 1s an example depiction of a process 1300
for creating a suspended crystalline structure. The process
1300 1s to create a piezoelectric resonator portion of a
microchip. Silicon-on-insulator (SOI) substrates comprise
a class of silicon-based substrates 1n which a silicon “device
layer” covers a buried silicon oxide (BOX) layer, which 1s
on top of a silicon handle water. High-resistivity bulk silicon
may be used successtully for superconducting qubits. The
tabrication process 1300 uses high-resistivity SOI for super-
conducting qubits, which enables qubits to be suspended on
a mechanically compliant silicon membrane (the device
layer), enabling electromechanical coupling and other
important functionalities. While the specific process 1300
for creating a piezoelectric resonator 1s depicted, portions
of the process, mncluding the anhydrous HF vapor release
to remove the underlymg S10, layer, forming a suspended
crystalline structure, can be used to create any of the struc-
tures discussed hereimn on a microchip, including, for exam-
ple, suspended crystalline structures that form acoustic
shields, phonon memory, conductors, electro-acoustic trans-
ducers, opto-acoustic transducers, waveguides, and so forth.
[0096] The process begins with an 1nitial structure 1305
including a bottom silicon handle having a layer of silicon
oxide, over which another layer of silicon 1s grown, and the
top layer 18 Aluminum Nitride. Thais 1s a silicon on mnsulator
substrate.

[0097] A dry etch 1s performed to e¢tch away the unwanted
portions of Aluminum Nitride, which 1s shown at structure
1310. A silicon oxide layer 1s grown over top of the struc-
ture, which 1s shown at structure 1315. Another dry etch
removes the new silicon oxide from portions of the Alumi-
num Nitride, which 18 shown at structure 1320. A wet etch 18
then performed to remove the uncovered and unwanted Alu-
mimum Nitride, which 1s shown at structure 1325. A second
wet etch 18 performed to remove the remaining top layer of
silicon oxide, which 1s shown at structure 1330. These steps
ensure that the top layer of silicon 1s not damaged 1n the
removal of the Aluminum Nitride.

[0098] Once the silicon 1s exposed having only the desired
Aluminum Nitride remaining, a dry etch 1s performed to
create small holes 1n the silicon at various locations to
expose the underlying silicon oxide layer. The holes are
approximately 50 nm diameter, and they are patterned mto
the resist using electron-beam lithography. This step 1s
shown by structure 1335. An aluminum evaporation 18 per-
formed to place an aluminum conductor over portions of the
structure as shown at structure 1340. Josephson junctions
and other bandaging 1s created as shown at structure 1345.
Finally, an anhydrous HF vapor release 1s performed to
remove the underlying silicon oxide layer. The anhydrous
HF vapor release can undercut the silicon device layer by
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selectively removing the buried silicon oxide, without
attacking the aluminum {features and without destroying
the Josephson junctions As shown at structure 1350, the
top silicon layer 1s now a suspended crystalline structure.

[0099] In some embodiments, the SOI wafer consists of a
220-nm-thick silicon device layer with surface orientation
and with a specified resistivity of, for example,
>3000 Qcm. Underneath the device layer 1s a 3-um buried
silicon dioxide (510,) BOX layer. The device and BOX
layers sit atop a silicon (S1) handle wafer of thickness
675 um and a specified resistivity of, for example,
3000 Qcm. Both the S1 device layer and the handle wafer
may be grown using the Czochralski crystal growth method.
The S1 device layer may be grown usmg the float-zone

method.
[0100] Each of the calculations or operations described

herem may be performed using a computer or other proces-
sor having hardware, software, and/or firmware. The var-
1ous method steps may be performed by modules, and the
modules may comprise any of a wide variety of digital and/
or analog data processing hardware and/or software
arranged to perform the method steps described herein.
The modules optionally comprising data processing hard-
ware adapted to perform one or more of these steps by hav-
ing appropriate machine programming code associated
therewith, the modules for two or more steps (or portions
of two or more steps) being integrated into a single proces-
sor board or separated into different processor boards m any
of a wide variety of integrated and/or distributed processing
architectures. These methods and systems will often employ
a tangible media embodying machine-readable code with
instructions for performing the method steps described
above. Suitable tangible media may comprise a memory
(including a volatile memory and/or a non-volatile mem-
ory), a storage media (such as a magnetic recording on a
floppy disk, a hard disk, a tape, or the like; on an optical
memory such as a CD, a CD-R/W, a CD-ROM, a DVD, or
the like; or any other digital or analog storage media), or the
like.

[0101] Dafferent arrangements of the components
depicted 1n the drawings or described above, as well as com-
ponents and steps not shown or described are possible. Simi-
larly, some features and sub-combinations are useful and
may be employed without reference to other features and
sub-combinations. Embodiments of the present disclosure
have been described for illustrative and not restrictive pur-
poses, and alternative embodiments will become apparent to
readers of this patent. In certain cases, method steps or
operations may be performed or executed m differing
order, or operations may be added, deleted or modified. It
can be appreciated that, 1n certain aspects of the present dis-
closure, a single component may be replaced by multiple
components, and multiple components may be replaced by
a simgle component, to provide an element or structure or to
perform a given function or functions. Except where such
substitution would not be operative to practice certain
embodiments of the present disclosure, such substitution 1s
considered within the scope of the present disclosure.
[0102] It 1s to be understood that the figures and descrip-
tions of embodiments of the present disclosure have been
simplified to 1llustrate elements that are relevant for a clear
understanding of the present disclosure. Those of ordmary
skill 1n the art will recognize, however, that these and other
elements may be desirable. However, because such ele-
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ments are well known 1n the art, and because they do not
facilitate a better understanding of the present disclosure, a
discussion of such elements 1s not provided herem. It should
be appreciated that the figures are presented for illustrative
purposes and not as construction drawings. Omitted details
and modifications or alternative embodiments are within the
purview of persons of ordinary skill 1n the art.

[0103] It can be appreciated that, in certain aspects of the
present disclosure, a single component may be replaced by
multiple components, and multiple components may be
replaced by a single component, to provide an element or
structure or to perform a given function or functions. Except
where such substitution would not be operative to practice
certain embodiments of the present disclosure, such substi-
tution 1s considered within the scope of the present disclo-
sure. A recitation of “a”, “

, “‘an” or “‘the” 18 mtended to mean
“one or more” unless specifically indicated to the contrary.

[0104] The examples presented herein are mtended to
illustrate potential and specific implementations of the pre-
sent disclosure. It can be appreciated that the examples are
intended primarily for purposes of 1llustration of the present
disclosure for those skilled 1n the art. There may be varia-
tions to these diagrams or the operations described herein
without departing from the spirit of the present disclosure.
For instance, mn certain cases, method steps or operations
may be performed or executed in differing order, or opera-
tions may be added, deleted or modified.

[0105] Furthermore, whereas particular embodiments of
the present disclosure have been described herein for the
purpose of illustrating the present disclosure and not for
the purpose of limiting the same, 1t will be appreciated by
those of ordinary skill 1n the art that numerous variations of
the details, materials and arrangement of ¢lements, steps,
structures, and/or parts may be made within the principle
and scope of the present disclosure without departing from
the present disclosure as described 1n the claims.

APPENDICES

[0106] The present disclosure mcludes Appendix A, the
entire contents of which 1s incorporated herein for all pur-
poses and 1s considered part of this disclosure.

What 1s claimed 1s:

1. A system, comprising:

a mechanical resonator; and

a circuit coupled to the mechanical resonator;

wherein the circuitis configured to coherently excite hyper-

sonic mechanical motion of the mechanical resonator so
as to transter a quantum level signal for storage in the
mechanical resonator.

2. The systemotclaim 1, wherein the circuit1s configured to
coherently excite the hypersomic mechanical motion of the
mechanical resonator so as to transier the quantum level sig-
nal for storage 1n the mechanical resonator with a Q factor of at
least 109.

3. The system of claim 1, further comprising a waveguide
coupled to the circuit, wheremn phonons dissipate from the
mechanical resonator via leakage of a photon from the circuat
through the waveguide.

4. The system of claim 1, wherein the circuit comprises a
microwave circuit, the hypersonic mechanical motion com-
prises a mode at a gigahertz frequency, and the microwave
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circuit and the mechanical resonator are coupled via a coop-
erative coupling of at least 30.

S. The system of claim 1, wherein the circuit comprises a
superconducting microwave circuit and the quantum level
signal comprises a superposition state.

6. The system of claim 1, wherein the circuit controls a
detuning of a drive tone relative to resonant modes of the cir-
cuit, so as to control the storage and a readout of the quantum
level signal.

7. The systemofclaim 1, wherein the circuitis configured to
define an operating bandwidth of the system.

8. The systemof claim 1, wherein the mechanical resonator
comprises a nano-mechanical resonator.

9. The system of claim 8 wheremn the nano-mechanical
resonator comprises a nanobeam.

10. The system of claim 1, wherein the mechanical resona-
tor comprises a chain of acoustic cavities or a linear resonator.

11. The system of claim 1, wherein the mechanical resona-
tor comprises a piezoelectric nanomechanical resonator.

12. The system of claim 1, wherein the mechanical resona-
tor comprises a phononic crystal comprising a phononic band-
gap suppressing or eliminating acoustic radiation from the
mechanical resonator other than via the circuat.

13. The system of claim 1, wherein the circuit transters the
quantum level signal comprising a qubait suitable for proces-
sIng 1n a quantum computer.

14. The system of claim 1, wheren the circuitis configured
to readout the qubit stored n the mechanical resonator.
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15. The system of claim 1, wherein the circuit 1s configured
to transter the quantum level signal via a parametric
interaction.

16. The system of claim 1, comprising a transducer transdu-
cing the quantum level signal between an electrical formin the
circuit and an acoustic form 1n the mechanical resonator.

17. A network comprising the transducer of claim 16,
wherein the network distributes quantum imnformation using
the quantum level signal.

18. The system of claim 1, comprising a transducer transdu-
cing the quantum level signal into an optical signal.

19. A network comprising the transducer of claim 18,
wherein the network distributes quantum information using
the optical signal.

20. The system of claim 1, further comprising a
metamaterial.
21. Amethod of storing quantum level signals, comprising:

coherently exciting a hypersonic mechanical motion of a
mechanical resonator, so as to transfer a quantum level
signal for storage n the mechanical resonator with a Q
factor of at least 10°; and

removing phonons from the mechanical resonator via leak-
age ol photons from a circuit coupled to the mechanical
resonator.
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