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ABSTRACT

Modern computing and communication technologies such as supercomputers and
the internet are based on optically connected networks of microwave frequency
information processors. In recent years, an analogous architecture has emerged
for quantum networks with optically distributed entanglement between remote su-
perconducting quantum processors, a leading platform for quantum computing.
The high coherence, controllability and scalability of microwave frequency super-
conducting circuits are ideal test-beds for nodes of a quantum network, however,
microwave photons are not well suited for transmission of quantum information over
long distances due to the presence of a large thermal background at room temper-
ature. Optical photons are ideal for quantum communication applications due to
their low propagation loss and negligible thermal occupation at room temperature.
Coherent transduction of single photons from the microwave to the optical domain
has the potential to play a key role in quantum networking and distributed quan-
tum computing. In this thesis, we present the design of a piezo-optomechanical
quantum transducer where transduction is mediated by a strongly hybridized acous-
tic mode of a piezoacoustic cavity attached to an optomechanical crystal. Our
design involves on-chip integration of a light-robust superconducting circuit with
the piezo-optomechanical transducer. Absorption of stray photons from the optical
pump used in the transduction process is known to cause excess decoherence and
noise in the superconducting circuit. The recovery time of the superconducting
circuit after the optical pulse sets a limit on the transducer repetition rate. We
fabricate niobium nitride based superconducting circuits and test their response to
illumination by a 1550nm laser. We find a bandwidth-limited recovery time of

lus, indicating that a repetition rate exceeding 10kHz should be possible. Combined
with the expected efficiency and noise metrics of our design, we expect that a trans-
ducer in this parameter regime would be suitable to realize probabilistic schemes
for remote entanglement of superconducting quantum processors. We show non-
classical microwave-optical photon correlations of the niobium nitride aluminum
nitride transducer operated as a spontaneous parametric down conversion source.
We go on to show the preparation and characterization of microwave-optical Bell
states prepared by the transducer. And finally, we conclude by discussing the chal-
lenges with fabricating niobium nitride superconducting circuits and lithium niobate

piezoacoustic devices on silicon-on-insulator substrates and provide steps towards



realizing our enhanced transducer design.
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Part I: Light-robust aluminum
nitride transducer



INTRODUCTION

Part | of this thesis is primarily concerned with the development of a light-robust
aluminum nitride-based quantum transducer device that can convert microwave
frequency photons from a superconducting qubit 8GHz) into optical photons

in the telecommunications band (f200THz). These optical photons can then be
transmitted over long distances using low loss optical bers at room temperature
opening up prospects for quantum communication between remote superconducting
gubit based quantum processors. There are many di erent schemes for quantum
transduction including schemes based on cold atoms [1 3], rare earth ions [4
7], electro-optics [8 15], and electro/piezo-optomechanics [16 30]. In Part I, we
develop a light-robust piezo-optomechanical quantum transducer device.

Our transducer device can be split into three parts: 1. A light-robust supercon-
ducting circuit to interface with microwave frequency quantum devices. 2. A
piezo-acoustic component that converts microwave photons into microwave phonons
using the piezo-electric e ect. 3. An optomechanical component that subsequently
converts the microwave phonons into optical photons using an optomechanical in-
teraction. Building on past work done in the Painter group, we utilize a modi ed one
dimensional silicon optomechanical crystal (1D-OMC) to mediate optomechanical
coupling. A brief summary of the theory of cavity optomechanics and the basic
concepts underlying 1D-OMC devices developed by past generations of students
in the Painter group is summarized in Chapter 1. The design of the aluminum
nitride (AIN) piezo-acoustic cavity and niobium nitride (NbN) circuit is presented

in Chapter 2 and 3, respectively. These three independently designed parts are then
connected together to form our full transducer device. Details of the design of the
full device and analysis of the expected e ciency and added noise of the transducer
are also presented in Chapter 3. In Chapter 4, we will discuss the fabrication and
initial characterization of the NbN circuit presented in Chapter 3. Quantum trans-
duction has several modes of operation which we will discuss the broad features
of in Chapter 6. Chapters 7 and 8 will discuss the integration and nanofabrication
challenges in realizing our light-robust NbN-AIN transducer device and subsequent
characterization e orts. In the nal two chapters of Part | we will discuss the
measurement and operation of this transducer as a correlated photon pair genera-
tion source and measurements to prepare and characterize a microwave-optical Bell
State.



Chapter 1

BACKGROUND: CAVITY OPTOMECHANICS AND 1D
OPTOMECHANICAL CRYSTALS

In this chapter, we brie y introduce the theory of cavity optomechanics and the
design of optomechanical devices used in the subsequent chapters. This discussion
will be brief and focused mainly on one-dimensional optomechanical crystals (1D
OMC). For a more complete review of the theory of cavity optomechanics see [31,
32]. For detailed studies of 1D OMC devices carried out in the Painter group see
[33 37].

1.1 Cavity Optomechanics Hamiltonian

Figure 1.1:Canonical cavity optomechanical systemConsists of a Fabry-Perot optical cavity with
one movable mirror depicted in the gure as a coupled spring system.

The canonical cavity optomechanical system shown in Fig.1.1 consists of a Fabry-
Perot optical cavity where one mirror (of mass ‘'m’) is attached to a spring and free
to move (in direction 'x'). Optical photons entering this cavity exert a radiation
pressure force which causes displacement of the mirror. This displacement changes
the e ective length of the Fabry-Perot cavity and modulates the cavity frequency.
The Hamiltonian representing this system can be written as:

N=o eve, ~ V1. (1.1)
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Here the rst term represents the optical cavity at frequengy which depends

on the displacement "x' of the movable mirror. The second term represents the
mechanical motion of the mirror at frequenky . The optical frequency can be
written asl '@ =2c 21211 = @°, where c is the speed of light and L+x is the

e ective length of the Fabry-Perot cavity. For small displacemént, ! , we can
approximate the frequency of the optical cavity as:

2
| 1@ =2c o 11 @
B G (1.2)

=1, - —
> ' >

wherel - = 2c 122! ° is the bare cavity frequency corresponding to x = 0.
Identifying the position operator of the mechanical modeGas Gy 1. 1,

whereGps = ~12<| °is the zero-point motion of the mechanical oscillator, we
arrive at the following Hamiltonian

= L0ve, - DE 600 £, 1Y . (1.3)

We de ne the single photon optomechanical coupling ratéas | >Gpe! . While

we derived the Hamiltonian in Eq.1.3 starting for a Fabry-Perot cavity with a mechan-
ically compliant mirror, it is applicable to a wide variety of cavity optomechanical
systems including the nanomechanical 1D optomechanical crystals we will use in
this thesis. In our experiments, we will typically drive the optical cavity with a laser
at frequencyl ;. We can rewrite the Hamiltonian in Eq.1.3 in a rotating frame at
the laser frequencly as

"= o~ 0, - DD 60 £, DY - (1.4)

where = |, | 5. The optical eld consists of a large coherent pdd) (vith
small quantum uctuationsX®), so we linearize the Hamiltonian by making the
substitution? = U, X2. We can then rewrite the interaction part of the Hamiltonian
as

N = ve 1. 1
=~6p U, X 1w, xo £ 1 (1.5)
=-6p L, ¥ V¥, e, o, xo -

The rst term in the last line of Eq.1.5 is proportional t§ and corresponds to a
static radiation pressure force exerted on the mechanical oscillator causing a constant
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displacement. By rede ning the origin of displacement we can ignore this term.
The last term is smaller by a factor df so we will ignore this term too. As a result,
we are left with

"=eU X0, X I 1Y . (1.6)

The full linearized Hamiltonian in the rotating frame is
"= ~ e, - DY U 0, X 1D (1.7)

We identify U = p%, as the square root of the number of photons in the optical
cavity and referto = 6op%, as the 'light-enhanced’ optomechanical coupling
rate.

1.2 Equations of Motion

Figure 1.2:Schematic of a driven optical cavity coupled to a mechanical mode.

Using the linearized Hamiltonian of Eq.1.7 and applying input-output formalism to
the case of a driven optical mode coupled to a mechanical mode as shown in Fig.1.2,
we can express the equations of motion for the optical and mechanical elds as
N
=8 0.8 1,1, Pr®s-, Preyme- g

A (1.8)
F= 8. = 1.8 0, 00 Prfy g

Here” is the total optical loss rate which we have divided into intrinsic lass
and extrinsic los$4_sas shown in Fig.1.2%< is the total mechanics loss rabis-

is the input optical eld, and?3-_and fs-_are guantum noise operators for the
optical and mechanical modes, respectively.
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We can solve these coupled equations by Fourier transforming to the frequency
domain which yields

8 v v Prooosst vi Prgosd v

X0 Ve

8 ,pl ° 7 (1.9)
8 X0 Vo XV va " fgio vy
j})j 1/4: 81|’ I ° ~_ i
0 <

2

Substituting the expression f¥® ¥in the expression fof ¥in Eq.1.9, it can
be shown that the optomechanical interaction modi es the mechanical frequency as
| 2 =1 ., Xl < and also modi es the mechanical loss raté@s= ~. , W<, where

5

2|<

1 1
| Re 7 o g&>1 o g
2 2
2 2 . 1 1
= Im ~ r— ®
Ve I v, 801 l° 82

X| < =
(1.10)

For the purpose of quantum transduction, we are particularly interested in the
optomechanical damping rat§< at the mechanical frequencly & | <). Further,
we make the following assumptions:

1. We are in the sideband resolved regime, denedlby  ~.. For the
transducer device considered in this thebis, 2c 5GHz while ~,
2c 500MHzso this assumption is justi ed.

2. We will drive our transducer device with a laser at a frequerhay) that
is detuned from the optical resonance by the mechanical frequency=

|>|<=) = |<.

With these assumptions we nd

462:cav
We = i> - (1.11)

where we have explicitly written the optomechanical couplinigp terms of the sin-
gle photon optomechanical coupling réteand the intra-cavity photon numbey,,.

Intuitively, with a red-detuned pump we are converting phonons from the me-
chanical mode into photons in the optical cavity. This is a parametric process where
the laser drive acts as a pump to compensate for the frequency di erence between
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the phonons and the optical photohs (=1 < | 5). The rate at which we can con-
vert phonons to photons is given by the optomechanical scattering\atehich

is dependent on the laser pump power via the intra-cavity photon nurghess
shown in 1.11 An important gure of merit is the optomechanical cooperativity

de ned as
= W< °

N
<

We can think oMY« as the 'useful damping' rate where phonons in the mechanical
mode are being converted into photons in the optical mode which we can then detect.
~. on the other hand is the undesirable "bad damping' rate where phonons in the
mechanical mode are leaking out into the environment and being irretrievably lost.
We can then understand the optomechanical cooperativity as the ratio of the "useful
damping' into the optical modéX.) divided by the "bad damping' . This will be

a very important gure of merit to keep in mind when we discuss the performance
of our quantum transducer device in Chapter 2.

(1.12)

><

1.3 1D Optomechanical Crystals

There are a wide variety of systems that have realized optomechanical coupling.
These range from microscopic systems such as cold atoms coupled to an optical
cavity [38, 39] to macroscopic, kilogram-scale suspended mirrors [40 42]. In our
transducer, we will utilize a nanoscale device called a one-dimensional optome-
chanical crystal (1D OMC). We are interested in coupling microwave-frequency
phonons ( 5GHz) to telecom band photons 00 THz). Due to the large di er-

ence in the velocity of light and sound, the wavelength of telecom band photons
and microwave phonons is roughly equal {< scale). This is convenient as it
allows us to co-localize microwave-frequency mechanical modes and telecom band
optical modes in the same wavelength scale device(). From our expression for

60 = | oGpre! , shrinking the length (L) of our optomechanical system down to the
wavelength scale allows us to achieve large single photon optomechanical coupling.
Here we describe the basic design of a 1D OMC. This topic has been covered in
great detail in previous work from the Painter group so our discussion here will be
brief.

A 1D optomechanical crystal is shown in Fig. 1.3 a. It consists of a nano-beam
patterned from a 220 nm thick silicon device layer of a silicon on insulator substrate.
By shrinking the thickness and width of the beam to be sub-wavelength, we get an
e ective 1D structure. At either end of the nano-beam, we have the "mirror region’
which consists of an array of identical periodically patterned elliptical holes that act



Figure 1.3:1D optomechanical crystal. a.Scanning electron microscope (SEM) image of a 1D
optomechanical crystal cavitip. mechanical and. optical band structure for propagation along the
x-axis in the nominal mirror unit cell, with quasi-bandgaps (red regions) and cavity mode frequencies
(black dashed) indicated. m, modes that are y- and z-symmetric (red bands), and modes of other
vector symmetries (blue bands) are indicatedc.Jithe light line (green curve) divides the diagram

into two regions: the gray shaded region above representing a continuum of radiation and leaky
modes, and the white region below containing guided modes with y-symmetric (red bands) and
y-antisymmetric (blue bands) vector symmetries. The bands from which the localized cavity modes
are formed are shown as thicker curveks. The normalized optical 4 eld and the normalized
mechanical displacement el@ of the localized optical and mechanical modes, respectively. Figure
reproduced from [33]

as a photonic and phononic crystal and are designed to supgiantitdaneouspti-

cal bandgap centered around 194 THz and acoustic bandgap centered around 5GHz
(Fig. 1.3 b,c). In the middle of the nano-beam, we have the “defect region' where
we break the translational symmetry of the mirror region by adiabatically tuning
the dimensions of the holes. This “defect region' supports both an optical mode
at 194 THz inside the optical bandgap and an acoustic mode at 5 GHz inside the
acoustic bandgap. Conceptually, by periodically patterning holes in the nano-beam,
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we are modulating the e ective refractive index thus creating a distributed Bragg
mirror where we get constructive interference of multiple re ections which tightly
con nes the optical eld to the defect region. Similarly, the array of holes is also
periodically modulating the mass of the nano-beam giving us an e ective "acoustic
Bragg mirror' which serves to tightly con ne the acoustic eld.

We can use nite element simulation methods to calculate the electric eld pro le
E and the displacement pro 1® of the 1D OMC. This allows us to calculate the
single photon optomechanical coupliBgwhich has two contributions:

1. A moving boundary contributioré¢g) similar to the moving end mirror of

a Fabry-Perot cavity which can be calculated as
2

|, 'Q Mt nE2  n 1D3o3(
2 D E

6omB = (1.13)
whereQ is the normalized displacement pro le on the silicon surfates
the surface normaky is the electric eld parallel to the surfac®, is the
electric displacement eld perpendicular to the surface= ns; mj, and

1_pnl 1
n==ngt Ny

2. Aphotoelastic contributiorbfpg), where the strain induced by the mechanical
displacement causes a change in the refractive index. This contribution can
be calculated as

| B pSVE 3+
6 = — 1.14
0-PE > 5 Eas (1.14)

wherel s is the optical frequencys is the refractive indext: is the electric
eld, p is the photoelastic tensor, afds the strain tensor.

The total single photon optomechanical coupling ratépis 6oms , 60pe. The
optical and mechanical mode shapes of a 1D OMC are plotted in Fig. 1.3 d. Itis
clear that both the optical and acoustic elds are co-localized and con ned tightly
to the defect region leading to a large overlap between these elds giving rise to
a large single photon optomechanical coupling Gte State of the art 1D OMC
devices in silicon have been shown to achiége 1¢1MHz [33]. The carefully
engineered acoustic and optical bandgaps surrounding our modes of interest help
minimize radiation losses yielding high quality factors for the acoustic and optical
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modes. The ease of fabrication and low material loss of silicon further helps to
create modes with very low intrinsic loss. State of the art 1D OMC devices have
demonstrated intrinsic optical linewidthg > 500MHz and mechanical linewidths

Ao 4kHz [43]. Large6p and small*s and”< are essential for maximizing the
optomechanical cooperativity and hence the transduction e ciency as we will see
in Chapter 2.
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Chapter 2

WAVELENGTH-SCALE PIEZO-OPTOMECHANICAL
TRANSDUCER

2.1 Introduction

A quantum transducer can be speci ed as a linear device with a certain conversion
e ciency, added noise level, and repetition rate. Current approaches for microwave
to optical quantum transduction rely on a strong optical pump to mediate the con-
version process between single-photon-level signals at both frequencies. Increasing
pump power allows for higher conversion e ciency, but due to parasitic e ects

of optical absorption in various components of the transducer and the vast di er-
ence in energy scales between optical and microwave frequencies, this often adds
more noise to the conversion process. For applications in the quantum regime,
the number of added noise photons per transduced photons should be less than 1.
In several approaches, this trade-o between e ciency and noise has been a key
obstacle to transduction of quantum signals [13, 21, 24, 25, 29, 30]. Recently a
piezo-optomechanical approach has been used to demonstrate optical measurements
of the quantum state of a superconducting transmon qubit with added noise levels
below 1 photon [30]. In this thesis, we build on this piezo-optomechanical transduc-
tion approach with a design optimized for high e ciency and low noise. The goal

of this design is to achieve performance improvements essential to detect quantum
correlations in entabled microwave/optical photon pairs on reasonable timescales.

Fig. 2.1aillustrates the mode diagram of our transduction scheme. An intermediary
modef of ananomechanical oscillator simultaneously couples to microwave photons
from mode2 of a microwave circuit, and to optical photons from m@ef an opti-

cal cavity. Microwave photons are converted to phonons via a resonant piezoelectric
interaction, and these phonons are subsequently converted into optical photons via a
parametric optomechanical interaction. The microwave photon-phonon conversion
is realized by tuning the circuit frequenty on resonance with the mechanical fre-
qguencyl 1. The phonon-optical photon conversion is realized by driving the optical
cavity at frequency 3 that is red-detuned by exactly the mechanical frequency s.t

|3 |o: |1.

We realize the intermediary mechanical mode in the above schematic by connecting
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Figure 2.1: Schematic of piezo-optomechanical transducer. a.Mode schematic for piezo-
optomechanical transductiob. Device schematic for the transducer in this work. The device can
be split into two regions, one which couples strongly to microwave electric elds and one which
couples strongly to optical elds. Both are part of the same hybridized mechanical 'superfizade’

a wavelength-scale piezoacoustic cavity to an optomechanical crystal (OMC) cavity
(see Fig. 2.1b). The acoustic modes of these components are strongly hybridized to
form a mechanical "'supermode’ whose mechanical displacement highly overlaps in
one region with the eld of a microwave circuit, and in another region with the eld

of an optical cavity. Using physically separate cavities allows us to independently
optimize the piezoacoustic and optomechanical components of the transducer. Our
design is formed from thin- Im aluminum nitride (AIN) on the device layer of a
silicon-on-insulator (SOI) substrate. We de ne the piezo-acoustic cavity in AIN,
which has large piezoelectric coe cients. We de ne the OMC in silicon, since its
large photoelastic coe cients [44] and refractive index [45] allow high optomechan-
ical coupling. Well-established nanofabrication processes also allow high optical
and mechanical quality factors for silicon OMCs [33, 43]. For the microwave circuit

in this design, we develop a high impedance circuit with electrodes routed over the
AIN region to allow for capacitive coupling to the piezoacoustic cavity.
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Our design procedure begins with independently optimizing the piezoacoustic and
OMC cavities for high6,4 and6s<, respectively. We design for closely matched
acoustic modes at 5 GHz in both resonators, and for an optical mode at telecom
wavelength (1550 nm). During the design process, it is crucial to maintain a low
acoustic mode density such that the transduction schematic in Fig. 2.1 using a single
acoustic mode remains valid. Further, since thin Im AIN has higher microwave
dielectric and acoustic loss than silicon, we aim to minimize the piezo volume in our
device. The two independently optimized cavities are then physically connected,
and the parameters of the resulting hybrid acoustic modes are analyzed. Using this
approach, we design a transducer with expected conversion e ciency at the percent
level while maintaining added noise photons <0.5.

2.2 Piezo Cavity Design

Figure 2.2:Design of phononic shield. aSchematic illustrating the capacitive routing of the piezoa-
coustic cavity to a superconducting circuit. The circuit here can be replaced with any microwave
resonator without loss of generalityp. Piezoacoustic cavity geometry, with relevant dimensions
de ned in blowout top view. c. Phononic shield unit cell, with relevant dimensions de nedl.
Mechanical bandstructure of phononic shield unit cell in ¢), With1(g, 1y, G) = (445, 225, 265,
70)nm. We observe a complete acoustic bandgap in excess of 1GHz around &&ldg.scale of
mechanical energy < for piezoacoustic cavity mode at 5GHz, normalized to maximum value. We
nd >4 orders of magnitude suppression for 5 phononic shield periods.

The piezoacoustic cavity consists of a slab of aluminum nitride on top of a suspended
silicon membrane patterned in the shape of a box. We work with 300nm thin- Im
c-axis aluminum nitride on top of a 220nm thick suspended silicon device layer.
100nm-thick Al electrodes run over the top of the slab and are routed in the form of
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an interdigital transducer (IDT) which capacitively couples the cavity to a microwave
circuit, as seen in Fig. 2.2a.

The box is surrounded by a periodically patterned phononic shield to mitigate acous-
tic radiation losses and to clamp the membrane to the surrounding substrate. The
clamps are spaced periodically so that the IDT electrodes are routed over the top
of each clamp, providing a means for electrical routing which is not acoustically
lossy. The phononic shield uses an alternating block and tether pattern (see rel-
evant dimensions in Fig. 2.2c) consisting of metal electrodes on top of a silicon
base. By tuning the parametdds1g 1 andG, we achieve a >1GHz acoustic
bandgap centered around 5GHz, the frequency of the mechanical mode of interest
(Fig. 2.2d). This strongly suppresses clamping losses from the piezo region for
su cient number of shield periods, enabling high mechanical quality factors. By
simulating the mechanical energy density across the entire cavity, we nd that 5
shield periods provide >4 orders of magnitude suppression of acoustic radiation into
the environment, as shown in Fig. 2.2e.

The dimensions of the piezo box (outlined in Fig. 2.2b) are designed to support
a periodic mechanical mode whose periodicity matches that of the IDT ngers.
This results in large overlap between the electric eld from the IDT and the elec-
tric eld induced by mechanical motion in the piezo box. This overlap gives a
microwave photon-phonon piezoelectric coupling rate which is derived using rst

order perturbation theory:
1

| <
624 = D< E@3+- 2.1
R TR &

Here the integral is taken over the entire AIN sl&k, is the electric displacement
eld induced from mechanical motion in the piezo region, dhgis the single-
photon electric eld generated by the microwave circuit across the IDT electrodes.
The elds are normalized to their respective zero-point energiese 2, yielding
the pre-factor in front of the integral in (1).< is the total cavity mechanical energy,
and* , = %1 2, |DT°+§ is the total IDT electrostatic energy. We note that the
electrostatic energy is dependent on both the circuit capacitanaad IDT nger
capacitance |pt, and therefore the coupling rate scalestas, pt° 2. For
our calculations in this work, we assume = 7fF which is a typical value for

a high impedance circuit [46]. pT is calculated with nite-element electrostatic
simulation and is typically on the ordéslfF, a small contribution compared to
circuit ».
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The small value of pr also minimizes the energy participation of the circuit
electric eld in the lossy piezo region, given by the rafio= pte » 10 2. The
contribution of AIN to the circuit loss rateg-_is then estimated a&g' @un . Using
reported dielectric loss tangents in AtinX =7 10 3 [47] giving “gain®2C =
25MHz, we estimate the AIN contribution to circuit loss to Hglgan®2C

20kHz. This contribution is 5x smaller than typical loss ratégsorr2c  500kHz
measured in high impedance circuits fabricated on SOI. As a result, the contribution
of the piezo cavity to circuit loss is not a limiting factor, and justi es the on-chip
coupling scheme outlined in Fig. 2.2a.

Figure 2.3:Design of piezoacoustic cavity. aMode structure for optimized piezoacoustic cavity
design with1?—F,—24 = 1783423-118 nm. Mode of interest (red) achievés,*2c of 4MHz.
Shaded grey region indicates the mode isolation window with the nearest mode >40MHzaway.
6-4°2c and mode isolation for optimized designs with di ering number of IDT ngers. We observe
6-4 saturating beyondt = 4 ngers, and mode isolation decreasing with increasing number of
ngers. ¢. Mechanical mode shape of red mode in (a). Right shows the in-plane (breathing) and
left shows the out-of-plane (Lamb-wave) components of the optimized mechanical thddede
structure and piezoelectric coupling vs. IDT period, with data points colored accordiag.to

An important design consideration with this type of piezoacoustic cavity is the
number of IDT ngers used. Fo# IDT ngers, the length;, of the piezo region

is given by;, = #7?¢2, where? is the IDT period. As the number of ngers
increases, the increased size of the piezo box results in a more crowded mode
structure (Fig. 2.3b), and it is more di cult to isolate a single mechanical mode
without coupling to parasitic modes in the vicinity of the mode of interest. This

is important as these parasitic modes may not possess optimal symmetry and will
not hybridize well with the OMC cavity, reducing overall transduction e ciency.
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Reducing the size of the piezo region is also important to reduce microwave photon
and phonon decoherence as AIN has high microwave dielectric and acoustic loss
tangents compared to silicon (further discussion in Sec. 2.4). For these reasons,
we choose a 2- nger design to minimize these e ects. We emphasize the small
dimensions of the piezoacoustic cavity in this design in contrast with previous work
on piezo-optomechanical quantum transducers [48]. The bene ts of this approach
come at the cost of higher sensitivity of the piezo modes to changes in cavity
dimensions. This can have large e ects on hybridization with the OMC cavity and
the performance of the nal transducer device, which relies on resonant matching
of acoustic modes in both regions. We show further in Sec. 2.4 that the achievable
hybridization between piezo and OMC modes with this small piezo volume approach
is large enough to protect the design against typical fabrication disorder.

The mechanical mode of interest is periodic with out-of-plane (Lamb-wave) and in-
plane breathing components. The Lamb-wave component of the mode induces an
electric eld in the piezo region with high overlap with the IDT electric eld, while

the breathing component of the mode enables hybridization with the breathing mode
of the optomechanical crystal to be attached in the full device (see Fig. 2.3c). The
piezo mode can be tuned with three parame®efs,, and4. ? is the periodicity of

the IDT ngers andis used to parameterize the piezo box length, givenby ?2

as described earlieR is used to tune the frequency of the mode of interest (Fig. 2.3d)
while maintaining appropriate phase-matching of the mode periodicity with the IDT
ngers. F - is the piezo box width, which can be increased to incréageia larger

mode volumes or decreased to reduce the mode crowding that results from larger
box size. Finally, we de ne a silicon-piezo bu er parametrwhich extends the
supporting silicon box length/width by an amodrdompared to the piezo box. This

bu er is needed to protect against silicon/piezo box misalignment in the fabrication
process, and acts as an added degree of freedom for tuning freqéencgnd

mode isolation. We use numerical optimization to tune paraméters-—2 to

arrive at a design with high piezoelectric coupling and mode isolation. We employ
a Nelder-Mead simplex optimization [49, 50] similar to that described in [33]. After
optimization, we obtain a single mechanical mode véithe 2c = 4MHz, which is
isolated by >40MHz from other mechanical modes (Fig. 2.3a). We will use this
single mode to strongly couple to the modes of an optomechanical crystal cavity to
create the mechanical supermode of Fig. 2.1a.
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Figure 2.4:Design of the optomechanical cavity. aUnit cell geometry, mechanical, and optical
bandstructure of phonon mirror region with, F, ¢, +H) = (436, 529, 189, 320)nm. Mechanical
bands are color-coded by symmetry, with red (green) corresponding to breathing (Lamb-wave) mode
symmetry classes. Blue bands represent all other symmetries. Mechanical bandgap for breathing
modes and optical bandgap are both highlighted in rbd. Full OMC geometry, with phonon

mirror and phonon waveguide unit cells highlighted Unit cell geometry, mechanical, and optical
bandstructure of phonon waveguide regionwith, ¢, n)=(436, 529, 295, 205)nm. Mechanical
bands color-coded as in (a). Breathing mode crosses 5.1GHz resulting in waveguide-like behavior
at the mechanical frequency. The optical bandgap is maintained.

2.3 Optomechanics Design

The optomechanical crystal cavity is designed in a similar fashion to previous work
[33], with the crucial change of a modi ed unit cell design on one side of the cavity
to enable strong mechanical hybridization with the piezo cavity. This separates
the OMC into three distinct regions: a phonon mirror, defect region, and phonon
waveguide (see Fig. 2.4 for details). The phonon mirror unit cell (Fig. 2.4a) is
designed to have a simultaneous mechanical and optical bandgap for modes of certain
symmetry classes. In the defect region, the phonon mirror unit cell transitions to
a defect cell designed to co-localize a 5.1GHz mechanical breathing mode and a
194THz (o = 155(0hm) optical mode. The phonon waveguide unit cell (Fig. 2.4c) is
mechanically transparent to breathing mode phonons at 5.1GHz, while maintaining
a large bandgap for optical modes. This is achieved by modifying the ellipticity of
the phonon mirror unit cell. We see in Fig. 2.4b that the resulting mechanical mode
is permitted to leak out into the phonon waveguide region, while the optical mode
remains highly localized within the defect region.
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Figure 2.5: Optomechanical cavity mode structure. a.Resultant mode structure of optimized

OMC design. HighesB.< mode (highlighted in red) gives 750kHz optomechanical coupling.

b. OMC mechanical and optical mode shapes, along with unit cell length at each hole in the
defect region. Phonon mirror, phonon waveguide, and defect region are labeled and owtlined.
Bandgap of di erent symmetries as a function of hole index along the defect region. Red shaded
region represents the bandgap for breathing mode symmetries, and blue shaded region represents the
bandgap for Lamb-wave mode symmetries.

The optomechanical coupling rate is calculated from the optical frequency shift
arising due to the photoelastic e ect [51] and moving dielectric boundaries [52],
giving 6-< = 6-><pg, 6-<vg. FOr a detailed derivation of both contributions to
6><, see [53]. The photoelastic contribution is derived from 1st order perturbation
theory as -
| snp=* B »PS/aE 3+
2 D E3+
wherel s is the optical frequency; is the refractive indext is the electric eld,p
is the photoelastic tensor, afds the strain tensor.

6><_PE = (22)

The moving boundaries component is derived similarly as
2

| . 'Q net nE2  n 1D303(

2 D E3+

6><_MB = (23)

whereQ is the normalized mechanical displacement elds the surface normal,
Ey is the electric eld parallel to the surfacB;, is the electric displacement eld

perpendicular to the surfacen=rng; My, and nt=ntl nl.
One may expect the coupling rates in this design to su er due to the delocalization
of the mechanical mode. However, we nd that after a Nelder-Mead simplex
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optimization of various OMC dimensions similar to [33], the resulting design gives
multiple modes with high values d@-<+2c, with the maximum coupling rate
exceeding 750kHz (Fig. 2.5a). This is comparable to state-of-the-art OMC designs
in silicon which achievés<+2c up to 1MHz [43].

The radiation-limited optical quality fact& - can be simulated and is found to be

in excess ofL0®, corresponding to an intrinsic optical loss rates2c  200MHz.
However,& is usually practically limited to 500,000 (~_s2c  400MHz) [43]

due to optical scattering from surface defects introduced in the fabrication process.
To ensure this limit is reached, we con gure the optimization such @&atis
maximized while maintaining.» above 1P, well above the realisti& > limit.

The total optical loss rate is given By = ~._g "._4 where”s_4is the decay
rate associated with input couplings_sis controlled with a coupling waveguide
and is typically designed so th&t_s= "~._g The total optical loss rate is then
A, 27_s2c = 80OMHz.

When hybridizing the modes of the piezoacoustic and OMC cavities, we must
consider the relative motional symmetry of the two cavity modes. Our OMC
design contains only breathing motion, whereas the piezo cavity design contains
both breathing and Lamb-wave components. If the OMC bandstructure permits
propagation of 5GHz phonons with Lamb-wave symmetry, then the OMC breathing
mode will hybridize with leaky, delocalized modes of Lamb-wave symmetry. This
can reduce optomechanical coupling and contribute signi cantly to mechanical
losses in the device. For this reason, the phonon mirror and waveguide dimensions
are chosen such that their bandstructure exhibits a bandgap for modes of Lamb-
wave-like symmetries. This is seen in the mechanics band diagrams of Fig. 2.4,
where we see a bandgap for Lamb-wave-like modes (colored in green) in both the
phonon mirror and waveguide region.

Fig. 2.5c further illustrates this idea by showing the mechanical bandgap of unit
cells across the defect region for both breathing and Lamb-wave-like modes, shaded
in red and blue, respectively. At the phonon waveguide side, the breathing mode
bandgap falls below 5GHz, permitting the breathing motion of the piezo mode to
couple strongly to the defect region. However, 5GHz lies inside the Lamb-wave
bandgap, so that Lamb-wave motion from the piezo cavity decays in the phonon
waveguide and does not interact with the defect region.
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Figure 2.6: Full piezo-optomechnaical transducer design. aFull transducer piezoelectric cou-

pling and mode structure vs. IDT period. Shown are all modes which have either high piezoelectric
or high optomechanical coupling. Data points are colored accordi®gytealue. b. Full transducer
optomechanical coupling and mode structure vs. IDT period. Shown are the same modes as in (a),
only colored according to optomechanical couplicgMode structure at various periods, showing

6+4, 65<, and energy participation ratio in the piezoelectric regidnMechanical mode pro le of

the 880nm mode.

2.4 Full Device Design

After independently designing the piezoacoustic and optomechanical cavities, we
connect the two as shown in Fig. 2.6d and simulate the resulting hybridized mode
structure. To observe the hybridization of the piezo and optomechanical modes, we
sweep the IDT period in the piezo region to tune the piezo mode through the multiple
optomechanical resonances. We nd that over a frequency window >250MHz, there
is a large number of mechanical modes with simultaneous high piezoelectric and
optomechanical coupling rates. The phonon waveguide allows for strong enough
mode hybridization that the piezoelectric coupling is distributed across a large
number of modes. As shown in Fig. 2.6c, the mechanical energy participation
in the piezo regionZ is in the range 1-10%. We nd that across the entire
hybridization window, at least one mode can be identi ed vithe2c | 500kHz,
6-422Cc i 1MHz, andZ Y 5%. In Fig. 2.6c, this mode is highlighted in red
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With 6s<*2c = 725KHz, 6422c = 256MHz, andZ Y 2%. We will use the
values from this mode to quantify further calculations in this work. In practice, the
frequencies and couplings of these mechanical modes are subject to change due to
multiple sources of fabrication disorder. The multi-mode structure and relatively
large hybridization ensure that the full device is robust to these shifts. While the
exact frequencies and couplings may shift, Fig. 2.6a and 2.6b illustrate that the
qualitative nature of the mode structure remains unchanged for a large range of
frequency shifts. Additionally, the modes are separated far enough in frequency that
their parasitic e ect on each other's transduction e ciencies is minimal.

We may use the simulated piezo participation ratio and radiation loss to estimate the
mechanical decoherence rateof our device. There are two dominant contributions

to decoherence in our design. The rstis acoustic radiation loss into the surrounding
substrate. This can be simulated and is found to be inthe raggéc 1 10kHz

for all modes in Fig. 2.6, with\aq*2c = 2¢3kHz for the mode highlighted in Fig.
2.6c. The second is coupling to two-level systems (TLS), which in both lithium
niobate [54] and silicon [43] has been shown to be the dominant decoherence
mechanism for GHz-frequency acoustic cavities at single phonon level powers and
milliKelvin temperatures. For mechanical piezo participation ratio the TLS
induced decoherence rate can be estimatetipy= Z"\n, 11 Z°"s. Using
reported TLS-limited linewidthg n*2c 100 300kHz in lithium niobate [26,

54] and”gi*2c  5kHz in silicon [43], and takingZ = 2%, we estimate a TLS
induced decoherence rate’'gis*2c 10kHz. The total mechanical decoherence
rate is then estimated to be in the raflge2c 10 20kHz.

2.5 E ciency and Added Noise

To analyze the e ciency and noise of our design, we consider a pulsed scheme for
microwave to optical state transfer on a transmon qubit connected to the transducer
[30]. The qubit is rst tuned on resonance with the mechanical mode for a time
C= c*674 to complete a microwave photon-phonon swap operation, and subse-
guently detuned far o -resonance. A red-detunkd ( | > = | <) laser pulse is

then used to upconvert this phonon into an optical photon. The intrinsic e ciency
of such a pulsed scheme is simply given[ly= [ »4] ><, Where[ -4 is the piezo-
electric photon-phonon swap e ciency,-< is the optomechanical phonon-photon
conversion e ciency.

[ 24 can be calculated from a master equation simulation of the qubit-mechanics
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system. Using4°2c = 2:5MHz, estimated*g@2c = 60kHz from Section 2.2,
estimated mechanics decoherence fate2c = 20kHz from Section 2.4, we nd

[ 24=0.95. The optomechanical readout step determineg hatand the dominant
noise contribution to the transducer, which arises from optical absorption heating
of the mechanical mode. For a laser pulse duradidn.< is given by [30]

[omig? = G t1 47 W "< 00 (2.
W< N A<

whereW. = 462_=.+". is the optomechanical scattering rate, amds the number
of intracavity optical photons corresponding to peak power of the optical pulse.
In principle, this e ciency may be unity in the limitg 1et*W. , A% and
W<  “<. However, optically-induced heating of the mechanical mode severely
limits g in order to maintain <1 added noise photon. This leads to a fundamental
tradeo between e ciency and added noise resulting from heating dynamics in
optomechanical systems. Maximizing e ciency for a given level of added noise
requires careful choice of pulse duratigand optical powet..

The added noise phononstg® during optical readout are thought to originate from
optical excitation of material defect states which undergo phonon-assisted relaxation
via the mechanical mode of interest [35, 55, 56]. The timesgdita =< to exceed 1

noise phonon depends stronglysrand is found to vary greatly in di erent devices.
Experiments in low-losst . 10kHz) pure silicon OMC devices repogt 1's

[37, 43], whereas silicon OMCs integrated in a piezo-optomechanical transducer
with~. = IMHz report much shortey  100ns [30]. This suggests the presence of
additional sources of optically induced heating and mechanical damping in piezo-
optomechanical transducers that are potentially correlated. Possible sources are
optical absorption by the IDT electrodes, TLS-limited loss in the piezo region, and
surface defects in the OMC region from additional steps in the transducer fabrication
process. While the dynamics of optically induced heating in piezo-optomechanical
devices is a subject of future studies, it is clear that a transducer design aimed at
improving optomechanical readout e ciency and noise should make the acoustic
mode involved in the transduction process as silicon-like as possible.

Inthe design presented above, we minimize the dimensions of the piezo cavity so that
most of the energy in the mechanical mode lives in the OMC region. The estimated

mechanical damping rates based on participation ratios of various regions and
calculated optomechanical coupling rates are comparable to those realized in pure
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silicon OMCs. Therefore, we may approximate the heating dynamics of our design
as similar to that reported in previous silicon OMC work [37]. Using this heating
model, we estimate0.5 added noise photons for a pulse with= 45andg = 500ns.
Using the previously estimated valuése2c = 10kHz, *>+2c = 800MHz, and
6><*2C = 725%KHz (s.t. W<*2c = 12(kHz), we estimate a pulse with. = 45and

g = 500ns can achievg->< 30%. Combined with[ 4 = 0495, we achieve an
estimated intrinsic e ciency{ g 2%%.

There are additional noise sources which we have not considered here such as pho-
todetector dark counts and residual photons from the optical pump pulse. However,
given the measured photon count rates for these noise sources in previous milliKelvin
optomechanics experiments in our group, these noise sources are negligible com-
pared to those from optical absorption heating discussed above.

The total e ciency of our device is given by = [{ - [ sgcwhere[. = 1/, N0
determines the fraction of optical photons emitted into the coupling waveguide, and

[ 4acds the external photon collection e ciency. Fdx._4 “s_g(critical coupling)

we havel”,_2".°  05. In typical optomechanics experimenis,cds mainly
determined by the ber-to-device coupling e ciency, insertion loss of the optical
pump ltering setup, and quantum e ciency of single photon detectors. In our
typical experimental setup we estimate these factors are 0.6, 0.2, and 0.9, respectively
and lead td 4g¢c 0¢1. The product of all three e ciency estimates above yields a
total transducer e ciency| 15 %.

Finally, we consider the expected repetition rate for the transduction sequence in the
pulsed scheme described above. In previous work, this was limited to 100Hz by
the 10-ms timescale for quasiparticle (QP) relaxation in the aluminum transmon
coupled to the transducer [30]. We expect that using niobium nitired with QP
relaxation timescale in thens range [57, 58] will allow for repetition rates in the

10 kHz range (more on this in Chapter 4). At this repetition rate and estimated total
eciency [ 1.5%, we expect a single photon count rate df50Hz and a photon
coincidence rate of order 1Hz. The latter, which is the key gure of merit for second
order intensity correlation measurements as well as heralded remote entanglement
generation, indicates reasonable measurement times in the range of an hour for these
experiments.
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2.6 Conclusion

We have presented an optimized design for a wavelength scale piezo-optomechanical
transducer suitable for o -chip coupling to a transmon qubit. We have independently
simulated and optimized the design of a piezoacoustic cavity and an optomechanical
crystal cavity then hybridized their acoustic mode structure in a way which is highly
robust to fabrication disorder. We emphasize that our choice of material platform and
minimized piezoacoustic cavity dimensions allows us to design for high piezoelectric
swap e ciency without signi cantly compromising on-chip superconducting circuit
Q-factor, and with optomechanical readout e ciencies comparable to state-of-the-
art 1D OMC devices. With the expected performance from this transducer design,
experiments measuring quantum correlations in photons generated by the transducer
as well as a demonstration of heralded remote entanglement between two transducer
devices should be feasible on reasonable measurement timescales. Finally, we
note that the e ciency, noise, and repetition rate of the above transducer design are
expected to be limited by optomechanical heating rates. Future design improvements
can be made by employing 2D optomechanical crystal cavities, which through
better thermal conductivity to the substrate, have achieved higher optomechanical
co-operativities with lower added noise [59].
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Chapter 3

DESIGN OF LIGHT-ROBUST NBN CIRCUITS

In Chapter 2, we discussed the design of our piezo-optomechanical transducer and
the expected conversion e ciency and added noise of our device. Anotherimportant
gure of merit of the transducer is its repetition rate. Since our transducer operates
in pulsed mode (ultimately limited by OMC heating), the repetition rate is simply
the rate at which we can repeat the transduction pulse sequence. A representative
transduction pulse sequence is shown in Fig. 3.1a. It begins with a microwave pulse
to excite the on-chip superconducting circuit. Next the microwave excitation in the
circuitis exchanged for a phononin the mechanical mode. Next a red-detuned optical
pump pulse converts the phonon into and optical photon which is subsequently
detected on a photodetector. This optical pulse consists 200THz frequency
optical photons which have energy larger than the superconducting gap of typical
superconducting materials. Since our superconducting circuit is in close proximity
to our piezo-optomechaical transducer, absorption of these highly energetic optical
photons can break Cooper pairs in the superconductor creating excess quasiparticles
(QPs). Theses excess QPs creates loss in the circuit [60] leading to a transducer
dead time until the excess QPs relax. This quasiparticle relaxation time in general
is a material and substrate dependent property. For the all-aluminum (Al) qubits on
a silicon-on-insulator substrate used in the transducer device demonstrated in [30],
the circuit recovery time after the optical generation of quasiparticles was on the
order of 10ms (see Fig. 3.1)b. Other measurements of quasiparticle relaxation
in Al based superconducting circuits have also indicated relaxation times on the
order of ms [61, 62]. Niobium nitride (NbN) is a superconducting material with
much shorter measured quasiparticle relaxation times) [63]. In this chapter,

we focus on the design of NbN-based superconducting circuits. Rapid recovery
following illumination, tunability and high impedance are the key aspects which
enable the measurements shown later in this thesis and will be discussed in detail
in this chapter. At the end of this chapter we will consider two possible designs for
achieving a light-robust tunable circuit.
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Figure 3.1:Pulse sequence and laser induced quasiparticle recovery for a quantum transducer
device. a. Pulse sequence aid Laser induced quasiparticle recovery for a quantum transducer
device. Figure reprinted by permission from Springer Nature Customer Service Center GmbH:
Springer NaturelNature Ref. [30],©2020

3.1 Quasiparticle Dynamics

When a superconductor is subjected to a ilumination by above-bandgap electromag-
netic radiation, excess quasiparticles (QPs) are created. Relaxation QPs is a process
where the excess population recombines to form Cooper pairs with the emission of
a phonons or via an electron-phonon scattering processes [64]. Depending on the
material properties of the chosen superconductor, characteristic timescale of relax-
ation varies from milliseconds to nanoseconds. In contrast to the illumination of a
superconducting aluminum, fast QP relaxation superconductors (like NbN) respond
to pair-breaking illumination less dramatically. Because of faster relaxation rate
the average QP density is also expected to be signi cantly lower with equivalent
illumination power. In addition to extra loss, excess QP population in superconduc-
tors is expected to modify the surface impedance of the superconductor according
to: X/g = X7gm/ppmXg-where the derivative depends on ) , and material
parameters, and may be calculated using the Mattis Bardeen theory [65]. In the
case of a resonator, this change in impedance will shift the resonance frequency
according to the excited QP population. Optical illumination is not the only method
of exciting QPs in a superconductor, we can also modify QP population thermally
and electrically. However, at temperatures below the superconducting transition
temperature QPs are exponentially suppressed.

3.2 Kinetic Inductance

In a normal conductor, the inductance arises primarily from the magnetic eld
generated by the moving electrons. However, in a superconductor, the ow of
electric current is carried by the coherent motion of Cooper pairs, and the behavior
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of this current is quite di erent. When an electric current ows through it, the
Cooper pairs move without scattering or dissipating energy due to the absence of
electrical resistance. As aresult, the Cooper pairs have a nite mass and momentum
associated with their motion. When an external magnetic eld is applied to the
superconductor, it induces a change in the momentum of the Cooper pairs. This
change in momentum causes the Cooper pairs to experience an e ective inertia,
which is similar to the concept of mass in classical mechanics. This e ective inertia
gives rise to an inductance, known as the kinetic inductance, in addition to the
geometric inductance that all conductors possess.

The kinetic inductance is proportional to the square of the resistance-free current
owing through the superconductor and inversely proportional to the critical current,
which is the maximum current a superconductor can carry before it transitions into
a normal conducting state. The kinetic inductance also depends on the dimensions
and shape of the superconductor. We can derive these properties from BCS theory
in the low frequency limit £l 2 ), Whereflzof = = ETtanhlﬂO which in

the case 0) ) 2 we can simplify to! . = g'c—B@ where; andF refer to the
geometry of the superconductbig @s the normal sheet resistance and 1+76:) »

[66]. Kinetic inductance has a nonlinear response to current which can§

.10°%, 2 2y,where is on the order of the critical current.

3.3 Galvanic DC Injection Design

Our transducer design relies on resonant piezo-electric interaction to achieve max-
imal coupling. The fabrication-induced frequency disorder of both the piezo and
electrical resonators makes frequency alignment practically challenging. This prob-
lem is addressed in our design by adding a frequency tunable component. The
nonlinearity of kinetic inductance allows for in situ tuning of the resonator via in-
jection of direct current (DC). The path of injection has two primary approaches:
galvanic and inductive. To achieve high Q-factor devices we would like to su -
ciently isolate our microwave circuits from the rest of the measurement apparatus.
When considering this design we would like to maintain high quality factor while
allowing for a galvanic path for DC injection. With this consideration in mind our
galvanic DC injection design utilizes RF chokes to feed DC to the kinetic induc-
tance circuit while maintaining RF isolation similar to the design shown in [67].
The Q-factor of the circuit is determined by the value$ gf , in Fig. 3.2. In our
experiments we found this design di cult to work with with large disrder causing a
wide spread of both frequency and Q-factor.
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