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One of the main thrusts of quantum science over the past few decades has been the development
of quantum networks for the purposes of secure communication, enhanced detector sensitivity,
and advanced computing. Realizing such a network of superconducting quantum processors that
communicate via optical fibers would leverage the high fidelity quantum signal processing of
superconducting circuits and the thermal robustness of infrared light but requires a transducer
capable of connecting these two sections of the electromagnetic spectrum separated by five orders
of magnitude in energy. This thesis explores the optimization of a transducer architecture where
the mechanical mode of a SigN4 membrane mediates the coupling of a superconducting lumped-
element circuit and a Fabry-Perot optical cavity. We aim to maximize the coupling of these three
harmonic oscillator to each other while shielding them from noisy processes that would decohere
quantum signals. This architecture has led to transducers with unparalleled efficiency and continuous
operation. Enhanced cooperativity between the optical cavity and mechanical oscillator enabled
optically-detected readout of a superconducting qubit and optomechanical ground state cooling with
negligible laser-induced heating of the superconducting qubit and microwave circuit. To surpass
the threshold for quantum-enabled operation, we subsequently improved the cooperativity between
the microwave circuit and mechanical oscillator by reducing the microwave loss and noise from
two-level-system-like defects in the SigNy dielectric. When combined with enhanced coupling between
the circuit and membrane or improved mechanical isolation, we project that this architecture will
be capable of transducing quantum signals between the microwave and optical regimes with a

signal-to-noise greater than one.
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Chapter 1

Introduction

It's a dangerous business, Frodo, going out your door. You step onto the road,
and if you don't keep your feet, there's no knowing where you might be swept o
to.
- J.R.R. Tolkein

In the summer of 1880, Alexander Graham Bell received a voice message carried on a beam of
light from his assistant, Charles Sumner Tainter, over a distance of about two football elds [Bell
1880; Polishuk 1981]. Sound waves from Tainter's voice vibrated a mirror, which was re ecting
sunlight to a selenium cell at the receiver. Modulation of the intensity of the sunlight incident on the
receiver modulated the current through the photoconductive selenium cell, which was transduced
back to sound with an earphone. Using their newly invented photophone, the two demonstrated
a primitive version of modern optical communication technology. Nearly 150 years later, one can
nd traces of this hybrid optical, electrical, and acoustic system in e orts to tackle a modern
communication problem: long-range quantum networks of superconducting circuits.

Superconducting circuits are a mature platform for quantum computing, demonstrating long
coherence times [Somoro et al. 2023; Ganjam et al. 2024], high delity operations [Ding et al.
2023; Moskalenko et al. 2022], and preparation of exotic states with error protection [Grimm et
al. 2020; Sivak et al. 2023]. These systems must be operated at milliKelvin temperatures in a
dilution refrigerator in order to suppress thermal decoherence at the microwave operating frequencies
(h 6GHz=kg 300mK). While small scale networks based on cryogenic transmission have been

demonstrated [Storz et al. 2023], the low temperature requirement poses a fundamental challenge



in building long-range networks of superconducting circuits. Room temperature transmission will
decohere the quantum state and cryogenic systems are unlikely to grow to kilometer-length scales.

To surmount these challenges, signal propagation at optical frequencies over ber is a popular
modern proposal. Optical elds do not su er the same thermal decoherence at room temperature
(h  200THz=kg 10*K) and modern ber technology is remarkably low-loss and cost-e cient. In
fact, metropolitan-scale all-optical quantum networks have already been demonstrated [Dynes et al.
2019; Chen et al. 2021]. Establishing a quantum link between supeconducting circuits mediated
by optical ber would enable applications in secure communications [Bennett and Brassard 1984],
enhancing telescope sensitivity [Gottesman et al. 2012], and distributed quantum computing [Bennett,
Brassard, et al. 1993; L. Jiang et al. 2007].

A transducer capable of converting quantum signals between microwave and optical frequencies
is a requirement for this proposed network architecture. Such a device would need to bridge the
ve order of magnitude energy di erence between these sections of the electromagnetic spectrum,
while preserving the fragile quantum states. The additional energy is provided by an optical pump
tone, introducing a signi cant technical challenge. A single optical-frequency photon incident on the
microwave circuit will destroy the superconductivity. Often thousands to millions of optical photons
are required to optimize the interaction rates in these transducers, further exacerbating the problem.
Integrating the microwave and optical elements into one device is thus the key hurdle in realizing a

guantum microwave-to-optical transducer.

1.1 Platforms for microwave-to-optical transduction

In recent years, there has been enormous progress on a number of microwave-to-optical
transduction experiments, leveraging a wide variety of physical phenomena. Quantum-enabled
conversion between millimeter wave and optical photons using Rydberg states of neutral atoms has
been achieved [Kumar et al. 2023], and there are experiments to extend this down to the microwave
regime [Verdu et al. 2009; Vogt et al. 2019; Smith et al. 2023; Borowka et al. 2024]. Other experiments

leverage the energy levels of solid state emitters such as nitrogen-vacancy centers [Imamog8liu 2009;
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Marcos et al. 2010] or rare-earth ions [Williamson et al. 2014; Bartholomew et al. 2020; Rochman
et al. 2023]. Early work with magnons suggests another potential pathway [Hisatomi et al. 2016;
Zhu et al. 2020].

One can also forgo the use of an intermediate mode and utilize the electro-optic (Pockels) e ect
of lithium niobate [C. Wang et al. 2022]. Implementations using bulk crystals in superconducting
three-dimensional cavities have achieved quantum-enabled performance [Sahu et al. 2022; Qiu et al.
2023], and work is progressing rapidly on more compact thin- Im lithium niobate implementations
[Holzgrafe et al. 2020; M. Xu et al. 2024].

One of the more successful approaches is to utilize an mechanical oscillator as the mediator of
transduction. In this platform, microwave circuits can be resonantly coupled to gigahertz-frequency
(GHz) mechanical oscillators, such as bulk acoustic wave resonators [Doeleman et al. 2023] or silicon
optomechanical crystals [W. Jiang, Mayor, et al. 2023; Weaver et al. 2024], using piezoelectricity
or the electromechanical interaction. The mechanical oscillator is also parametrically-coupled to
the optical cavity via radiation pressure. The most advanced of these experiments have entered
the quantum-regime [Mirhosseini et al. 2020; Zhao et al. 2023] and have observed non-classical
correlation between microwave and optical elds [Meesala et al. 2024].

In many of these implementations, optical heating of the transducer via absorption in the
transduction medium or scattering onto the superconductor adds signi cant noise. This necessitates
pulsing or lowering the power of the optical pump, such as to reduce the average thermal load.
Lower noise operation is achieved at the expense of reduced e ciency or eventual entangled bit
generation rates. A transducer architecture more robust to optical illumination would ideally avoid

this trade-o of interaction rate and noise.

1.2 Mechanically-mediated doubly-parametric transducer

The transduction platform explored in my research, and the focus of this thesis, achieves this
robustness to optical light by engineering the optical mode to live predominantly in vacuum and

physically separating the microwave and optical resonators. This avoids absorption in a medium and
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limits scattering of infrared photons onto the superconductor. To realize this, a megahertz-frequency
(MHz) mechanical mode of a tensioned silicon nitride (SiN4) membrane is simultaneously coupled to
a superconducting circuit and a high- nesse optical cavity [Regal and Lehnert 2011; R. W. Andrews
et al. 2014; Planz et al. 2022]. The low-frequency mechanical oscillator is relatively large compared
to the GHz-frequency mechanical oscillators, allowing the microwave and optical resonators to
both couple to the mechanics while being separated by many times the Gaussian beam width. In
combination with excellent optical mode control due to robust cavity design, photons from the
optical mode are unlikely to disturb the superconducting circuit.

As the microwave and mechanical resonators are not resonant (as in the experiments leveraging
piezoelectricity described earlier), an additional pump at microwave-frequencies is required to mediate
the electromechanical interaction. In contrast to other transducer implementations, noise and heating
from electromechanical pump has, up to now, been the dominant limiting factor in the transducers
performance. This noise often manifests as heating of the microwave circuit, a phenomena observed
in many superconducting electromechanical experiments over the past two decades [Suh 2011; Teufel
et al. 2011; Massel et al. 2012; Wollman 2015; Lei 2017]. As we will explore in Sec. 2.3, the microwave
pump also cools the mechanical mode by coupling to a low-temperature microwave-frequency bath.
Heating of the microwave circuit will serve as an ultimate limit for the electromechanical cooling, as
the membrane cannot get colder than the bath to which it is coupled.

A signi cant part of this thesis is dedicated to understanding, modeling, and reducing this source
of noise. As a result of these e orts, the quantum operation of a doubly-parametric mechanically-
mediated microwave-to-optical transducer is within sight, opening the door for long-distance net-

working demonstrations with superconducting circuits.

1.3 Thesis overview

This thesis follows the signi cant progress made to improve the performance of the JILA
transducer during my tenure. This was a large team e ort, and throughout, | will focus on my

personal contributions while referring to the theses of my colleagues when appropriate.
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In Ch. 2, | introduce the standard metrics for transducer performance, as well as the cavity
optomechanical theory that underlies the operation of our transducer. | will show that in addition to
mediating the transduction, the optical and microwave pumps cool the mechanical mode towards its
ground state, but can also add technical noise. Balancing these contributions is crucial to minimizing
the transduction noise. When | joined the experiment, the team had just demonstrated a transducer
with exceptionally low noise and high-e ciency for the time [Higginbotham et al. 2018], but still
limited by tens of photons of added noise, enough to completely drown out any single-quantum
signal. Ch. 3 will cover some of the subsequent major improvements made to the device at the
beginning of my tenure. A phononic crystal reduced the mechanical resonators coupling to the hot,
low-frequency thermal bath, and an improved optical cavity assembly reduced noise e ects from the
microwave and optical pumps. In addition, | will introduce a novel technique for achieving large
electromechancial coupling rates, which can be implemented in future transducers.

In Ch. 4, | will review two experiments that showcased the continuous, low-noise operation of
our transducer. First, we demonstrated optically-detected single-shot readout of a superconducting
qubit by upconverting a classical readout pulse with minimal backaction on the superconducting
gubit [R. D. Delaney, Urmey, et al. 2022]. This demonstrated the compatibility of sensitive quantum
circuits with microwave-to-optical transduction. Second, reduced noise and improved optomechanical
coupling enabled optomechanical ground-state cooling of the mechanical oscillator and transduction
noise at the few photon level [Brubaker et al. 2022]. The limiting factor in both of these experiments
was microwave-pump-induced loss and noise in the superconducting resonator of the transducer.
The majority of this chapter is dedicated to tracking down the physical mechanism of this e ect, a
two-year process that involved many dead ends.

Ch. 5 unmasks the mysterious physical mechanism of the microwave-pump-induced loss:
dielectric loss in the S§N4 membrane governed by the two-level-systems (TLS) model [Mittal et al.
2024]. This result was initially surprising as it clashed with the common understanding of dielectric
loss from so-called "resonant” damping saturation. We were able to show that the increased circuit

loss can be understood within the TLS model using the "relaxation” damping term, in concert



with a simple self-heating assumption. Most importantly, post-deposition annealing of the SNy
reduced both damping terms, especially the relaxation damping. This chapter will also discuss the
implications our observations could have for the details of the TLS model.

With a model for the pump-induced loss in hand, we turn to understanding the noise of
the microwave circuit in Ch. 6. There are two contributions to this e ect: internally generated
noise in the circuit and technical noise on the microwave pump. We nd that annealing also
reduces the microwave-pump power dependent noise generated inside of the circuit, after correctly
accounting for the contribution from generator technical noise to the measured noise spectrum.
We also review strategies for mitigating the e ect of technical noise on the microwave pump. In
the appendices, | outline the details of transducer fabrication, which was carried out at the NIST
Boulder Microfabrication (BMF) cleanroom, as well as computer-aided techniques for resonator

characterization.



Chapter 2

Transduction and Optomechanical Theory

It's still magic even if you know how it's done
- Terry Pratchett
In this chapter, | will discuss the theoretical underpinnings for the operation and optimization
of the transducer. In Sec. 2.1, I'll introduce the key performance metrics for a microwave-to-optical
transducer and Sec. 2.2 will outline the operating principle for the doubly-parametric mechanically-
mediated transducer. In Sec. 2.3, I'll show how the strong pump tones cool the mechanical mode
and outline the techniques for extracting the thermal population. Lastly, in Sec. 2.4, I'll describe
how technical noise on the microwave and optical pumps can limit cooling and complicate membrane

thermometry. I'll also explore how asymmetry in the noise a ects upconversion and downconversion.

2.1 Metrics for transducer performance

There are four key metrics for a transducer: e ciency, added noise, bandwidth, and duty
cycle [Zeuthen et al. 2020]. To understand these quantities, let's consider a generalized model of a
transducer as a beamsplitter, as shown in Fig. 2.1. Microwave inpu‘l\qn and output Bout modes are
on the left and top ports, while optical input &, and output &,,; modes are on the bottom and right
ports. All transducers require at least one pump, and a general transducer could require many tones
at frequencies! ,;; to mediate the interaction. Finally, noise is represented by a stochastic forcé
that accompanies the signals on the output ports.

The e ciency in up-conversion (microwave-to-optics) is de ned p = jheoutizrﬁnij 2and in



Figure 2.1: Generalized transducer model. Microwave-to-optical transduction can be modeled
as a beamsplitter, with microwave ports and optical ports. Noise added to the signal is shown on
the output ports and the pumps which mediate the transduction are internal to the beamsplitter.
The e ciency of the transducer s represented by the transmission coe cient of the beamsplitter.
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downconversion (optics-to-microwaves) is de ned gown = jhﬁ)uti =hAnij 2. The bidirectional conversion
e ciency is de ned as the geometric mean, = b “up down. and is analogous to the transmission
coe cient in the beamsplitter model. In practice, the transducer is embedded in some measurement
setup, with unknown or di cult to accurately calibrate transmissions between the sources and the
detectors. To extract the e ciency of the transducer itself, we measure all four scattering coe cients,
and use their ratios in a way that isolates from gain and loss in the measurement apparatus
[R. W. Andrews et al. 2014] (more details in Sec. 2.2.4).

The added noise in transduction at a single frequency , referenced to the input port, is given

by
W (1)F ()i

Naga(!) = D

(2.1)

in units of average photon ux per Hz of bandwidth (photons/s/Hz). The threshold for quantum
performance is consideredNqq < 1, as this is the point at which a single photon quantum signal will
be transduced with a signal-to-noise ratio greater than 1. Equation 2.1 highlights an important design
constraint. Quantum transducers that are strongly driven by noise must operate with high e ciency,
whereas those weakly driven by noise can tolerate more loss. We will see that our implementation
falls squarely into the rst category, while many of the other architectures outlined in Sec. 1.1 fall in
the latter.

The transduction bandwidth is the de ned as the full-width half-maximum of the transducer's
e ciency as a function of frequency. The duty cycle is the fraction of the time the transducer pumps
are turned on over some period of time. The product of e ciency, bandwidth, and duty cycle is
proportional to the achievable average communication rate, neglecting noise e ects. Comparing
di erent transduction platforms, many operate in the low duty cycle, MHz-scale bandwidth regime,
as heating from the pumps require pulsed operation. Our transducer is in the opposite limit, with
continuous operation but kHz-scale bandwidth. As a result, the average expected communication
rate of our transducer is comparable, if not surpassing, other platforms, once the noise can be reduced

below the quantum level. For a numerical comparative analysis of di erent transducer experiments
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that considers various networking protocols, see Dr. Maxwell Urmey's thesis [Urmey 2024]. There is

also work to explore these trade o s using the tools of quantum channel capacity [&H. Wang et al.

2022].
2.2 Cavity opto-/electro-mechanics for e cient transduction
221 Hamiltonian formulation

A simpli ed picture of our transducer is depicted in Fig. 2.2(a). The motion of a highly-
tensioned SgN4 square membrane (purple) modulates the resonance frequency of a superconducting
LC circuit (blue) and a high- nesse optical cavity (red). The Hamiltonian for this system is that of
three harmonic oscillators, where the position of one of the oscillators leads to a frequency shift of

the other two:

H=~= 1.8+ | b+ 1 &6+ gaVae+2) + gbie +2): (2.2)

The rst three terms are the energies of the optical, microwave, and mechanical resonators, respectively.
The fourth term couples the position® ¢+ ¢ of the membrane to the frequency of the optical
cavity, at a vacuum coupling rate g,. The last term is the analogous coupling to the microwave
circuit, with a vacuum coupling rate ge.

Optical- and microwave-frequency coherent pump tones displace the electromagnetic modes
to aandb Redening 8 a+ aB b+ B we can linearize Eg. 2.2 about these new coherent

amplitudes [Aspelmeyer et al. 2014]:

Hin=-= o8+ B+ e+ goa@ +a)(t+)+ g + De+2):  (2.3)

where o=1!p0 !oand e¢="!,e !¢ arethe detunings of the pumps from their respective

electromagnetic resonators. Now in the rotating frame of the pump elds A and B represent the
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Figure 2.2: Doubly-parametric mechanically-mediated microwave-to-optical transducer.

(a) Schematic diagram. The mechanically-vibrating membrane (purple) is modulates the frequency
of an optical cavity (red) and a microwave-frequency superconducting circuit (blue). (b) Frequency-
domain diagram. Two strong pump tones, red-detuned by the mechanical frequendy,, from the
microwave and optical cavities at frequencies ¢ and ! ,, enhance electromechanical and optome-
chanical interactions to rates ¢ and . A signal incident on one electromagnetic mode is then
up-converted (green arrow) or down-converted (yellow arrow) to the other electromagnetic mode.
(c) Coupled mode diagram. Each resonant mode is also coupled other baths. The microwave
(optical) modes is coupled to a ying photonic mode at rates exie ( exto0) @nd the thermal bath at
temperature Te (To) at the cavity's intrinsic loss rate  inte ( into). Lastly, the mechanical oscillator
is driven by a thermal bath at temperature Ty, and the intrinsic mechanical damping rate .
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uctuations of the modes from the coherent displacements. Note, we have ignored constant average
displacements of the membrane due to the average radiation pressure forces proportionaljy? or
jbi2, which just rede ne the origin of the membranes position. As in Fig. 2.2(b), if we set both pumps
to be red-detuned by the mechanical frequency (o; e¢= ! m), then we have the Hamiltonian of
three oscillators at the same frequency, that exchange energy via beamsplitter terms likeY or fve

at rates given gojaj and gejby.

2.2.2 Input-output theory for cavity electromechanics

The last pieces of the puzzle are the decay rates of each oscillator, which are detailed in

Fig 2.2(c). The optical and microwave cavities are coupled to traveling photonic modes at rates
exto and exte, as well as to thermal baths due to some intrinsic dissipation rates o and inte-

The mechanical oscillator is also coupled to its own thermal bath at it's intrinsic damping rate .
Using the tools of input-output theory, we can calculate the pump-enhanced optomechanical and
electromechanical damping rates , and .

For simplicity, we will calculate only the electromechanical e ects, as the optomechanical
e ects can be derived by straightforward substitution into the nal expressions. The set of coupled
linear equations of motion describing the coupled circuit and membrane in the time domain is:

b= (i e e:2)6+ igeb(€ + &) + P ext,ehn + P Tt,eﬁn,e
(2.4)

e=( i'm  m=2)e+ igebD+ B+ P fiam

where ¢= extet inte IS the total coupling rate of the microwave circuit, By represents the input
state from the transmission, andf'}n,e and f’}n,m are the stochastic forces from the thermal baths
coupled to the microwave circuit and membrane, respectively.

Initially, we will ignore the mechanical mode and calculate the intracavity eld for just the
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microwave cavity, while also assuming no noise from the loss port. In the steady-state,

p
b= — 2§, (2.5)
e=2 1 e
where fi, is supplied by the microwave pump eld, which has a powerPe = ~! ;o HY Bni. For a

monochromatic input eld Bn = bne ! pet (such as that provided by the microwave generator or

laser), the average intracavity photon number is

ne= b’= j;e( e:zééti 7 (2.6)
Now, let's consider the e ect of the electromechanical coupling on the susceptibility of the

mechanical oscillator. The signal transduction (excluding noise e ects) is governed by the linear

response of this system, so we can begin by excluding these noise terms. We can solve for the

response of the membrane in the presence of the pump by taking the Fourier transform of Eq. 2.4 and

solving for the susceptibility of the mechanical oscillator. In the limit of small coupling Qe e)

the microwave pump induces a frequency shift! . and adds additional damping at a rate ¢ to

the mechanical oscillator:

+ 1 !
| — 2 e - m e - m
TmeT RN g (e L2 T B (e L) &7

— 2 e e
= gén 2.8
e = Gefle g4+ ( e+ !m)? &4+( e !'m)? (28)

The rst term in either equation arises from the beamsplitter-type terms in the interaction Hamil-
tonian, and the second term is due to the two-mode squeezing or ampli cation termsfX& + H6).
Eg. 2.7 and Eg. 2.8 highlight the fact that the microwave cavity acts as a lIter for these two
interactions, such that the choice of pump detuning changes the relative strength of the beamsplitter
and two-mode squeezing e ects.

For a pump perfectly red-detuned from the microwave cavity by the mechanical frequency
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( e= !'m), the dominant e ect is an increase in the apparent loss rate of the membrane due to its
coupling to the microwave circuit. In the resolved sideband limit @ e), the pump-enhanced

electromechanical damping rate is:
49§ne

e

: (2.9)

e

Substituting in the corresponding optical parameters, the average optical intracavity photon

number from a pump with power P, and the optomechanical damping rate . are:

P
L2 o] ext,o PC
No = jaj° = : 2.10

(o] (0]
=4+( ot !'m)? =4+( o 'm)?

0o~ ggno (2.11)

In Eg. 2.10, we need to include an additional factor pc that captures how well the laser pump eld

is matched to the cavity mode. Otherwise, the optical cavity and microwave circuit couple to the
membrane inexactly the same way, despite the ve orders of magnitude energy di erence between
them. The coupling rate between one of the electromagnetic cavities and the mechanical oscillator
can be cast into a single dimensionless quantity known as the electromechanical or optomechanical

cooperativity Ce or Co:
eo _ 493 oNe,o.

m m e,0

Ceo=

(2.12)

In the next few sections, we will see thatCe; C, 1 leads to cooling of the mechanical mode and
high e ciency transduction.
2.2.3 Transducer scattering parameters

The full-system with all three oscillators and their couplings to external ports, to each other,

and to their respective thermal baths is represented by a system of rst-order, linear di erential
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equations e ciently described as a state-space model [R. W. Andrews et al. 2014]:

a(t) = Aa(t) + Bain(t)
(2.13)
aout(t) = Ca(t) + Dain(t)

wherea = (&;0;6;4%;%; @) is a vector representing the internal resonator modes of the transducer.
ain = (8in; Tino: B fine; Finm: & T o B T o i) T describes the state of the input elds, either
from the external ports or the thermal baths, andagy; = (aout;ﬁout;agut;ﬁgmf is a vector containing
the output elds. The matrices A;B;C, and D contain the terms that appear in Eq. 2.4 and the
appropriate complex conjugates. We can de ne a transfer function( ! ) that describes how the

output elds are related to the input elds:

aout(!)=( Main(!)

(1)y=cCc( il A) B+D:

(2.14)

With these tools in hand, the microwave-to-optical scattering parameterSeo(! ) = Aou=Hin is

given:

r p

Y=  AA,._Se exto eo i 21
Seo(! ) eRo . o 122 i( !%)e (2.15)

where we have de ned the total mechanical damping rate 1 = ¢+ o+ o and the optomechanically-
and electromechanicaly-shifted membrane frequencyr?n =Im+ ' met ! me. 1 also sets the
characteristic linewidth of the transduction scattering parameter, ie the transduction bandwidth,
which is centered on the shifted mechanical frequency?. In addition to frequency transduction,

there can also be signal ampli cation, which is captured byA¢A,, and a phase shift of the signal :

(e !%)2"'( e:2)2 (o !21)2"'( 0:2)2

AcAo = e e (2.16)
=2 =2
= arctan % + arctan % ; (2.17)

e m [0} *m
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While ampli cation may seem like a desirable feature in order to overcome any noise added in
transduction, this ampli cation unavoidably adds noise [Caves 1982]. For a purely classical transducer
with some other dominant noise source, this optomechanical gain could improve the signal-to-noise
ratio of the subsequent measurement [Metelmann and Clerk 2014]. For a quantum transducer,

however, the associated backaction noise is on par with the other noise sources and could result

in decoherence of the quantum signal. For optimally red-detuned pumps (e= o= !2), the
2 2
gain becomesAeAp = 1+ ;% 1+ % , revealing that the gain (and the noise it adds)

is minimized in the resolved sideband limit @' e)-

The expression for optical-to-microwave scattering parameteBge(! ) = Bout=ain is the same
as Eqg. 2.15. Absent from these expressions are the optical modematchings, which are in general
di erent for up- and down-converion. Following the prescription of [Brubaker et al. 2022], we can
rede ne the input and output ports to contain these modematching factors. In down-conversion, the
damp-cavity mode matching is relevant Sge ! P “pc Soe), While in up-conversion, the modematching
of the cavity to the local oscillator (LO) of our detection chain is relevant (Seo ! P “cL Seo)-

The e ciency in upconversion and downconversion for a signal incident on resonance can
be de ned up = jSoej2=AeAo and gown = jSeqj’=AeA,o. By dividing the gain, we are de ning a
conservative estimate of the e ciency in order to compare with an ideal quantum transducer which

operates without gain [R. Andrews 2015]. The bidirectional conversion e ciency, introduced in Sec.

2.1, is simply:
4
_ _exte exto ezo (2.18)
e 0 T

where = P pc cL is a "bidirectional" mode matching. ¢ and  are controlled by the strength of
the microwave or optical pump strength and can be made equal and much larger than the intrinsic

mechanical damping rate in our system (e= o kHz; ,,  Hz). Inthis limitof = ms

the "internal" transduction e ciency it = 4 o approaches unity. The total e ciency, which
T
describes the transduction from input port to output port, is only limited by the external coupling

ratios of the two electromagnetic cavities, as well as the modematching.
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224 Measuring transducer e ciency

Our transducer will necessarily be embedded in some measurement network, with losses on
the input ports and gain on the output ports. This system is shown schematically in Fig. 2.3. A
transmission measurement of upconversion and downconversion will then giveS,e and Sgo , SO
the measured e ciency is altered by the measurement chain. In principle, one could measure these
gains and losses, but they can drift over time. Instead, by in-situ measuring the re ections from
the transducer o -resonance where it nearly perfectly re ects the signal, we can extract and

Then, we can calculate a quantity that is insensitive to the imperfect individual measurements:

SeoSoe = (e N See ). (2.19)

¢ )

The magnitude squared of Eqg. 2.19 is then proportional to the bidirectional conversion e ciency
[R. W. Andrews et al. 2014]. This process assumes that the losses and gains are the same on- and
o -resonance of the transducer, which is generally true for detunings on the scale of a few cavity

linewidths.

Figure 2.3: E ciency Calibration. The transducer is embedded in some network, with losses
and gains between the source and detectors. By measuring upconversion, downconversion, and the
0 -resonance re ections, we can extract the bidirectional transducer e ciency without having to
independently calibrate those losses and gains. Figure adapted from Fig. 2 of [R. W. Andrews et al.
2014].
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2.3 Opto/electromechanical sideband cooling

Up to this point, we have largely ignored the noise ports in our model of the transducer. Our
transfer function formalism is also applicable to these noise terms, whose impact on the output

spectral density of the output elds S(! ) is given:

D E
2SM) (¢ 9= (9 an(¥Val(r) T(): (2.20)

The autocorrelators of the input modes encode the details of the temperature and quantum noise that
the thermal bath imparts on the transducer. If we assume that a model 2 f &n; fino;Bn; fine; finmg

can be represented by a thermal bath at temperatureT;, then:

h Iy

al(l () al(' ) =2 (I ! (5nthyi

h iy (2.21)
&(I ) aI(I C) =2 (l ! (b(nth,i + 1)

where ng, ; is the thermal bath population given by the Planck distribution 1=(e™i=ksTi 1) for a
mode at frequency! ;. The asymmetry in these autocorrelators represents the quantum nature of
the bath, and we will show how to exploit this fact to extract the temperature of the mechanical
oscillator in Sec. 2.3.1.

The input optical mode 4, and optical cavity bath f’}mo are deep into their quantum ground
state ngh; 1, even at room temperature. By operating at the 20 mK base plate of a dilution
refrigerator and with appropriate lItering and attenuation, we can ensure that both the input
microwave modef:\qn and microwave cavity bath f’}n,e are also cold. The MHz-frequency bath of
the mechanical oscillatorf’}n,m is however far from its ground state, with hundreds of phonons of
occupancy at 20 mK. This was the main source of added noise in an early iteration of our transducer
operated at a higher temperature of 4K [R. W. Andrews et al. 2014].

The transducer architecture naturally provides a solution to this problem. The pump tones

mediating the beamsplitter interaction that enables frequency transduction also cool the membrane
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motion by coupling the "hot" mechanical oscillator to the "cold" electromagnetic resonators. Cooling
the phonon occupancy of the membrane modan, to below 1 (the threshold of ground-state cooling)
is a necessary condition for quantum-enabled transduction, as both must happen at rates faster than

environmental phonons enter via the mechanical bath.

Figure 2.4: Electromechanical sideband cooling. Suppression of the Stokes ¢ - relative to the
anti-Stokes ¢+ by the microwave cavity response results in electromechanical sideband cooling of
the membrane mode when the pump is red-detuned. The Stokes process adds phonons, while the
anti-Stokes process removes them, depicted by the ladder on the right.

For concreteness, let's consider electromechanical cooling, shown schematically in Fig. 2.4
as the results are analogous for the optomechanical interaction. Electromechanical damping is a
competition of the Stokes and anti-Stokes processes, which occur at ratésm +1) - and (Nm) e+

e-and ¢, are the negative and positive contributions to Eq. 2.8. As shown in Fig. 2.4, the Stokes

process involves the scattering of a pump photon to lower energies after the creation of a phonon in
the mechanical mode, e ectively heating the membrane. The complementary anti-Stokes process
cools the motion, and is enhanced relative to the Stokes process for a pump red-detuned from the
cavity resonance because the resultant scattered pump photons bene t from buildup in the cavity
[Aspelmeyer et al. 2014].

Due to the nite linewidth of the microwave circuit, the Stokes process will always contribute

a non-zero heating rate. The ultimate limit of electromechanical cooling is thus the ratio of the
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Stokes process to the total electromechanical damping rate:

B =2)2 + +109y2
Nmine = e- - (227 *( = m)”. (2.22)
e+ e,- 4 e! m
2
For an optimally red-detuned pump tone ( ¢ = !Q), this reduces to Nmine = aro- Which

approaches zero in the resolved-sideband regime. This limit is often referred to as the quantum
backaction limit. For the optomechanical interaction, Nmino = F"g 2. The noise from these
backaction baths is exactly the noise associated with non-unity transducer gain, which can also be
seen by noticing thatAe =1+ Nmine and Ag =1+ Nmino-

The backaction limit can also be interpreted as the temperature of the bath to which the
membrane is electromechanically coupled, which suggests that the mechanical mode cannot get colder
than the source of cooling, reminiscent of the second law of thermodynamics. Using this picture, it's
then straightforward to calculate the mechanical occupancy under the e ects of optomechanical and

electromechanical cooling. The nal occupancy is a weighted average of the membranes coupling to

various baths, where the weights are the coupling rates.

Ny + Ne + n
Ny = mllth elle ollo (2.23)
T

In this expression ny, is the phonon occupancy of the MHz-frequency mechanical bath. The
occupation of the microwave (optical) cavity Ne = Nmine + Nee (No = Nmino + Ne o) has a

contribution from quantum backaction, and also any technical noise that leads to an increased
e ective occupancyne ¢ (Ne o). Phase noise on the pump tones and elevated temperature of either
cavity (especially the microwave cavity) will contribute to this e ective occupation from technical

noise. With su ciently low technical noise and large sideband resolution, the mechanical mode can
be cooled to a phonon of occupation signi cantly less than one, approaching its quantum ground

state.
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2.3.1 Membrane thermometry

Any residual thermal excitations in the membrane mode will contribute to noise in transduction,
as we will not be able to distinguish the signal and noise photons. We have two techniques to
guantify the residual occupancy of the mechanical membrane. The rst requires calibration of the
measurement chain, while the latter exploits the asymmetry due to the quantum nature of the cooling
interaction. As in the previous sections, we will mainly give the expressions for the electromechanical
measurements, while commenting on how the optical measurement is related.

The power spectral density of the microwave output mode on the upper (anti-Stokespe.+ [! ]

and lower (Stokes)Se: [! ] sidebands is given [Teufel et al. 2011; Brubaker et al. 2022]:

exte e T(1+ Nmine)Nm
e 2=+(1 19)2

Se+[1]1=1=2+ Nadg + (2.24)

exte e TNmine(Nm +1)
. Z=A+(1 19

Se; [']=1=2+ nagq + (2.25)

where nyqq is the added noise of the detection chain and is a generalized mode matching (=1
for microwave measurement, = ¢ for an optical measurement). Ideal heterodyne will necessarily
add 1=2 a photon of noise [Yuen and Chan 1983] due to quantum uctuations of the signal. In
real optical and microwave measurements, there will be loss between the device and the detection,
which will mix in vacuum and increasen,qq. The microwave measurement also su ers the input
referred added noise of the rst ampli er, assuming the noise of this ampli er dominates the noise
of measurement chain. This ampli cation is required to elevate the signal above the noise of the
room temperature detection. While quantum-limited ampli ers in the microwave regime do exist
[Castellanos-Beltran and Lehnert 2007; Roy and Devoret 2016], most of the measurements in this
work were performed with a standard high-electron mobility transistor (HEMT) ampli er, which
adds around 10-20 photons of noise.

In practice, we normalize the individual electromechanical spectrum measurements by repeating
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them with the pump turned o, resulting in the 'background-normalized' upper sideband spectrum:

exte e T(1+ r'min,e)nm (2.26)

I 1=
Ssne+l' =1+ meas . %:4+(! 19)2

with  heas describing the e ciency of the measurement (not including the ine ciency of ideal
heterodyne detection). For real measurements, meas 8 1 highlighting that Eq. 2.26 is not actually
normalized to true shot noise.

To calibrate this measurement e ciency, we can use the mechanics as a calibrated noise source,
shown in Fig. 2.5. We simplify the system by only using the microwave pump and operating in a
regime such that ¢ne mNw . The thermomechanical peak height above the background in the
shot-noise normalized spectrum is then proportional to neashith . By changing the temperature of
the dilution refrigerator while holding . xed, we can control the temperature of the mechanical
mode and thus change the thermomechanical noise in a known manner (assuming the mechanics is
well-thermalized to the base plate). The peak height above the backgroundlsne = Ssne+[! 3] 1
as a function ofny, will have a slope equal to the measurement e ciency times a quantity that can
be calculated from the linear electromechanical system parameters at each temperature. In this
convention, meas = 1=(Nagg + 1=2), which goes to 1 forngqg = 1=2, SO our meas does not include
the ine ciency of ideal heterodyne detection.

The overhead of this calibration method grows quickly if any of the mechanical or microwave
parameters change as a function of temperature. In [Brubaker et al. 2022], we observed that both

e and , changed with temperature. The second method of membrane thermometry, known as
sideband asymmetry [Jayich et al. 2012; Safavi-Naeini et al. 2013; Weinstein et al. 2014], does not
involve any temperature sweeps, and instead uses the asymmetry of the noise from the quantum bath
as the calibration standard. The amplitude of the upper- and lower-sidebands above the background

Noute: = Se ['m] (1=2+ naqq) are proportional to the anti-Stokes and Stokes scattering rates,
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Figure 2.5: Measurement e ciency calibration . Sweeping the base temperature of the fridge
turns the mechanical oscillator into a calibrated noise source. (a) Microwave and (b) optically-
detected background-normalized upper sideband spectrum. The peak height increases with increasing
temperature, and the slope of this dependence gives the added noise of (c) microwave and (b) optical
measurement chains. The lowest temperature points for both measurements (open circles) are
excluded from the t, as we expect imperfect thermalization of the membrane to the base plate
temperature. This gure is adapted from the supplement of [Higginbotham et al. 2018].
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Figure 2.6: Sideband Asymmetry Thermometry (a) Background-normalized optical output
spectrum with only optomechanical damping. The lower sideband is on the right, and the upper
sideband on the left. At low damping rates, the peak heights are asymmetric due to the response of
the optical cavity, and become more symmetric at high power as the membrane is cooled towards
the backaciton limit. (b) Extracted membrane occupation using sideband asymmetry (circles are
data, solid line is t) and using the calibrated optical measurement e ciency (triangles are data,
dashed line is t). The red and blue data points correspond to the traces in (a). Figure adapted
from [Brubaker et al. 2022].
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which we saw earlier had an inherent asymmetry. The ratio of these sideband amplitudes:

_ Noute- _  Nmine Nm+1
fe = = (2.27)
Nout,e,+ Nmine +1 Nm

can be used to infer the mode occupancy. Only three measurements are required: the upper and lower
sideband spectra and the linear response of the output cavity. At high temperatureqy, np +1,
and as the mode coolst asymptotes to 1 asny, approaches the backaction limitnmin e, as shown
by the data in Fig. 2.6

There is a related technique that uses the quantum cross-correlations as the calibration
standard in order to measure thermal cross-correlations which was not implemented in this thesis,

but could provide yet another method of membrane thermometry [Purdy et al. 2017].

2.4 Transduction added noise

The thermal noise from the hot mechanical bath, the quantum backaction noise, and any
noise injected by the pump tones will not only increase the membrane mode occupancy, but also
add noise to incident signals. In upconversion, signals on resonance with the microwave circuit
will be transduced to outgoing signals resonant with the optical cavity. The noise added is exactly
the amplitude of the optomechanical upper sideband (in units of photons/s/Hz). Dividing by the

transducer gain and e ciency gives the input-referred added noise:

Nout,o,+ Nm T
= = — 2.28
AeAo up Ao—2e ( )

e

Nadd,up =

This expression invites a perhaps surprising interpretation. Up to near unity factors of
transducer gain and cavity overcoupling ratios, one can achiev@aqq,yp < 1 by ground-state
cooling the mechanical element with the microwave pump tone and applying a small amount of
optomechanical damping. In this limit of eandny, 1, the transducer e ciency will be

small, but the portion of the signal that does get upconverted will acquire minimal additional noise.
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The situation is identical for downconversion, except for a modematching factor:

Nout.e,+ Nm T
N add,down = — = — (2.29)
Aer down PCAOL;o 0

In the absence of technical noise, optomechanical ground state cooling is necessary and su cient for
guantum downconversion. All of the thermal noise is coupled out of the input port due to the highly
mismatched damping rates, so the little signal that is transduced sees little noise.

These intuitions change in the presence of technical noise, which is broadly de ned as noise
sources that scale with the electromechanical and optomechanical pump powers. Excluded from
this de nition is the heating of the mechanical mode by its coupling to a thermal environment
with occupation ny, and backaction from the electro/optomechanical interactions. We also exclude
backaction from an auxiliary beam used to lock the laser to the optical cavity. The power of this
beam is much smaller than that of the optomechanical pump, but it is tuned near resonance, where
backaction is maximal. Characterization and further discussion of this noise source can be found in
Max Urmey's thesis [Urmey 2024]. We exclude it from the technical noise category as it does not
scale with optomechanical pump power, instead entering as an extra termiock Niock iN the numerator
of Eqn. 2.23.

Technical noise does encompass amplitude or phase modulation/noise on the pumps!at,
uctuations of the cavity parameters induced by the pump, and heating of the microwave cavity
by either of the pumps. In principle, the optical cavity could also be heated by the pumps, but is
unobserved for the same reasons that optical frequencies are good carriers of quantum information.
Phase and amplitude on the pump tones will directly contribute to occupation of the mechanical
mode, complicate the thermometry techniques, and add noise to the transduction. Frequency noise
and heating of the microwave circuit will also directly impact the membrane occupation. Many of

these e ects can be cast into an e ective occupancy of the microwave or optical cavities. . and

ne’O .
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2.4.1 Microwave cavity occupation from phase/amplitude noise

The e ects of generator noise can be included in the input-output formalism introduced in Sec.
2.2.2 by modi cation of the input elds to include classical noise terms. Following the formalism of

[Jayich et al. 2012], the microwave input eld with an photon ux of Ng = ~!P§e is now:

q__
Br= e "ot Nk S(X(+ iy () + e (230)

The rst term is simply the coherent amplitude of the pump and the last term is the microwave
vacuum noise. We will assume the microwave input is cold, st/ine(t) % (t9i = (t 9 and

Ny
h in,e

(t)’\m,e(t%i = 0. This is a good approximation given appropriate design of the cryogenic
microwave readout chain [Krinner et al. 2019].

The second and third term are classical variables describing technical generator amplitude and
phase noise. We will assume a white noise model, as we are only interested in the noise in narrow

bandwidth around the mechanical frequency.

hx () x (191 = Cyx (t t9
hy (1) y(t9i = Cy (t t9 (2.31)
hx (1) y (t9i = Cxy (t 19

Cxx and Cyy are spectral densities in units of photons/s/Hz describing the amplitude and phase
noise of the generator, and scale with the power in the pump toneC,, describes any correlations
between the amplitude and phase noise and together, they obey the Cauchy-Bunyakovksy-Schwarz
inequality ny CxxCyy. The laser classical noise is equal to its quantum noise whe@y, = 1 or
Cyy =1.

We can make the power dependence of the noise spectral densities explicit by relating them to
the one-sided, double-sideband noise spectral densities relative to the carri€m: a: (! );S .. o(!);

and Sa. . ¢(!'). These are the units that are often specied by laser and microwave generator
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manufacturers and thus familiar to experimentalists. To account for this convention (compared to

that often employed by theorists), an extra factor of 1/2 is needed:

Cux = 4Ne[Sp; a; e(!)=2]
Cyy =4Ne[S ; ; o(!)=2] (2.32)

Cxy =4Ne[Sa; ; e(!)=2]

If the generator has classical noise uctuations at 2, when the pump is optimally red-detuned,
these uctuations will drive the mechanical mode. Thus, classical noise looks like an additional bath
to which the membrane is coupled via the electromechanical interaction. The occupation of the

microwave circuit from classical noise is then:

Nee = % ‘A: IBx(! m)i*Coux + By (! m)i*Cyy + 2Im[Bx(! 1)By (! m)ICxy (2.33)
where the noise susceptibilities ardBx(! )= e "= o(!)+ € ¢ ( !)andBy(!)=e " ()
€e () e(!)=1=( 2 i(le+)) Iis the susceptibility of the microwave circuit and
e=tan 1(2 = ) is the phase of the intracavity eld relative to the incident eld.

In the resolved sideband limit with an optimally red-detuned pump, the amplitude and phase
noise of the generator contribute equally to the microwave occupation a8x(! 3)j%;jBy(! §)j2 4= 2.
For both the microwave generator and laser used in this thesis, phase noise dominated amplitude noise
by at least 10 dB and there is little correlation between the two sources. The optical cavity occupation

from noise on the laser is similar, except with an extra factor of pump-cavity modematchingpc.

2.4.2 Transducer added noise from phase/amplitude noise

As we are modeling the technical noise of the generator as white noise, it's natural that
technical noise will also contribute to a background o set in the upper and lower sideband output
spectrum Eqgn. 2.24 and Eqgn. 2.25. As we will see, the presence of the cavity will also make the

sidebands asymmetrically sensitive to amplitude and phase noise. This excess background in the
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output at the upper (lower) sideband S + (Se,-) consists of three terms: the promptly re ected input

eld, the cavity eld that leaks out, and the interference of these two terms. In total,

Se; =

1 . . . . .
2 J eJ2+J exte el '%) 112 (Cxx + Cyy) 2Re [ exte e !ﬁq 1]J(Cxx +2iCyxy  Cyy)

(2.34)

where we have dened =1 exte=( e=2 1 ¢), the attenuation and phase shift of the pump
re ected from the cavity. The optical case is the same, except again a factor ofsc ¢ to account
for modematchings in the limit that all the modematchings are approximately the same ? PL

P “pc cL 0) where p_ is the pump-LO modematching.

In the absence of cavity (¢! 1; ¢! 0), amplitude noise Cyx will still contribute to an excess
background. Cy, and Cy, change the background because the cavity transduces uctuations in the
phase quadrature to the amplitude quadrature. Under the ideal conditions for microwave-to-optical
transduction with a very overcoupled cavity ( exte inte ) IN the resolved sideband regime and
optimal detuning, the upper sideband mainly sees contributions from phase noise, while the lower
sideband mainly sees contributions from amplitude noise.

This excess white-noise background also contributes noise to the transduction, introduced
on the output eld by the output pump. Translating this to input-referred added noise requires
dividing by the e ciency and gain, thus changing our intuition about how to achieve low-added
noise from Egn. 2.28 and Egn. 2.29. We must add a term to account for this output noise on the
upper sideband in downconversioiy e = Se+ Or upconversionNoyo = Sp +, SO the expressions

for added noise now read:

N addup = Nouto+ + Nouto _ Nm T, Nout,o (2.35)
add,up = = —t — .
P AeAo up A== & AeAq up
_ Noute+ + Noute _ Nm T Noute .
Nadd,down = = et (2.36)
AcAo down PCA07O' o} AeAo down
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The rst term in either expression can be minimized by ground-state cooling with the input pump,
but low e ciency operation will increase the second term in the presence of technical noise on the
laser or microwave generator. To minimize this background term, we can either reduce the phase
noise of the pump or operate with high e ciency. We will explore some of these trade o s in Sec.

2.5

2.4.3 Corrections to membrane thermometry from phase/amplitude noise

The excess background noise added from the technical noise on the pumps will directly e ect
the measurement e ciency based thermometry in Fig. 2.5. We can either correct for this by
accounting for the excess background, or work at pump powers at which the excess background is
negligible. In practice, we often choose the latter, as the upper sideband peak height from Eqn. 2.24,
and thus the signal-to-noise ratio (SNR) of the measurement, is maximized fore = . The pump
powers required to achieve this matching are small enough that we can neglect the classical noise on
the pump.

Sideband asymmetry thermometry (Fig. 2.6) is insensitive to the excess background, but
technical noise also modi es the heights of the upper and lower sideband peaks [Safavi-Naeini et al.
2013]. This e ect, known as squashing (anti-squashing), reduces (increases) the thermomechanical
peak height due to correlations between phase/amplitude noise and the motional sidebands. In
order to extract the true mechanical occupation, we must correct for these interference e ects. The
susceptibility of the upper and lower sidebands to technical noise is:

B[I]= eT( exte] e( 1)i?[Bx( !)(Cuxx *iCxy)+ By( !)(iCxy Cyy)l

el 1I(Bx( ')Cxx +iBy( !)Cxy)(1+ &)+ (iBx( !)Cxy By( !)Cy)T &I): (2.37)

The real part of this susceptibility corresponds to a symmetric Lorentzian contribution to the peak
height, while the imaginary part adds a Lorentzian contribution that is asymmetric about the

mechanical frequency. The sign of the individual terms depends on the relative scale of the technical
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noise spectral densities.
The microwave output spectrum in the presence of technical noise on the generator, accounting

for the measurement chain added noise and technical noise e ects is:

ext,.e e

Ses[11=1=2+ nagqg + Se+ + A
e+ [!] add e+ e _2|_:4+(! 19)2
5 2
T Mmoo SFReB] 29 1R FimBL]  (238)
and
Se ['1=1=2+nggq + Se-+ e -

. T (1 v 10)

Nmin,e

T (Nm +1) + OfRe[B 1 29 +1 %)flm[B ] (2.39)

e

where Cis a generalized output modematching. For microwave measurements’= 1. The optical
output spectrum is the same except = ¢.; °= pc and appropriately replacing microwave
parameters with their optical counterparts. np, is given by Eqn. 2.23, accounting for both the
backaction limit and the occupancy of the electromagnetic cavities due to noise on the corresponding
pump tones.

While the full expression is quite complex, there are some simplifying assumptions that arise
from the experimental parameters. Firstly, in both the optical and microwave domains, phase noise
is often the main contribution to technical noise so we can leCyx = Cy, ! 0. With this assumption,
any pump power dependent change to the background of the output spectrum is a result of phase
noise, providing anin situ measurement of the phase noise spectral density. This can be complicated
by drifting modematchings in optical measurements or microwave circuit heating in microwave
measurements.

Additionally, sideband asymmetry only compares the heights of the peaks above the background.

On resonance, the anti-symmetric contribution to the spectrum vanishes. The ratio of the upper
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and lower sidebands:
2
Nm OTERe[EL, ! %)]
. 2
e (hm+ 1)+ O£ReB (! Q)]

- (2.40)

is modi ed by the presence of technical noise. The mechanical occupation can still be accurately
extracted using the measurement of the phase noise spectral density from the background and
parameters of the microwave cavity. The measurement e ciency based thermometry must also

account for the modi ed peak heights, while being careful to consider the excess background from

technical noise if performed with pump powers that carry appreciable noise.

244 Frequency uctuations and heating of the microwave circuit

The other source of technical noise is heating of the microwave circuit induced by the elec-
tromechanical and optomechanical pumps. Unlike the technical noise on the pumps, which can be
managed by Itering [Joshi et al. 2021], this noise source originates from inside of the transducer
and thus must be addressed by the design. Due to the large energy of a single optical photon, laser
heating of the microwave circuit could potentially be the dominant e ect. While this is true for
many of the other transducer platforms discussed in Sec. 1.1, our transducer is largely insensitive to
this e ect due to light propagation predominantly in vacuum, spatial separation of the electrical and
optical resonators, excellent optical mode control from robust cavity design [Urmey 2024], and a
choice of superconductor resilient to high frequency radiation ([Burns 2019]).

Heating of the microwave circuit due to the microwave pump, however, is a signi cant e ect for
our transducer. In fact, we will see in Sec. 4.1 and Sec. 4.2 that microwave-pump induced noise and
loss are the main limiting factors in the transducer's performance. Similar e ects have been observed
in other electromechanical experiments [Suh 2011; Teufel et al. 2011; Massel et al. 2012; Wollman
2015; Lei 2017] using silicon nitride membranes or aluminum drumheads. This noise and loss has
been attributed to the presence of two-level system (TLS) type defects in the dielectrics, whether
that be the amorphous SgN4 that makes the membrane or oxides at the metal-air, metal-substrate,

and substrate-air interfaces. The fractional frequency noise and internal microwave loss in linear
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microwave circuits in the weakly driven, low temperature regime can be explained by the so-called
"resonant" damping contribution to the TLS model. [Gao 2008; Paik and Osborn 2010; Burnett
et al. 2014; Behunin et al. 2016].

Early work in understanding these e ects in our transducers found that the TLS model indeed
explained the noise and loss at low-power [Higginbotham et al. 2018; Burns 2019], yet there was
a deviation from the model at high powers. In this thesis, particularly in Ch. 5, | will show
that the microwave loss at all powers can be understood within the TLS model if one considers
a self-heating e ect that activates the temperature-dependent loss of the TLS in the SN4. The
so-called "relaxation" damping term becomes important, although it is usually negligible and thus
ignored in most superconducting circuit experiments. Most importantly, I'll show that annealing
the SisN4 improves the material's loss rate and eliminates any power-dependent loss activated by
self-heating in both planar test circuits and the transducer.

In Ch. 6, I'll explore how the self-heating e ect paired with the relaxation damping term could
also explain the noise observed in our transducers, suggesting that a more detailed TLS model can
explain the noise that is limiting the transducer performance. As with the loss, annealing is found
to improve the power-dependent cavity heating, and technical noise from the generator is improved
by lItering. With the intuition gained in the next section, it is clear that these improvements to the
microwave pump power-dependent circuit loss and noise should push our transducer architecture

into quantum-enabled operation.

2.5 Understanding the parameter space

The expressions for added noise and e ciency are quite cumbersome in their full forms. This
is especially true when the added noise is a sum of many small, approximately equal contributions.
Additionally, the resolved sideband limit becomes invalid in the presence of su cient pump-induced
microwave loss. In this section, we will explore how the transduction noise, e ciency, and bandwidth
depend individually on changes to the intrinsic mechanical damping rate ,, electromechanical

vacuum coupling rate ge, internal microwave loss rate iy e, and occupancy of the microwave circuit
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due to technical noisene ¢ . This is key to understanding which parameters are most important to
improve in order to achieve quantum transduction.

For each of the parameters studied below, we nd the electromechanical and optomechanical
damping rates that minimize the added noise in up- or down-conversion given a set of xed transducer
parameters and report the e ciency, bandwidth, and mechanical occupancy under those conditions.
The optimal conditions will arise when the thermomechanical noise from the membrane roughly
matches the technical noise added by the pumps. The transducer parameters we use in this section
are summarized Table 2.1. We will also assume that both pumps are perfectly red-detuned. For
simplicity, the technical noise occupations of the optical and microwave cavitiesie o and ne e
are parameterized as linear functions of the optomechanical damping rate, or the microwave
intracavity photon number ne. In the optical case, the only contribution is phase noise on the laser,
which scales linearly with the laser power. , also scales linearly with laser power, so this is a good
parameterization. For the microwave case, there is both phase noise from the generator and heating
of the circuit, which are roughly approximated by this linear relation (for more about the scaling of
the microwave noise, see Ch. 3). We use the optical and microwave technical noise scalings extracted
for the device reported in [Brubaker et al. 2022].

The transducer parameters at optimized added noise as a function of microwave circuit loss

inte (Fig. 2.7), intrinsic mechanical loss n, (Fig. 2.8), vacuum electromechanical couplingge
(Fig. 2.9), and relative microwave noise level (Fig. 2.10) are studied, with upconversion in green
and downconversion in orange. We rst point out a few general observations. In these gures, we
notice that the noise in downconversion is generally smaller than the noise in upconversion, which
is a result of less technical noise per unit optomechanical damping when compared to that of the
electromechanical interaction. With technical noise, ground state cooling with the input pump is no
longer a su cient condition from quantum-enabled transduction, but still necessary. Optomechanical
cooling is more e ective than electromechanical cooling for the given system parameters (subpanel (d)
of the Fig. 2.7-Fig. 2.10), and as a result, downconversion noise is smaller than upconversion noise.

The asymmetry in the optical and microwave noise also explains the generally smaller e ciency in
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downconversion compared to upconversion. Lowest downconversion noise operation is achieved with
a large optical damping rate, and a small microwave damping rate. The damping rates are more
matched in optimized upconversion because the optical pump is needed to reduce the mechanical
occupancy past what the microwave pump can do alone.

Increased microwave loss has two primary e ects: reduced transduction e ciency (Egn. 2.18
and increased backaction due to decreased sideband resolution (Egn. 2.22). These e ects are evident
in the input-referred added noise Fig. 2.7(a) and transduction e ciency Fig. 2.7(b). The decreased
sideband resolution also places a limit on the optimal damping rates, which results in a decreased
transduction bandwidth Fig. 2.7(c) and larger mechanical occupation Fig. 2.7(d) (both from thermal
noise and backaction). In Ch. 5, we will explore the main source of loss in our transducers as well as
review the materials analysis that enabled reduction of the microwave loss to thejn e =2 50kHz
level.

Now, we explore the in uence of mechanical dissipation on the transducer performance (Fig.
2.8). Increased , couples the membrane more strongly to its thermal environment, requiring
more pump power to achieve the same cooperative and cool the mechanical oscillator to the same
occupation.The noise in transduction and mechanical occupancy thus increase with larger mechanical
dissipation. Another side e ect of the greater pump powers required for optimal noise performance is
increased transducer bandwidth at the expense of the increased noise. The transduction e ciency is
less sensitive to  aS e o m for the range discussed here. In Ch. 3, we will discuss the physics
of mechanical dissipation in tensioned membranes and describe a phononic Iter which signi cantly
decreased the mechanical dissipation.

Increased vacuum electromechanical coupling improves every transducer performance metric,
as shown in Fig. 2.9, especially because the./ g2. We can achieve larger cooperativity for the
same technical noise levels, which reduces the membrane occupation and thus the added noise as well
as permitting higher bandwidth operation. Increasingge reduces asymmetry in the upconversion
and downconversion performance, especially in the transduction e ciency. As electromechanical

ground-state cooling becomes possible, we push into a regime of quantum-enabled upconversion with
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high e ciency. In Ch. 3, we will introduce a method to reduce the motional capacitor gap spacing,
thus increasing ge.

We parameterized the e ective occupation of the microwave circuit as a linear function of
the intracavity photon number. In Fig. 2.10, the slope of this linear parametrization is scaled by
0.1 to 10, such that the noise increases along the x-axis of these plots. Naturally, the added noise
and membrane occupation increase as the microwave pump contributes more noise. To manage this
e ect, the optimal electromechanical damping rate and cooperativity is also smaller, corresponding
to a larger thermal occupation of the membrane and a reduced transduction bandwidth. In Ch. 6,
we will present potential models for this noise as well as strategies to reduce the noise or isolate
the signal from it. These plots, all together, suggest that order of magnitude improvements must
be made to one of these parameters in order to enable quantum transduction. In this thesis, we
generally attempt to make these large improvements, but many smaller improvements can also push

the transducer under the quantum threshold.
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exte 2 1MHz
inte 2 200kHz
ext,0 2 15MHz
int,0 2 200kHz
Qe 2 2Hz
'm 2 15MHz
Tm 100 mK
Ny, 1400 phonons
m 2 0.2Hz
PCs CL: PL 0.8
lock Nlock 2 40photons/Hz
Neo = @ o a,=2:8 10 ®photons/Hz
Nee = AeNe+ e | 3 =2:93 10 &photons/photon
b, = 0:09photons

Table 2.1: Example transducer parameters. Typical transducer parameters used to calculate
performance in this section. The parameters are similar to the device reported in [Brubaker et al.
2022]. The technical noise behavior is parameterized by a linear function of either the optomechanical
damping rate or microwave pump intracavity photon number.
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Figure 2.7: Transduction performance versus microwave loss. (a) Transduction Added
Noise at optimal damping rates. Transduction e ciency (b), bandwidth (c) and occupation of the
membrane (d) under the same parameters that minimize the added noise. The two dominant e ects
of increase microwave loss are decreased e ciency and increased backaction noise.
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Figure 2.8: Transduction performance versus mechanical loss. (a) Transduction Added
Noise at optimal damping rates. Transduction e ciency (b), bandwidth (c) and occupation of the
membrane (d) under the same parameters that minimize the added noise. Mechanical dissipation
couples the membrane to the highly occupied thermal bath, increasing the membrane occupation
and requiring stronger pump tones to cool the motion.
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Figure 2.9: Transduction performance versus electromechanical coupling (a) Transduction
Added Noise at optimal damping rates. Transduction e ciency (b), bandwidth (c) and occupation
of the membrane (d) under the same parameters that minimize the added noise. Larger coupling
between the microwave circuit and mechanical membrane improves all the transduction metrics.
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Figure 2.10: Transduction performance versus microwave noise (a) Transduction Added
Noise at optimal damping rates. Transduction e ciency (b), bandwidth (c) and occupation of the
membrane (d) under the same parameters that minimize the added noise. The x-axis is a scale
factor multiplied to the linear parameterization of the ne ¢ = acne + be



Chapter 3

Membrane mode engineering

Every ight begins with a fall.
- G.R.R. Martin

As the intermediary mode in our microwave-to-optical transducer, the mechanically-compliant
membrane is at the heart of the experiment. The membrane is a highly-tensioned square sheet off$j
whose lowest energy eigenmodes are at MHz-scale frequencies. This structure has approximately
sinusoidal eigenmodes, and in the high tension limit, the eigenfrequencies are:

| 2 T

*Ln ﬁ(lz"' n2) (3-1)

whereT is the Im tension, is the Im density, and L is the side length of the square membrane.
A silicon frame in the top chip of our ip-chip architecture supports the membrane on the edges, as
shown in Fig. 3.1. This style of mechanical oscillator has long been a tool for cavity optomechanical
experiments [Jayich et al. 2012; Wilson et al. 2009]. In this thesis, we work with thél;n) = (2 ;2)
mode of the membrane, with the optical spot and capacitor pad on separate corners of the membrane.
The presence of a thin superconducting capacitor pad perturbs the mechanical mode shape, but the
mechanical modes are still roughly that of a uniform thin square sheet.

In an ideal device, the desired mechanical mode is weakly coupled to its thermal environment.
The motion of the eigenmode of interest is localized to the $N4, with little motion in the mechanically
lossy Si frame [Wilson-Rae et al. 2011; Yu et al. 2014]. In any real device, the Si frame will have

its own mechanical modes, which could hybridize with the membrane mode if there is signi cant
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Figure 3.1: Evolution of Membrane Chip. Pictures of the transducer devices used in (a) [R. W.

Andrews et al. 2014] (b) [Higginbotham et al. 2018], and (c) [Brubaker et al. 2022] with a penny

for scale. The membrane is the green-tinted square in the center of the device. Patterning of the
silicon frame (blue) that supports the membrane evolved to control the capacitor gap spacing and
implement a mechanical Iter.

motion at either the capacitor or optical spot. Any techniques for mechanically isolating the SNy
from its Si frame must maintain large electromechanical and optomechanical coupling while being
robust to cryogenic operation.

In Sec. 3.1, we will detail the design and implementation of a mechanical Iter in the Si
frame to isolate a particular membrane modes. In Sec. 3.2, we will introduce a chemical bonding
process which increased the reliability of the transducer's construction, especially once cooled to
mK temperatures. Both of these techniques were implemented in the devices discussed in Ch. 4. In
the last section of this chapter (Sec. 3.3), we will demonstrate a new technique for achieving larger

electromechanical coupling rates by reliably reducing the capacitor gap separation.

3.1 Phononic crystal

A phononic crystal (PNC) e ectively implements a mechanical band stop lter by reducing
the density of states for phonons in a desired frequency band [Yu et al. 2014; Kushwaha et al. 1993;
Eichen eld et al. 2009; Hatanaka et al. 2014]. In analogy to a stepped impedance lIter in the
microwave regime, periodic modulation of the mechanical impedance can be engineered to prevent
propagation of phonons within a desired frequency range. Implementation of a PNC in the Si frame

that supports the membrane has two bene cial e ects. By reducing the density of states near the
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mechanical oscillator's frequency, the intrinsic mechanical dissipation is improved and the probability
of hybridization with a mode of the substrate is reduced.

Mechanical dissipation in silicon nitride membranes has two main contributions. The rst is
bending or clamping loss, where energy is loss via higher order scattering processes at locations of
high curvature. This is related to the intrinsic quality factor of the material, which is set by the
imaginary part of Young's modulus. The second source is radiation loss, related to phonons entering

the support structure. The quality factor of the mechanical resonatorQm = ! n= n IS given:

1=0Qm = 1=Qpend + 1=Qrad (3.2)

where Qpeng IS the bending-loss limited Q andQ 4q is the radiation-loss limited Q. Using the method
introduced by [Reetz et al. 2019], the bending-loss limit Q for the(l;n) = (2 ;2) mode of a bare
SisN4 membrane with the same dimensions as our devices @peng 45 107 assuming an intrinsic
quality factor Qjy; = 6600. Similarly, the radiation loss can be calculated using theory developed by
[Wilson-Rae et al. 2011; Wilson-Rae 2008]. Taking the asymptotic limit of a semi-in nite substrate
and square membrane [Villanueva and Schmid 2014Q)4q (2:4 10), where is a correction
factor to account for substrate imperfections result from chip mounting. Empirically, . 0:1 can
explain the Qn, of a wide-range of experiments. For comparison, th€n, in [R. W. Andrews et al.
2014] and [Higginbotham et al. 2018] wag:1 10° and 1:3 1P, respectively. This suggests that
Qm was radiation-loss limited in those devices with 0:01. The PNC directly improves the
radiation loss by reducing the density of states into which phonons in the membrane can decay. Said
another way, the PNC reduces the e ect of chip mounting (increases ) by reducing the pathways
for phonons in the membrane to see the mounting points.

The PNC will reduce the membrane mode occupation from thermomechanical noise, and also
prevent thermomechanical noise from other mechanical modes from contributing to the transducer's
added noise. These "spectator" modes are primarily modes of the Si frame that supports the

membrane. If they have appreciable motion at either the capacitor pad or optical spot and their
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frequency lies within the transducer's bandwidth, noise from the spectator modes can interfere with
the noise from the membrane mode. We observed this exact e ect in a transducer device with a Si
frame structure similar to the 2018 device, shown in Fig. 3.2.

The optically-detected thermomechanical spectrum is plotted in Fig. 3.2a for a xed , and
swept . These spectrum follow the Lorentzian shape described by the optical version of Eq. 2.24,
with the peak height decreasing and linewidth increasing with large microwave power. For the largest
value of ¢, the spectrum acquires a non-Lorentzian shape, and is best t with the complex sum
of two Lorentzians, one from the membrane mode and one from a spectator mode of the Si chip.
Interference of these two noise sources arti cially reduces the measured peak height, as shown in (b).
Using COMSOL to simulate the eigenmodes of the full Si chip, we nd the membrane mode and a
likely candidate for the spectator mode in (c).

Importantly, the spectator mode has appreciable motion at the capacitor pad and optical spot
and is spectrally close to the membrane mode. Consequently, thermal phonons from the spectator
mode will couple to the microwave and optical resonators and can be indistinguishable from signal
photons. We have found experimentally thatge and g, of the spectator modes are too small to be
e ectively cooled by the pumps, yet large enough to contribute to the transducer added noise. A
PNC will reduce the density of states of spectator modes and reduce the electro/optomechanical

coupling of the spectator modes that remain by isolating the membrane from the substrate.

311 In nite PNC design

Optimization of the PNC design is performed in COMSOL, beginning with a unit cell. The
band diagram of the unit cell can be calculated by assigning Floquet periodic boundary conditions
and nding the eigenmodes of the in nite structure. The phase vector between adjacent cells is
swept along the boundary of the rst Brillouin zone [Yu 2016]. We use a square lattice to match the
membrane symmetry, resulting in a network of alternating "pads” (thick sections) and "tethers"
(thin sections). The e ective length of these sections sets the center of the band gap, while the

mass contrast between the pads and tethers de nes the width of the band gap [Reetz et al. 2019].
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Figure 3.2: Spectator modes of Si frame (a) Optically-measured mechanical spectrum of the
(2,2) mode for xed optical damping. Data are in open circles and solid lines are a numerical t.
As the electromechanical damping rate increases, the thermomechanical peak gets broader and
shorter, indicating cooling. At the highest powers, the peak acquires a non-Lorentzian lineshape.
(b) This peak is best t by the sum of two Lorentzians with opposite phase, indicating that noise
from the membrane mode (dashed) is interfering with that of the substrate mode (dotted). (c)
COMSOL simulations of the membrane chip, with the color scale representing a normalized vertical
displacement. The most membrane-like mode (left) has the motion con ned to the membrane but
nearby substrate modes (right) have signi cant motion in both the membrane and Si chip.
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Figure 3.3: PNC unit cell  (a) Dimensions of the optimiz&d unit cell subject to fabrication constraints
area=1450 m, w; =550 m,w, =1350 m, b= w, 2,t=380 m. The length b corresponds
to the side length of a square cutout centered on the unit cell and rotated 45 degrees. (b) Band
structure across the rst Brillouin zone. The membrane mechanical mode will sit at the center of
the band gap (green-shaded area)

Recalling the stepped impedance Iter analogy, the mass contrast corresponds to an impedance
mismatch between adjacent sections of the lIter.

Constraints from the fabrication in uence the optimal unit cell design (see Appendix A). The
wafer from which the membrane chips are made is 380m thick. The minimum tether width that
we can reliably fabricate is 100 m. Lastly, we could in principle add rather than remove material in
order to create the necessary mass contrast. This has been successfully implemented for PNCs in the
nitride membrane [Hgj et al. 2022; Huang et al. 2024], but it is di cult to achieve in Si PNCs due to
the thickness of the wafer! Within this design space, we are able to nd a unit cell which has a
1 MHz wide band gap centered at 1.5 MHz, as shown in Fig. 3.3. The large bandgap ensures that

small changes in membrane frequency or PNC fabrication do not ruin the isolation of the membrane.

3.1.2 Finite PNC e ects

Due to the MHz-scale bandgap center frequency, the unit cell size is quite large, comparable to
the side length of the membrane (500 m). Only 1 to 1.5 unit cells physically t into the membrane

chip (see Fig. 3.1 c¢). The nite PNC cannot fully suppress all the spectator modes around the

10One would need to deposit a high-density material in large amounts in order to create appreciable mass contrast.
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membrane frequency, akin to a single-pole lter with limited extinction in stop band. This problem

is exacerbated by uncertainty in the membrane and spectator mode frequencies due to variations
in the fabrication (Appendix A). We cannot design the membrane and Si chip to deterministically
avoid all the spectator modes.

To understand whether the nite PNC will e ectively reduce the density of spectators modes,
we develop a probabilistic gure of merit that accounts for a priori unknown membrane mode
frequencies. This gure of merit will describe the likeliness of a frequency collision between a
spectator mode and a membrane mode given some patterning of the Si chip and assuming a uniform
probability distribution of the membrane frequencies within some range.

In COMSOL, we can simulate the eigenmodes of the Si chip around the membrane mode
frequency. The coupling of each of these modes to the microwave circuit is encoded into an e ective
mass:

_ chip (x)Z2(x)d®x
Me = (3.3)

2
hZ|pad

where the integral in the numerator is over the whole membrane chip. (x) is the material density
and z(x) is the vertical displacement. We normalize by the squared-average vertical displacement
of the capacitor pad fzi Sad. Modes with signi cant (little) capacitor pad motion will have a small
(large) e ective mass and are easy (di cult) to cool with the radiation pressure force.

We can then calculate the electromechanical background thermal spectrum from these spectator
modes. The thermomechanical position noise spectral density contribution from one spectator mode

is [Hauer, Maciejko, et al. 2015]:

4kBT m,sub

e (12 12 )2 +( mem!)D) (3.4)

Sh(!) =

From experimental observations, we nd that the Qm sup = 102 10%. We expect that a bath of low
Q spectator modes is more likely to add signi cant noise to any given realization of the membrane
frequency, so we assume that all spectator modes ha@m su» = 10°.

We can use the classical noise spectral density for the spectator modes as they are not cooled
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e ciently by the pumps and remain in the classical oscillator limit. To this background of classical
oscillators, we add the contribution from our membrane mode when cooled ta,, = 1 at a total

damping of 1 = 1kHz, using the quantum position noise spectral density:

S)((q)tjantum (! ) - 2X2 T(nm + 1)

zpf _2|_:4+(! I m)? (3.5)

wherex§pf = zm. 1o Is the zero-point uctuations of the mechanical mode. This is one realization of
the possible membrane and spectator mode spectrum. The spectator modes can change character if
it hybridizes with the membrane. To capture that, we linearly sweep the membrane mode frequency
in simulation between0:9! ,, I 1.1! ,, and generate many realizations of the total position spectrum.

In each of these realizations, we integrate the motion in 40 1 band centered on the membrane
frequency to nd how much of the motion is from spectator modes.

Our gure of merit is then the percentage of these realizations that result in more than 0.1
phonons of motion from the spectator modes (a tenth of the membrane occupation). This gure of
meritis  40% for the 2018 design, and reduced to 2% for the optimized PNC design, more than
an order of magnitude improvement. More details of this simulation procedure and application to

other design challenges will be detailed in Kazemi Adachi's thesis.

3.1.3 PNC performance

With reasonable con dence in the design, membrane chips shielded by a PNC were fabricated.
The process is akin to that used for the 2018 device [Burns 2019], with some changes to improve yield
(Appendix A). The rst round of devices with the PNC had sub-Hz intrinsic mechanical damping
(Qm > 10°). In Fig. 3.4, we look more carefully at one of these devices, which was used for the work
in [Brubaker et al. 2022] and [R. Delaney 2022].

We measureQm, by performing mechanical ringdown measurements and tting the exponential
decay of the output amplitude to e T2, In the presence of a red-detuned pump, we create a large

coherent state in the mechanical mode ("ring up") by applying an additional tone on-resonance with
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Figure 3.4: Improved Mechanical Properties (a) Mechanical Ringdown with no measurement
delay. Each line corresponds to a di erent electromechanical damping rate. (b) Exponential decay
rate extracted from mechanical ringdowns, with lled circles corresponding to data in the rst
panel. The y-intercept of the linear t is the intrinsic mechanical damping rate n,. (¢) Stroboscopic
Mechanical Ringdown with constant damping. The delay between ring up and measurement is swept.
Fitting the exponential decay envelope (red dashed line) of the amplitude measured at the beginning
of the measurement also gives,. (d) Electromechanical Spectrum. Many modes are visible in the
spectrum (black line), including the (2,2) mode (gray dashed line), other membrane modes (blue
dashed line), and some spectator modes. There are fewer spectator modes within the expected band
gap (gray shaded region).
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the cavity. The mechanical amplitude will decay at a rate 1 when the on-resonance tone is turned
o at t =0, as seen in Fig. 3.4a. Damping is linearly dependent on pump power (Egn. 2.8), so
the y-intercept of the t to Fig. 3.4b will be ;. Note, this measurement is usually done purely
electromechanically, as the optical measurement requires a lock tone which contributes its own pump
power-independent damping rate. We nd that =2 = 113mHz @Qm =1:28 107), two orders of
magnitude larger than the previous designs. This is also approaching the limiQmmax = 1:57 10’
set by the bending loss and the radiation loss with ideal mounting ( = 1), implying that the
remaining mechanical loss is roughly equal parts bending and radiation.

As a sanity check, we implement another method of mechanical ringdown, shown in Fig.
3.4c. "Ringdown in the dark" or "Stroboscopic" readout turns o the red-detuned pump when the
on-resonance tone is turned o. The mechanical oscillator then decays into its thermal bath at

m. After some delay, the electromechanical damping is turned back on, after which the oscillator
amplitude will decay at 1. The measured amplitude immediately after the damping is reapplied
provides a snapshot in time of the intrinsic mechanical decay. By sweeping this delay, we can more
directly access the intrinsic mechanical decay exponential. Using this technique, we nd,=2 =
98 mHz (Qm = 1:48 107), in slight tension with the previous measurement. For the subsequent
analysis requiring this parameter, we use the rst, more conservative measurement.

It is important to note that these measurements were made at the base temperature of our
dilution refrigerator Tp, = 40 mK. At this base plate temperature, the membrane has been observed
to equilibrate to Teq 100 mK with the laser o, and at most Teq = 100 mK with the laser on
(see Fig. 2.5 or Fig. 8 of [Brubaker et al. 2022]). The mechanical quality factor can depend on
temperature below 1K, which has also been observed by [Yuan et al. 2015] and attributed to
temperature-dependent surface losses [Villanueva and Schmid 2014]. In this device, we found that the
mechanical loss increased linearly with temperature followingm = a Tpp + b with a = 176 mHz/K
andb = 101 mHz. In a Sec. 5.6, we will explore how the mechanical dissipation at the milikelvin
temperature could be due to the in uence of two-level systems, the same model that explains the

microwave circuit loss.
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Lastly, we evaluate how the PNC a ected the mechanical spectrum in Fig. 3.4d. The
mechanical spectrum is measured over a broadband that includes the designed mechanical bandgap,
denoted by the gray shaded area. Outside of the PNC, there are many peaks not attributable to pure
membrane modes (dashed blue lines), but within the bandgap, there are fewer of such non-membrane
modes. In particular, there are relatively few substrate modes in the vicinity of the (2,2) mode (gray
dashed line). We conclude that despite the relatively limited number of unit cells in the membrane
chip, the PNC successfully reduces the prevalence of substrate modes in the bandgap and decreases

the radiation loss of the membrane mode embedded in the structure.

3.2 Oxide-Oxide bonding

Construction of the transducers is a delicate process, prone to inconsistencies between each
attempt. Thermal contraction during cooldown and unpredictable deformation of the cryogenic-
compatible epoxy (Stycast 2850FT) used to a x components are two of the main sources of
unreliability. The epoxy can change during thermal cycling, further exacerbating the issue. Control
over the optical mode and the spacing of the electromechanical capacitor are two critical parameters
that are challenging to optimize after the transducer has already been constructed. In principle, one
could introduce piezoelectric actuators to control the mirror positioning and a DC voltage between
the capacitor pads to control that spacing, but these additional tuning parameters introduce new
avenues for vibrational noise to pollute the system.

Direct bonding of the constituent components can make the transducer robust to cryogenic
thermal cycling by ensuring alignment of bonded chips and removing the need for epoxy. We use a
hydrophilic oxide-oxide bonding chemistry to create intimate and robust contact between two silicon
dioxide surfaces, which are either intentionally deposited or natively present on Si wafers [Burns
2019; Ployl and Krauter 1999]. (more information on the bonding recipe can be found in Appendix
A). As shown in Fig. 3.5, we have explored this bonding for two applications: bonding the circuit
chip to the mirror chip and/or bonding the membrane chip to the circuit chip. The rst application

ensures that the optical mode is always normally incident on both the membrane and at mirror,
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Figure 3.5: Oxide-Oxide bonding for transducer construction. Implementation of direct
bonding to increase reliability of transducer construction. (a) Three-element cavity where each
element (curved mirror, transducer chips, at mirror) are epoxied (not shown) to separate mounting
brackets and the membrane chip is epoxied (black ovals) to the circuit chip. (b) Two-element
cavity where the at mirror is bonded to circuit chip, reducing the likeliness of misalignment. (c)
Fully bonded etalon, where the membrane chip is bonded to the circuit chip, removing epoxy from
transducer construction.
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which drastically reduces light scattering [Urmey 2024]. The second removes the need for epoxy in
construction of the electromechanical system.

The main challenge in realizing these applications is ensuring that the bonding does not disrupt
the mechanical or electrical transducer components. For example, the capacitor gap spacing is very
sensitive to deformation from the mismatched thermal contraction of SiQ and Si. If the circuit
and membrane chips bow apart, the electromechanical coupling will decreasg.(/ 1=d) and the
microwave circuit frequency could end up out of the band of our measurement chain ¢ / P d). We
have also observed cases where the capacitor pads touch, either attracted by electrostatic forces, the
Casimir e ect, or simply bending of the two chips. This "collapsed" capacitor results in an unusable
device, as there is no longer an electromechanical circuit. The issues can arise in both bonded and
epoxied devices, but the bonding is a lithographically de ned process with precise control. Design of
the location and size of the oxide contact points presents an opportunity to control the capacitor

spacing in the presence of deformation due to thermal contraction.

3.2.1 Circuit chip-mirror chip bonding

The at mirror is a dielectric stack of tantala and silicon dioxide deposited wafer scale on Si
by Five-Nine Optics [FiveNine Optics Boulder, Colorado | R > 99.999% 2024], making a Bragg
re ector with high re ectivity. The total stack is a few  m thick, with a 10 nm capping layer of Si0;.
In order to achieve the highest quality mirrors, the deposition occurs at several hundred Celsius.
When cooled to room temperature, mismatched thermal expansion coe cients creates stress in the
mirror coating, which will result in an appreciable wafer bow. The bonding process requires the two
surfaces to have intimate contact, generally requiring at substrates. The stress of the mirror coating
is compensated by a 3m SiO, stress compensation layer also deposited at high temperature on the
backside of the wafer, so that the mirror wafer is at at room temperature, as shown in Fig. 3.6a.

The additional stress compensation layer e ectively creates a symmetric material stack of
oxide-silicon-oxide. Even though the materials are still mismatched, symmetry of the structure

ensures that the wafer remains at at all temperatures. After we bond the circuit wafer to the mirror
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wafer, we break this symmetry. When the new bonded stack is cooled to cryogenic temperatures,
the stack will again have a bow (Fig. 3.6b). This led to unpredictable capacitor gap spacings in the

rst devices with bonded mirrors.

Figure 3.6: Stress compensation of mirror coating (a) A layer of SiO, (purple) deposited at high
temperature counteracts the Im stress of the mirror (cyan) coating at room temperature. (b) After
bonding the circuit chip, with a hole in the center for optical access, the stack is nho longer symmetric
and bends when cooled to cryogenic temperatures. (c) Removing the stress compensation after
bonding the circuit chip recreates a symmetric stack, which does not bend when cooled. Dimensions
are not shown to scale.

We tried chip scale bonding the circuit chips to fused silica substrates, mirror chips of di erent
side lengths, and even mirror chips diced from a 1inch thick Si puck, hoping to better control the
gap spacing by changing the materials and dimensions of the mirror substrates. Of these options,
using 1-2 mm side length mirror chips (compared to the 9 mm side length circuit chip) proved most
successful. The mirror chip is then a perturbation on the circuit chip, and the bowing is reduced.
Smaller mirrors, however, have less bonding area and are thus less resistant to cryogenic cycling and
routine handling. Additionally, chip scale bonding sacri ces the scalability of wafer scale processing.

We ultimately abandoned these chip scale methods, instead developing a wafer scale method which
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uses the same symmetry principles as the SiOstress compensation layer.

If we can remake a symmetric material stack, we expect to minimize the deformation of the
chip. In Fig. 3.6c, this can be done by removing the Si@ stress compensation after bonding the
wafer of circuit chips to the wafer of mirror chips. The material stack is now symmetric, and this
etch can be done wafer scale with a one-sided anhydrous HF vapor for 90 minutes (Appendix A).
This process minimizes the chip deformation from thermal contraction of the mirror coating without
sacri cing wafer scale processing and robust bonding.

In addition to improving the reliability of the capacitor gap spacing, bonding the mirror
chip and circuit chips reduced light scattering out of the optical mode, which improved jn o, and
reduced laser heating of the superconducting circuit (Sec. 4.2). The optical cavity could also be
shortened due to the compactness of new cavity design, which improved the vacuum optomechanical
coupling rate g, by concentrating the light in the shorter section of the asymmetric cavity. These
improvements are detailed in Maxwell Urmey's thesis [Urmey 2024]. Finally, there are also prospects
to bond the curved mirror to the membrane chip using micro-fabricated mirrors [Jin et al. 2022],

which could enable a fully-bonded, epoxy-free cavity construction.

3.2.2 Membrane chip-circuit chip bonding

Recently, we have attempted to extend the oxide process to construction of the electromechan-
ical circuit. In the device used in [R. Delaney 2022] and [Brubaker et al. 2022], the gap spacing
between the capacitor pads was determined by aluminum structural posts with the desired height on
the circuit chip. We can replace each of these posts by a pair of posts, one on the circuit chip and
one on the membrane chip, whose combined heights sum to the desired capacitor gap spacing. The
chips are then held together by oxide bonding of those sets of posts.

An important design parameter is the size and shape of the bonding posts. Too large, and
there is a high likeliness for dust or other contaminants to mar the bonding surface. Too small, and
the bond between the chips may not survive cryogenic operation or routine handling. We found that

4 posts outside of the phononic crystal with a radius of 100-200m was a reliable design, achieving
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Figure 3.7: Bonded transducer etalons (a) Design of the membrane chip. The oxide bonding
posts are the circles, four outside the PNC and four on the membrane frame whose positions have
been optimized with the process described in Sec. 3.1.2. (b) Picture of two fully bonded transducer
etalons, with the membrane, circuit and mirror chips all only connected via oxide bonding.

su cient bond strength to survive multiple cryogenic cycles. The design of the membrane chip and a
photo of two fully-bonded transducer etalons (every component except the curved mirror) are shown
in Fig. 3.7.

Initial tests of the fully bonded etalons were promising, yet inconsistent. We achieved gap
spacings of 200 nm while maintainingQ, > 10° with three devices. This was still relatively small
subset of the total number of devices constructed, as most of the capacitor gaps ended up either too
large to have a resonance in band of the microwave measurement chain or collapsed (10 such devices).
COMSOL simulations of the thermal contraction of the structure suggest that the spacing should
change by less than 1 nm between 300K and 77 K, after which there should be negligible additional
deformation. The capacitor gap is also in uenced by the mounting of the device to the chip holder
and any dust between the membrane and circuit chips. It is also possible that our simulations do
not accurately capture the deformation from thermal contraction. We have some intuition of the
deformation from thermal contraction of epoxied devices (Appendix A), but better understanding
of the oxide bonding posts must be developed before it can become a more reliable construction

method.
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3.3 Pinned membrane

As discussed in the previous section, the capacitor gap separation is a di cult length to control
with our ip chip architecture. Some of this arises from the length scales involved. In the device
studied in [Brubaker et al. 2022] and [R. Delaney 2022], the structural posts which de ne the chip
spacing are nearly 2.5 mm away from the capacitor gap which is designed to be 300 nm. Less than a
milliradian of angular displacement is needed to explain the eventual 830 nm spacing. This distance
is required for the posts to be outside of our limited PNC, as they could act like mechanical shorts
to the circuit chip if placed inside the PNC. We nd, however, posts placed on nodes of motion of
the substrate or even the membrane can circumvent this limitation, as e ectively the phonons do
not "see" these posts if they are properly placed.

An early implementation of this can be see in Fig. 3.7a, as the posts on the frame of the
membrane are designed to line up with the nodes of the membrane motion. More recently, we
believe that posts on the center of the PNC pads (large squares) or tethers (skinny lines) will be
more e ective. While these posts are closer to the capacitor than the posts outside of the PNC,
the closest we can place a post is directly on the membrane. This idea was inspired by an optical
measurement ofQ, > 1P of the modi ed membrane modes in a defective transducer where the
capacitor pad was collapsed [Urmey 2024]. That measurement suggested that rigidly clamping
part of the membrane was not necessarily catastrophic for the loss of the now modi ed mechanical
modes, and the frequencies can be predicted by COMSOL simulations. In the remainder of this
section, we will detail the design of the pinning post and measurements of the rst iteration of
pinned electromechanical devices. For clarity, we note that the transducers detailed in most other

sections of this thesis do not have a pinned membrane, as it is a relatively new developmént

2The annealed transducer discussed in Ch. 6 does have a pinned membrane. In this thesis, we only report the
microwave properties of that device as full characterization is still underway.
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3.3.1 Pinning post design

Intuitively, the location for the pinning post that is least perturbative to the mechanical mode
is along a nodeline of motion of the unpinned mechanical mode shape. Additionally, the post should
be as large as possible to create reliable contact between the membrane and circuit chips while
minimally changing the mechanical mode coupling and dissipation. To con rm this intuition, we
can use COMSOL to simulate the electro/optomechanical coupling rates relative to the unpinned
mode, the bending loss limited Q, and (2,2) mode eigenfrequency. These simulations include only the
membrane, capacitor pad, and pinning post with fully xed boundary conditions along the perimeter
of the membrane and the surface of the pinning post not contacting the membrane. We ignore any
potential e ects of the Si chip so we can quickly iterate on the design.

COMSOL will return eigenvalues and Qpeng is calculated using known material properties
and the mechanical mode shape [Reetz et al. 2019]. The electro/optomechanical coupling rates are

written:

Oe = Gexzpf,eEmot (3.6)

and

Oo = GoXzpfo: (3.7)

Ge (Gp) have units of [frequency/distance], describing the susceptibility of the corresponding cavity
frequency to motion of the membrane. The electrical case also includes a participation ratiBmot ,
which is the ratio of the mechanically-susceptible capacitance to the total capacitance of the circuit.
These quantities will not be in uenced by the design of the pinning post as they are determined by
the design of the electromagnetic cavities. The pinning post will change the amount of motion at
the capacitor pad or optical spot, which is represented by ,pre and Xzpr o respectively and can be
calculated from the mechanical mode shape.
In our design process, we compared the coupling rates by comparing the zero-point motions of

a given design to that of the unpinned mechanical mode shapex,pye is evaluated over the capacitor
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pad using the e ective mass de ned by Eqn. 3.3.Xpt0 IS evaluated similarly over the optical spot,
which we choose as a 30m radius circle centered at the unmetalized anti-node of the unpinned
mechanical mode. This choice does not account for the Gaussian intensity distribution of the beam or
movement of the optimal coupling spot in the pinned designs. Theelative optomechanical coupling
is insensitive to the choice of uniform beam pro le, and we observe little shift of the optimal coupling
spot compared to the beam waist in the designs considered here.

Fig. 3.8 reviews the simulation of these parameters to optimize the post location and radius.
The post location sweep is performed with a 10m radius post along the southwest to northeast
diagonal, which maintains the re ection symmetry of the unpinned membrane design. The couplings
are least a ected when the post is between -70m and -80 m from the center of the membrane
which, as expected, is along the nodal line of the unpinned mode shape. This is also where the
mechanical frequency is least perturbed. At all post positions, the post necessarily creates additional
curvature in the mode shape andQpeng is reduced from the unpinned caseQpeng IS MOSt a ected
when the post approaches an anti-node of motion (-100m), but the optimal post location avoids
much of the additional loss.

The post radius is swept with the post de ned in its optimal position along a nodal line of
motion, as seen in Fig. 3.8d. Naturally, as the post size approaches zero, the design parameters
asymptotically approach the unpinned values. It is unlikely that a 1-2 m radius post would reliably
bond or that the chips could be aligned to that accuracy. In ip chip assembly, we nd that the
membrane and circuit chip can be reliably aligned to within 10 m with our non-computer assisted
alignment (Appendix A). We thus chose a 10 m radius as compromise between perturbing the
membrane mode and feasibility of construction.

There is a large design space unexplored in this thesis. For example, we could consider if
the membrane could be pinned in such a way to increase the electromechanical coupling. In Fig.
3.8e, we see that for larger post radii, the electromechanical coupling increases at the expense of
the optomechanical coupling. Clamping more of the membrane concentrates the motion at the

capacitor pad because the post is closer to the capacitor pad than the optical spot. In the device
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Figure 3.8: Pinning post design (a) Location sweep of pinning post with radius 10 m, overlaid
on the unpinned (2,2) mechanical mode shape. The post location is swept along the diagonal of the
membrane, starting at the center and approaching the capacitor pad. (b) Relative electromechani-
cal/optomechanical coupling as a function of post location. (c)Qpeng (blue) and ! , (orange) as
function of post location, with dashed lines representing the simulated unpinned values. (d) Post
radius sweep at optimized post location of -75m, which lies along a nodal line of motion. (e-f)
Relative coupling, Qpend, and ! ; as a function of post radius, with dashed lines representing the
simulated unpinned values.
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measured in [Brubaker et al. 2022] and [R. Delaney 2022, 40 g.. As those experiments were
limited by microwave noise which scaled with microwave pump power, it could be advantageous to
trade optomechanical coupling for electromechanical coupling. Additionally, one could consider more
extensive pinning structures that could de ne exotic membrane mode shapes beyond that which is
capable with our fabrication process. In this thesis, we restrict our experimental attempts to the

more limited design space and fabricate devices with the design optimized in Fig. 3.8.

3.3.2 Experimental realization

Using our optimized design, we fabricate electromechanical etalons with the membrane, circuit,
and mirror chip with the pinning post. In addition to the pinning post, these designs also had four
posts outside the PC and four posts on the membrane frame optimized to be along the nodelines
of the membrane motion, similar to the design in Fig. 3.7a. Some etalons were fully bonded and
some still included epoxy between the membrane and circuit chips. A optical photograph looking
through the membrane at the capacitor pad and pinning post is shown in Fig. 3.9. The pinning is
the small dark dot within other concentric circles just above the capacitor pad. Using a white-light
spectrophotometer (Appendix A), we measure the room-temperature capacitor gap spacing to be
200 nm, matching the height of the posts. We also infer that there is indeed contact between the
membrane and circuit chip at the pinning post by the darkness of the spot.

Upon cooling down this device, we nd a resonance frequency indicating that the capacitor
gap spacing is still around 200 nm. Comparing the simulated mode frequencies to the measured
mechanical mode spectrum in Table 3.1, the membrane is likely to pinned, especially considering
the shifted fundamental frequency. The frequency of the fundamental mode is sensitive to pinning
because the pinning post is not on node of motion for this mode. It is also generally easy to identify
the fundamental mode in the spectrum as the lowest frequency mechanical mode. Assigning mode
numbers to higher frequency modes is complicated by the fact that not all modes are well coupled
to the microwave circuit.

Most importantly, in Fig. 3.9, a electromechanical damping sweep of the (2,2) mode extracts
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Mode Number | Simulated (unpinned) | Simulated (pinned) | Measured
(1,1) 714 kHz 830 kHz 815kHz
(1,2) or (2,1) 1.08, 1.15MHz 1.15,1.18 MHz | 995, ?kHz
(2,2) 1.38 MHz 1.39 MHz 1.34 MHz
Table 3.1: Pinned membrane mode frequencies. Simulated and measured membrane mode

frequencies for the four lowest order modes. The frequency of the fundamental mode is a good
indicator of whether or not the membrane is pinned as it exhibits a large frequency shift upon
pinning. As designed, the (2,2) mode is largely insensitive to pinning. One of the (1,2) or (2,1)
mode has vanishingly small electromechanical coupling, so we do not observe it in the measured
mechanical spectrum. The simulation parameters are a membrane side length of 55, a SNy
stress of 1 GPa, density of 3100 kg/r, Young's modulus 250 GPa, and Poisson's ratio 0.27.

a vacuum electromechanical coupling 0§.=2 = 4.98 Hz and an intrinsic mechanical damping rate
of m=2 = 0.103Hz, both consistent with devices with similar spacings that are not pinned. This
corresponds nearly an order of magnitude increase in the electromechanical cooperativity at all pump
powers. Even though the membrane is held xed at the point de ned by the post, the coupling and
loss of the mechanical membrane mode is largely una ected. Optimizinge is especially important
(Fig. 2.9) due to the large microwave pump-induced noise which has limited our transducers (Ch. 4).

This device represents one of the many electromechanical etalons assembled and measured.
Many of the devices which did not end up pinned had a spacing indicating that the membrane and
circuit chips had bowed apart. Work continues on understanding the thermal contraction of this
transducer architecture. For example, we found that adding stycast between the membrane and
circuit chips to already fully bonded devices was e ective in decreasing the room-temperature and
cryogenic capacitor gap spacing. To ensure pinning, we fabricated some devices where the pinning
post was 10 nm taller than the other structural posts, hoping to slightly "tent” the membrane.
Measurements of these devices found generally reduc€, 3.5 10°, but it is unclear if the
additional mechanical loss arises from the additional membrane curvature enforced by the taller
pinning post.

In a small subset of the measured pinned devices, we observed a Du ng-type non-linearity

in the electromechanical response [Hamel 1921; Korsch et al. 2008; Fong et al. 2012; Catalini et al.
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