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SUMMARY

Quantum networks, in which quantum information is distributed over long distances
between many physical nodes, hold great promise for the realization of networked quan-
tum computation, quantum communication, and distributed quantum sensing. A high-
fidelity interface between a long-lived quantum memory and optical photons for the
long-distance distribution of entanglement form the fundamental building block of any
practical quantum network. In recent years, integrated optomechanical crystals (OMCs)
have emerged as a promising physical platform for quantum technologies, including
quantum network applications. The flexible operation wavelength of OMCs, including
the telecom C-band where fiber transmission losses are minimized, as well as the long
lifetimes of their mechanical mode render OMCs a natural candidate for the storage and
distribution of quantum information in long-distance quantum networks. However, ini-
tial demonstrations using one-dimensional nanobeam OMCs suffer from weak thermal
anchoring to the substrate, resulting in low purity of the optomechanically generated
single photons. To address this issue, quasi-two-dimensional (2D) OMCs have been de-
veloped, allowing for more efficient dissipation of generated thermal phonons into the
cryogenic environment. In this thesis, we demonstrate the purity and coherence of op-
tomechanically generated single photons from quasi-2D OMCs. Moreover, we directly
measure the photon indistinguishability by two-photon interference through Hong-Ou-
Mandel experiment.

For long-distance quantum networks, quantum repeater protocols have been de-
veloped to create long-distance entanglement via entanglement swapping, which re-
quires the involvement of quantum memories to store quantum states. Optomechan-
ical devices are naturally suited to be used as quantum memories because of their long
mechanical lifetime and high engineering freedom in terms of operating wavelengths.
Duan-Lukin-Cirac-Zoller (DLCZ) type of quantum memory at telecom wavelength has
been realized using 1D nano-beam structures; however, such a probabilistic scheme
based on the DLCZ protocol largely limits the allowed efficiency since higher-order ex-
citations need to be avoided for the creation of high-fidelity quantum state. Instead, we
propose using absorptive schemes based on Optomechanically Induced Transparency
(OMIT) to store quantum-level signals.

In this thesis, we first investigate using quasi-two-dimensional structures to reduce
the optical absorption heating within optomechanical crystals, which enables the gen-
eration of high-purity and long-coherence single photons. The Introduction chapter
briefly discusses how to describe a general optomechanical system, introduces optome-
chanical crystals (OMC) as an important platform with several advantages, and discusses
optical absorption heating as a major bottleneck for higher efficiencies and practical ap-
plications. In Chapter 2, we employ quasi-two-dimensional optomechanical crystal (2D
OMC) structures and demonstrate the purity and long coherence time of the optome-
chanically generated single photons crucial for quantum network applications. In Chap-

ix
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ter 3, we investigate the possibility of using quasi-2D OMCs as OMIT memories to store
quantum-level signals. With a new design of evanescently coupled quasi-2D structures,
we expect to further reduce the thermal noise and store and retrieve weak coherent state
signals using OMCs. In chapter 4, we summarize the main results of the thesis, discuss
further possible improvements to reduce optical absorption heating, and the general
outlook of OMC devices with low thermal noise.



SAMENVATTING

Quantumnetwerken, waarin kwantuminformatie over grote afstanden wordt verdeeld
tussen vele fysieke knooppunten, bieden veelbelovende perspectieven voor de realisa-
tie van netwerkgebonden quantumcomputatie, quantumcommunicatie en gedistribu-
eerde quantumdetectie. Een interface met hoge fideliteit tussen een langlevend quan-
tumgeheugen en optische fotonen voor de distributie van verstrengeling over lange af-
standen vormt het fundamentele bouwblok van elk praktisch quantumnetwerk. In de
afgelopen jaren zijn geintegreerde optomechanische kristallen (OMC’s) naar voren ge-
komen als een veelbelovend fysisch platform voor quantumtechnologieén, waaronder
toepassingen in quantumnetwerken. De flexibele werkingsgolflengte van OMC's, inclu-
sief de telecom-C-band waarin transmissieverliezen in glasvezels minimaal zijn, evenals
de lange levensduur van hun mechanische modus, maken OMC'’s tot een natuurlijke
kandidaat voor de opslag en distributie van kwantuminformatie in quantumnetwerken
over lange afstanden.

Echter, vroege demonstraties met eendimensionale nanobalk-OMC’s lijden onder
een zwakke thermische verankering aan het substraat, wat resulteert in een lage zui-
verheid van de optomechanisch gegenereerde enkelvoudige fotonen. Om dit probleem
aan te pakken zijn quasi-tweedimensionale (2D) OMC'’s ontwikkeld, die een efficiéntere
dissipatie van gegenereerde thermische fononen naar de cryogene omgeving mogelijk
maken. In dit proefschrift demonstreren wij de zuiverheid en coherentie van optome-
chanisch gegenereerde enkelvoudige fotonen afkomstig van quasi-2D OMC’s. Daarnaast
meten wij direct de indistinguishability van fotonen via twee-fotoninterferentie in een
Hong-Ou-Mandel-experiment.

Voor quantumnetwerken over lange afstanden zijn quantumrepeaterprotocollen ont-
wikkeld om verstrengeling over grote afstanden te creéren via verstrengelingswisseling,
waarvoor quantumgeheugens nodig zijn om quantumtoestanden op te slaan. Optome-
chanische systemen zijn van nature geschikt als quantumgeheugen vanwege hun lange
mechanische levensduur en de grote ontwerpvrijheid wat betreft de operationele golf-
lengte. Een Duan-Lukin-Cirac-Zoller (DLCZ)-type quantumgeheugen op telecomgolf-
lengte is gerealiseerd met behulp van eendimensionale nanobalkstructuren; een derge-
lijk probabilistisch schema gebaseerd op het DLCZ-protocol beperkt echter sterk de toe-
gestane efficiéntie, aangezien hogere-orde-excitatie moet worden vermeden om quan-
tumtoestanden met hoge fideliteit te creéren. In dit proefschrift stellen wij daarom voor
absorptieve schema’s te gebruiken op basis van optomechanisch geinduceerde transpa-
rantie (OMIT) voor de opslag van signalen op quantumniveau.

In dit proefschrift onderzoeken wij eerst het gebruik van quasi-tweedimensionale
structuren om optische absorptieverhitting in optomechanische kristallen te verminde-
ren, wat de generatie van enkelvoudige fotonen met hoge zuiverheid en lange coheren-
tie mogelijk maakt. Het introductiehoofdstuk bespreekt kort hoe een algemeen opto-
mechanisch systeem kan worden beschreven, introduceert optomechanische kristallen

Xi



Xii SAMENVATTING

(OMC's) als een belangrijk platform met diverse voordelen, en behandelt optische ab-
sorptieverhitting als een belangrijke beperkende factor voor hogere efficiénties en prak-
tische toepassingen. In hoofdstuk 2 gebruiken wij quasi-tweedimensionale optomecha-
nische kristalstructuren (2D OMC’s) en demonstreren wij de zuiverheid en lange coher-
éntietijd van de optomechanisch gegenereerde enkelvoudige fotonen die cruciaal zijn
voor toepassingen in quantumnetwerken. In hoofdstuk 3 onderzoeken wij de mogelijk-
heid om quasi-2D OMC’s te gebruiken als OMIT-geheugens voor de opslag van signa-
len op quantumniveau. Met een nieuw ontwerp van evanescent gekoppelde quasi-2D-
structuren verwachten wij de thermische ruis verder te reduceren en zwakke coherente
toestanden op te slaan en terug te winnen met behulp van OMC'’s. In hoofdstuk 4 vat-
ten wij de belangrijkste resultaten van dit proefschrift samen, bespreken wij mogelijke
verdere verbeteringen om optische absorptieverhitting te verminderen, en geven wij een
algemene toekomstvisie voor OMC-apparaten met lage thermische ruis.
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2 1. INTRODUCTION

1.1. CAVITY OPTOMECHANICS

AVITY optomechanics, which studies the interaction between electromagnetic radi-
C ation and mechanical motion [1], has emerged as a promising light-matter inter-
face. Using an ultracoherent optomechanical system, highly sensitive optical detection
of motion is possible even below the standard quantum limit [2]. Aside from quantum
sensing, there are several other reasons why optomechanical systems are interesting [1].
Firstly, optical and microwave toolboxes were employed to prepare and manipulate the
mechanical quantum state [3] [4]. Macroscopic mechanical quantum states have great
potential for fundamental tests in quantum mechanics, such as the compatibility be-
tween quantum entanglement and gravitational forces [5] [6] [7]. Secondly, using the co-
herent light-mechanics interface, quantum information stored in long-lived mechanical
modes [8] can be converted into flying photonic states at telecom wavelengths, allowing
for the entanglement generation between mechanical resonators [9] and optomechan-
ical quantum teleportation [10], which are crucial for long-distance quantum network
applications. Lastly, optomechanical devices are ideal for being integrated for building
hybrid quantum systems due to the ubiquity of mechanical motion in various systems.
Phonons in the mechanical mode can be readily coupled to other quantum systems such
as solid-state defects [11, 12], quantum dots [13] or superconducting circuits [14-18], al-
lowing hybrid quantum information architectures [19].

We first start with a general description of an optomechanical system. Optomechan-
ical systems often consist of a high-Q optical cavity and a mechanical resonator with a
movable boundary, as illustrated in Figure 1.1. Radiation pressure, from the momentum
transfer from photons to the mechanical resonator, results in forces exerted on the me-
chanical motion, which would in turn deform the cavity boundary and incur a shift in
the resonance frequency of the optical cavity, leading to optomechanical coupling. In

K, KJ\P
X\ 1—‘lm
>
laser a

Figure 1.1: Schematic of a generic optomechanical system, consisting of a laser-driven Fabry-Pérot cavity with
one movable mirror. a, b represent the operator for the optical cavity mode and mechanical mode, with decay
rate k¥ = Ke + ki and I'm, respectively. ke represents the external coupling rate of the cavity, e.g. to a coupling
waveguide; k; represents the decay rate due to internal loss channels of the cavity.
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the Hamiltonian formulation, the uncoupled system Hamiltonian can be written as:

H= Hmech + Hcav (1.1)
A2 2 52
N MO, X
Hmech = P + e m (1.2)
2 Mgt 2
ﬁcav = hwcavde (1.3)

where p and % are the momentum and position operators of the mechanical harmonic
oscillator with effective mass m and angular frequency Qp,. weqy represents the optical
cavity resonance.

If we consider the cavity resonance as modulated by the mechanical amplitude % [1]:

Weay(X) = Weay + X0Weay/0X + ... (1.4)
we can write the interaction Hamiltonian as:
Hin = -hGxa'a=-nGxzppa’ a(b’ + b) = hgoa' a(b' + b) (1.5)

where G = —0wcay/0x, % = xzpp(b' +D), and xzpp = \/ 2%% is the zero-point fluctuation
amplitude of the mechanical oscillator. gy = Gxzpr being the vacuum optomechanical
coupling strength, describes the frequency change with one zero-point fluctuation am-
plitude of the mechanical motion.

Despite the fact that the above interaction Hamiltonian represents a nonlinear three-
wave mixing process due to the presence of three-operator products, we can linearize the
interaction Hamiltonian around an average coherent amplitude (4) = awitha=a+éda.
If we only keep the first order of g, the interaction Hamiltonian in the rotating frame
defined by the laser frequency wy, reads:

Hine = —hgoa6a’ +8a)(b+b") (1.6)

Depending on the different detuning (A = w1, — wcay) between the driving laser (w1) and
the optical cavity (w¢ay), different regimes and scattering processes can be realized espe-
cially in the sideband-resolved regime (x < Q) [1]:

* For A = —Qy, which means that the driving laser is red-detuned to the cavity by the
mechanical resonance frequency, the energy-conserving terms in the interaction
Hamiltonian 1.6 describe the energy exchange between the mechanical oscillator
and the optical cavity mode with the involvement of a lower frequency driving
laser photon. The effective Hamiltonian reads:

Hin = —hgoa6a'b+sabh) 1.7

e For A = Qy, which means that the driving laser is blue-detuned to the cavity by
the mechanical resonance frequency, the energy-conserving terms in the inter-
action Hamiltonian 1.6 describe the creation or annihilation of two quanta from
both mechanical mode and optical cavity mode, with the involvement of a higher
frequency driving laser photon. The effective Hamiltonian reads:

Hin = -hgoawa b’ +sab) (1.8)
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1.2. OPTOMECHANICAL CRYSTALS (OMCQC)

Optomechanical crystals (OMC) recently emerged as an interesting platform for imple-
menting cavity optomechanics. Similarly to the periodic modulation of the electronic
potential in natural crystals, the periodic pattered structures in OMCs introduce a peri-
odic modulation of the refraction index of the material, resulting in the formation of op-
tical and mechanical bands [1] [20]. By careful design, special bandgaps can be formed
to prevent propagation of both optical and mechanical modes. By introducing a "defect"
in the periodic structure, an effective quasi-harmonic potential for the optical mode
can be realized [21], and optical and mechanical modes can be co-localized, leading to
strong optomechanical coupling due to the small mode volume.

Taking into account the scalability of Maxwell equations which govern the formation
of optical bands in OMCs [20], this platform incorporates large flexibility for designing
the optical resonance at specific wavelengths, either for low-loss transmission in telecom
optical fibers or for coupling to other emitters at fixed atomic transitions. In addition, the
OMC fabrication process can be easily adapted to be compatible with the complemen-
tary metal-oxide-semiconductor (CMOS) fabrication process for its small footprint and
scalability [22].

Another advantage of OMCs is the long lifetimes of the mechanical mode, which can
be up to T = 1s [8], with coherence times TZ* =~ 100 us [23], positioning OMCs as a natu-
ral candidate for the storage and distribution of quantum information in long-distance
quantum networks.

Furthermore, phonons in the mechanical mode can be coupled directly to a wide
variety of other quantum systems, such as color centers [11, 12] or quantum dots [13] by
strain interaction. Combined with a piezomechanical coupling element, high-efficiency
mechanics-to-optics conversion can be achieved to allow for coherent transduction of
quantum information from microwave superconducting quantum circuits to telecom
optical photons [14-18].

1.3. OPTICAL ABSORPTION HEATING IN OMC

The indirect electronic bandgap of silicon (Eg = 1.12€V) is larger than the single photon
energy at telecom wavelengths. However, telecom photons can still be absorbed via two-
photon absorption to allow indirect gap transitions inside the silicon material [24]. It
has also been shown that optical-absorption-resulted losses for silicon-based micropho-
tonic components can be drastically altered by surface preparation [25]. The formation
of native oxide will introduce a thin layer of Si/silicon-oxide interface. Due to the exis-
tence of dangling bonds at the Si/silicon-oxide interface, discrete interface defect states
below and above the midgap can be formed due to unreacted Si dangling bonds or Si
dangling bonds interacting with oxygen atoms [26] [27] [28]. It is believed that upon ab-
sorption of the telecom photons through the interface states, a high-frequency (THz)
thermal phonon bath is generated, which will go through three-phonon scattering pro-
cesses involving the mechanical mode of interest and the local thermal bath, where the
GHz phonons of frequency wy; will be generated through the interaction between two
high-frequency phonon modes [29] [30]. Such scattering processes will populate our
GHz breathing mechanical mode of interest and will result in thermal noise in our mea-
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surements.

Optical absorption heating has greatly limited the optical power used in quantum
experiments, resulting in low scattering probabilities and low fidelities in the transducer
scheme. This is highly detrimental for building an efficient quantum network where
high purity single photons and high entanglement generation rates are crucial to over-
come losses over long distances. Moreover, many quantum protocols which require rel-
atively high laser intensity cannot be employed to efficiently and coherently control the
interaction between optics and mechanics, limiting the toolbox available for quantum
optomechanical experiments. One example is optomechanically induced transparency
(OMIT) memory where a strong red-detuned control laser is required to generate the
dressed states for quantum interference for storing (quantum-level) signals. Storage and
retrieval of classical signals using OMIT memories have been realized in silica micro-
spheres [31], diamond microdisks [32], as well as soft-clamped membranes [33], how-
ever, storage and retrieval of quantum-level signals have been elusive due to the thermal
noise incurred by optical absorption heating in the pulsing schemes.

To alleviate the optical absorption heating in OMCs, various methods have been in-
vestigated. Buffer gas of 3He at ~ 2K was used to cool the optomechanical device to
less than 0.1 phonon together with laser sideband cooling [34]. Despite the seemingly
contradictory requirements of isolating the mechanical mode of interest to increase the
mechanical quality factor and that of achieving large thermal anchoring to the low-
temperature environment for cooling [35], there are several strategies that attempt to
accomplish both. One is to develop non-suspended optomechanical crystals by lever-
aging high-wavevector mechanical modes outside the continuum [36]. The thermal
phonons generated from optical absorption heating can therefore propagate into the
substrate and such devices are expected to show better thermal anchoring at cryogenic
temperature [37]. Another strategy to fulfill both requirements is to make use of the
frequency-dependent density of phonon states within a quasi-2D phononic bandgap
structure [38] [39]. Such 2D structures provide large contact area with the bath to allow
for efficient dissipation of high-frequency phonons; however, the existing GHz bandgap
would isolate the mechanical mode of interest to still maintain a high mechanical quality
factor.

1.4. STRUCTURE OF THIS THESIS

In this thesis, we are mainly investigating using quasi-two-dimensional structures to
reduce the optical absorption heating, and enable the generation of high-purity and
long-coherence single photons. The Introduction chapter briefly discusses how to de-
scribe a general optomechanical system, introduces optomechanical crystals (OMC) as
an important platform with several advantages, and discusses optical absorption heat-
ing as a major bottleneck for higher efficiencies and practical applications. In Chapter
2, we employ quasi-two-dimensional optomechanical crystal (2D OMC) structures and
demonstrate the purity and long coherence time of the optomechanically generated sin-
gle photons crucial for quantum network applications. In Chapter 3, we investigate the
possibility of using quasi-2D OMCs as OMIT memories to store quantum-level signals.
With a new design of evanescently coupled quasi-2D structures, we expect to further re-
duce the thermal noise and store and retrieve weak coherent state signals using OMCs.
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In chapter 4, we summarize the main results of the thesis, discuss further possible im-
provements to reduce optical absorption heating, and the general outlook of OMC de-
vices with low thermal noise.
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Nano-structured optomechanical crystals form a light-matter interface between mechan-
ical modes with long coherence times and telecom optical photons, offering an attractive
platform for long-distance distribution of quantum information in quantum networks.
However, the implementation of scalable quantum networks has so far been inhibited by
low photon generation rates limited by thermal noise. Here, we overcome this limitation
through the use of a quasi-two-dimensional optomechanical crystal structure (2D OMC)
and demonstrate the purity and coherence of optomechanically generated single photons.
We generate telecom single-photons by heralded creation of single phonons and optome-
chanical mechanics-to-optics conversion. We verify the low thermal noise and resulting
high purity of the generated single photons through a Hanbury Brown-Twiss experiment
with g (0) = 0.35*01%. Furthermore, we perform Hong-Ou-Mandel interference of the
emitted photons showcasing the indistinguishability and coherence of photons generated
from our source with visibility V = 0.52 + 0.15 after 1.43 km of fiber delay line. Lastly,
we use two-photon interference to measure the temporal wavepacket shape of optome-
chanically generated single photons and demonstrate narrow optical line-widths as low
as 10 MHz. Our results pave the way for multi-node quantum networks of mechanical os-
cillators via entanglement swapping. Moreover, the narrow optical linewidth will enable
hybrid entanglement generation between mechanical oscillators and telecom quantum
emitters.
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2.1. INTRODUCTION

UANTUM networks, in which quantum information is distributed over long distances

between many physical nodes, hold great promise for the realization of networked
quantum computation, quantum communication, as well as distributed quantum sens-
ing [2]. A high-fidelity interface between a long-lived quantum memory and optical
photons for long-distance distribution of entanglement form the fundamental building
block of any practical quantum network [3, 4]. Such a light-matter interface has been re-
alized in various physical platforms ranging from atomic vapors [5, 6], trapped ions [7],
individual trapped atoms [8] to color center defects in solid-state crystals [9, 10]. Alter-
natively, entangled photon pairs from spontaneous parametric downconversion sources
can be stored in the collective excitations of rare earth ion doped crystals to distribute
entanglement [11, 12].
In recent years, integrated optomechanical crystals (OMCs) have emerged as a promis-
ing physical platform for quantum technologies [13-15]. The flexible operation wave-
length of OMCs —including the telecom C-band where fiber transmission losses are
minimized —as well as the long lifetimes of their mechanical mode of up to T} = 1s [16]
and coherence times T, = 100 us [17] render OMCs as a natural candidate for storage

and distribution of quantum information in long-distance quantum networks (see Fig. 2.1a).

Furthermore, phonons in the mechanical mode can be readily coupled to other quan-
tum systems such as solid-state defects [18, 19], quantum dots [20] or superconducting
circuits [21-25], enabling hybrid quantum information architectures [26].

Using a heralded entanglement scheme based on the Duan-Lukin-Cirac-Zoller (DLCZ)

protocol [27], entanglement between the mechanical modes of two OMCs has been demon-

strated [28] and such entanglement has been used as a resource to perform an optome-
chanical Bell test [29] as well as optomechanical quantum teleportation [30] — demon-
strating crucial steps towards quantum networks of mechanical oscillators. However,
these initial demonstrations using one-dimensional nanobeam OMCs suffer from weak
thermal anchoring to the substrate, resulting in low purity of the optomechanically gen-
erated single photons with a value of the autocorrelation function of g (0) = 0.655- 14 [31],
and thus inhibiting scaling up of the optomechanical DLCZ scheme to more complex
quantum networks. To address this issue, quasi-two-dimensional (2D) OMCs have been
developed, allowing for more efficient dissipation of generated thermal phonons into
the cryogenic environment [32-34]. The improved thermal noise performance of such
2D OMCs has been verified in previous studies by measuring the thermal phonon occu-
pancy of the mechanical mode [35, 36]. However, to use such devices in quantum net-
work application, it is crucial to demonstrate the purity and coherence of optomechan-
ically generated single photons. In particular, although previous demonstrations of en-
tanglement of two mechanical oscillators imply the indistinguishability of optomechan-
ically generated single photons [28], a direct measurement of photon indistinguisha-
bility by two-photon interference has so far remained elusive due to prohibitively low
optomechanical scattering rates limited by thermal noise. Here, we demonstrate her-
alded single-phonon generation and mechanics-to-optics conversion to telecom single-
photons using integrated 2D OMCs with low thermal noise compatible with entangle-
ment and quantum repeater schemes following the DLCZ protocol. We verify the low
thermal noise of our device and demonstrate strong and robust quantum correlations
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Figure 2.1: Optomechanical single-photon source. a Schematic illustration of a quantum network consisting
of cavity optomechanical systems as network nodes with optical cavity frequency w, mechanical frequency
wm, and single-photon optomechanical coupling strength go. b Scanning electron microscope image of a
2D OMC device, that can form a telecom-wavelength quantum memory node. The principal axis of the OMC
cavity is aligned to the [100] direction of the silicon crystal lattice. ¢ FEM simulations of the electric field (left) of
the optical mode Ey at design wavelength A = 1537.24nm and the displacement field (right) of the mechanical
mode at design frequency wm /27 = 10.18 GHz. d Schematic illustration of the optical measurement setup.
Write (read) laser pulses detuned to the blue (red) optomechanical sideband are sent to the OMC device inside
a dilution refrigerator at base temperature T = 20mK via lensed fiber coupling. Single photons created through
optomechanical interaction are filtered from the reflected light using optical filters locked to the optical cavity
resonance of the OMC. e On the left panel is the optical reflection spectrum of the device when scanning the
laser around the measured optical resonance at Ac = 1545.284nm. The blue line is the measured reflection
signal and the black line is a Lorentzian fit with linewidth /27 = 2.4GHz. On the right panel is the OMIT
spectrum of the device around the mechanical mode of interest at the measured mechanical frequency wm =
10.3699 GHz. Our device operates far in the resolved-sideband regime of cavity optomechanics where k < wm.

between phonons and photons even at high mechanics-to-optics conversion efficien-
cies of up to 58%. We characterize the single-photon purity of the generated state through
a Hanbury Brown-Twiss experiment. The obtained value g (0) = 0.353-1% is the low-
est measured for integrated OMC systems and violates the threshold of g'? (0) = 0.5 for
a genuine single-photon Fock state. The reduced thermal noise of our device enables
operation at higher optomechanical scattering rates, allowing us to perform Hong-Ou-
Mandel interference of subsequently emitted photons to quantify the coherence and

indistinguishability of the generated single photons with a two-photon interference vis-
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ibility of V = 0.52+0.15. Lastly, we use two-photon interference to measure the temporal
wavepacket envelope of the emitted photons, demonstrating narrow linewidths as low
as 10MHz. On the one hand, these findings position 2D OMCs as a promising platform
to establish quantum networks of multiple mechanical oscillators. On the other hand,
the narrow photon bandwidth and the by-design controllable operation wavelength ren-
der our system suitable for integration with narrow-linewidth telecom quantum emitters
such as rare-earth ions [37-39] or silicon T centers [40, 41] as well as telecom quantum
memories based on ensembles of rare-earth ions [42, 43] or other optomechanical sys-
tems [44] in hybrid quantum networks.

2.2. COMSOL FINITE ELEMENT SIMULATION

T HE quasi-two-dimensional (2D) OMCs used in our work was a quasi two-dimensional
suspended OMC structure (see Fig. 2.1b) fabricated on a silicon-on-insulator mate-
rial platform first introduced in [32] and later optimized in [33, 34]. The two-dimensional
anchoring allows for efficient dissipation of thermal phonons generated through optical
absorption heating. The optical and mechanical modes of our structure (see Fig. 2.1c)
are confined along the y-direction by a snowflake crystal pattern exhibiting both pho-
tonic and phononic band gaps [32]. In between the snowflake areas, a periodic pat-
tern of C-shaped holes modulated in size allows confinement along the x-direction.
The x-direction of our device is oriented along the [100] crystal direction of the sili-
con lattice, which has been shown to lead to single-mode mechanical mode spectra
robust against fabrication imperfections [34]. With careful design, such structures can
realize co-localization of both optical and mechanical modes. Co-localization of the
optical and mechanical mode in a small mode volume leads to optomechanical cou-
pling with a measured (simulated) single-photon coupling strength gy/27 = 1.0MHz
(8o,sim/2m = 997kHz). Our device operates far in the resolved-sideband regime of cav-
ity optomechanics where x < wy, with optical cavity linewidth x /27 = 2.4 GHz and me-
chanical frequency wy, /27 = 10.3699 GHz.

The effective mirror unit cell consists of both snowflakes and C-shape holes in the cen-
ter. Figure 2.2 shows the finite-element simulation of such a mirror unit cell when Flo-
quet periodic boundary conditions are applied. The pink shaded areas in Fig. 2.2b and d
indicate the photonic and phononic bandgaps, extending from 170.8 THz to 203THz,
and from 9.99GHz to 10.49GHz, respectively. The black ticks indicate the simulated
optical resonance with w./27 = 195.02THz and mechanical resonance with wn, /27 =
10.18 GHz for the whole device, both of which are inside the bandgaps. The solid blue
lines at the bandgap edges indicate the modes which mainly live in the C-shape region
as our modes of interest. Specifically for the phononic modes, only modes with symme-
try group (o, = +1,0 = +1) couple strongly to the optical mode of interest.

Similar to 1D OMCs, a defect region is created by adiabatically tapering the parameters
of the C-shape holes. The whole defect region consists of 7 x 2 = 14 cells. The transition
function used between the mirror unit cell and defect center cell is [34]:

_ 9-(n—ndef)2
2.n2

¥Yn = Ymin + (Ymax — Ymin) - € def 2.1)
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Figure 2.2: Finite element simulation of the unit cell. a Schematic of the quasi-2D optomechanical crystal
mirror unit cell consisting of both snowflakes and C-shape holes, we) = 502nm is the unit cell width along x

direction. The parameters for mirror unit cells are: (Isnow, Wsnow) = (201,80.4) nm, (larm, lpadr Warm, Wpad | =

(203,112,104,188) nm. For the rows of snowflakes which are closest to C-shapes, the length of the second
half of the snowflake holes along y direction is scaled by 1.2. b and d show the photonic and phononic band
diagrams of the mirror unit cell, respectively. The shaded gray areas represent modes of continuum. In the
photonic band diagram, only transverse-electric (TE) modes are shown since they are predominantly guided
in the silicon slab with a thickness of 250nm. The dashed red line represents the light cone. The solid blue lines
on the band gap edges are the C-shape modes of interest. The dashed blue lines show other guided modes in
the structure. In the phononic band diagram, the dashed black lines are for modes with symmetry group
oz = -1, the dashed green lines are for modes with symmetry group (o = +l,0y = -1). The pink shaded
areas indicate the optical and phononic band gaps formed from such mirror cells. The black ticks indicate the
optical and mechanical frequency of the whole device, which are inside the band gaps. ¢ and e indicate how
the band edge modes of interest shift in frequency when we change the parameters from mirror cell (index
ncell =7) to defect center cell (index ncell = 1).
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where n is the index of the defect cell ranging from 7 to 1, ngef = 7 represents the number
of cells in half of the defect region. The defect is created by specifically changing param-
eters larm, Ipad, and Warm, Wpad- In the transition function above, ymax represents the
values of said parameters in the mirror cell (n = 7) and yni, represent the values in the
defect center cell (n = 1).

The remaining design parameters are provided below in Table 2.1:

Parameters Value (nm)

Reell 721
hsnow 435
lwav 171.5
larm,max 203
larm,min 191.6
Warm,max 104
Warm,min 82
lpad,rnax 112
lpad,min 108
Wpad,max 188
Wpad,min 168
r 40
r2 25

Table 2.1: Design Parameters

2.3. NANOFABRICATION

2.3.1. FABRICATION STEPS

The quasi-2D optomechanical crystal structures are fabricated from a silicon-on-insulator
wafer with a 250nm device layer. Devices are patterned using electron beam lithography
and HBr/Ar reactive ion etching. After etching, we perform cleaning using a piranha so-
lution. The devices are released by wet etching of the buried oxide layer using hydroflu-
oric acid (40%).

2.3.2. E-BEAM WRITING ORDER

The x-direction of our device is oriented along the [100] crystal direction of the silicon
lattice, thus the main structure of the device has a 45° angle with respect to the coupler
tip region. During the E-beam exposure, it is important to set the E-beam writing order
to "Follow Geometry", so that the writing sequence of the beam spot follows the rotated
patterns nicely instead of jumping back and forth in a relatively large region.

2.3.3. ETCH CORRECTION BASED ON SEM IMAGES

In the fabrication process, we need to compensate for the discrepancy between the pa-
rameters that we use for the E-beam exposure and the parameters of the actual devices
we obtain at the end of the fabrication process. Therefore, it is important to analyze the
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parameters of the devices at the end of the fabrication and compare to the writing val-
ues before E-beam exposure. Such analysis can be done by fitting the scanning electron
microscope (SEM) images of our devices. In Figure 2.3, the left-most column indicates a
SEM image of the Cshape region, the middle column indicates the recognized contours
using "OpenCV" Python package, and the right-mode column plots the fitted rectangles
based on the contours.

Original SEM image Contours Fitted Cshapes

100

200

300

400

500

600

700

800

Figure 2.3: Fitting of the Cshape patterns based on a SEM image. The left-most column indicates a SEM image
of the Cshape region, the middle column indicates the recognized contours, and the right-mode column plots
the fitted rectangles based on the contours. The x— and y— axis indicate the pixel position.



2.4. OPTOMECHANICAL DEVICE CHARACTERIZATIONS 17

In the end, several devices are fitted and the average values are used to derive the
"buffer values" for E-beam exposure in the next round of fabrication, so that the actual
values we obtain can be close to the design values.

2.4. OPTOMECHANICAL DEVICE CHARACTERIZATIONS

EFORE verifying the low thermal noise and high purity of the generated single pho-

tons, we first perform extended characterization of the quasi-2D optomechanical
device. We couple to the device in the fridge via a lensed fiber. Figure 2.4 shows the full
experimental setup used to perform pulsed optomechanical measurements. Two tun-
able continuous-wave external diode lasers are locked to the blue and red optomechan-
ical sideband of the optical cavity respectively. Both lasers are stabilized by active feed-
back using a wavemeter. The light from both lasers is filtered using one fiber-coupled fil-
ter cavity (50 MHz linewidth) to suppress Gigahertz frequency laser noise. Pulses are cre-
ated using 110 MHz acousto-optic modulators (AOMs) gated by a P400 pulse generator.
The two paths for pulse generation are combined using a fiber beam splitter and routed
to the OMC device inside the dilution refrigerator at base temperature T = 20mK via a
fiber-based circulator. The light coming back from the device is filtered using three con-
secutive home-built free-space Fabry-Pérot cavities (each with linewidth 150 MHz) [45].
The filter cavities are locked to the frequency of the optical cavity of the OMC device,
suppressing the pump light by 110dB. Locking is performed every 10s during which the
experiment is paused and continuous wave light is sent to the filter cavities via a fiber-
based MEMS optical switch. Each locking procedure takes approximately 1.5s. The fil-
tered signal from the device containing the optomechanically scattered photons is de-
tected on two superconducting nanowire single-photon detectors (SNSPDs) with dark
count rate ~30Hz. The electronic signal from the SNSPDs is amplified and recorded by a
time-tagging module (TTM). We calibrate the efficiencies throughout our optical setup,
such as lensed fiber to device waveguide coupling (¢ = 0.5), the coupling between the
waveguide and the optical cavity (ke/x = 0.45), efficiency of the detection filter setup
(Nfiters = 0.4) and the efficiencies of the two SNSPDs (nspp; = 0.61, nspp1 = 0.55). The
fiber coupling efficiency is measured by measuring the input and output power of the
fiber circulator in front of the device. This results in a total detection path efficiency of
7 =0.05.

2.4.1. MECHANICAL SPECTRUM MEASUREMENT

Mechanical spectrum can be measured by recording the beating signal between the con-
tinuous wave (cw) pump light and optomechanically scattered light on a fast photodi-
ode. If we analyze the output from the fast photodiode on a spectrum analyzer, the signal
will peak at the mechanical frequency.

Another way to measure mechanical frequency is to use detection filters and single-
photon detectors (SNSPD). If the pump pulses are close to blue or red detuned with re-
spect to the cavity, when we change the locking point of the detection filters, we will
observe the maximum scattering rates on SNSPD when the filter locking point is ex-
actly detuned by mechanical frequency, after considering the frequency shift incurred by
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Figure 2.4: Experimental setup for device characterization. Detailed scheme of the optical setup used for
pulsed optomechanical measurements. BS: beam splitter with transmission (reflection) coefficient T (R);
AOM: acousto-optic modulator; EOM: electro-optic modulator; TTM: time-tagging module; PC: polarization
controller.

Acousto-Opto-Modulators (AOM), which in our case is about 110MHz. In such a mea-
surement, the stepsize of the filter locking point needs to be rather small so the filter
locking can follow in the automatic relocking process.

Lastly, optomechanically induced transparency (OMIT), resulted from the quantum
destructive interference between the anti-Stokes scattered field and a weak pump field [46],
can be used to measure the mechanical spectrum as well as the mechanical decay rate
I'm (more details in Chapter 3). When detuning between the control and probe pulse
matches the mechanical resonance, instead of being absorbed, the probe light trans-
mission will open a window and manifest a peak. The OMIT spectrum of our device is
shown in Figure 2.1e. The induced transparency window (or OMIT linewidth) T'omiT =
I'vy+4 gg nc/« scales linearly with intracavity photon number n.. When extrapolating to
zero photon number, we obtain I'y, /27 = 119.7kHz, which is well in agreement with a
further characterization of the mechanical lifetime (see below).

2.4.2. MECHANICAL LIFETIME MEASUREMENT

We measure the lifetime of the phonons in the mechanical mode of interest by creating
a coherent phonon population and monitoring its decay over time. Figure 2.5a shows
the pulse sequence used to measure the lifetime of the mechanical mode. First, a laser
pulse (frequency w)) of duration 40ns detuned from the optical cavity resonance at w.
by A/2n = (w) — w¢)/2m = 11.5GHz and modulated by an electro-optic phase modulator
at the mechanical frequency (Wmoq = wm) is sent to the device. The beating between
the sideband and carrier frequency of the optical field coherently drives the mechanical
mode, creating a coherent phonon population. After a delay time Tgelay, we read out
the phonon population by a second 40ns long laser pulse detuned on the red optome-
chanical sideband of the optical cavity. We detect optomechanically scattered photons
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Figure 2.5: Measurement of phonon lifetime. a Pulse sequence used to measure the phonon lifetime. A first
pulse detuned from the optical cavity resonance by A/2x = 11.5GHz is modulated by an electro-optical phase
modulator at the mechanical frequency wm. After a variable delay time of Tgelay, a readout pulse detuned
to the red optomechanical sideband reads out the phonon population in the mechanical mode. The pulse
sequence is repeated with repetition period Trep. b Click rate measured on SNSPDs during the readout pulse
normalized to the first data point as a function of delay time Tqelay- Solid orange line is a fit to an exponential
decay yielding a lifetime of phonons in the mechanical mode of 7 = 1.0 us. ¢ Normalized click rate as a function
of delay time Tgelay from another device with a much longer lifetime. The exponential fit gives a lifetime
7=9.0(7) ms.

from the read-out pulse on the SNSPDs and vary the delay time between the two pulses
to measure the decay of the coherent phonon population over time. Figure 2.5b shows
the normalized click rate measured on the SNSPDs as a function of Tyelay. From an expo-
nential fit to the experimental data, we extract the phonon lifetime 7 = 1.0 us. Figure 2.5¢
shows the lifetime measurement of another device with a much longer phonon lifetime
of 7 =9.0ms. For the experiments in this chapter, we picked the device in Figure 2.5b in
order to obtain a higher repetition rate.

2.4.3. CAVITY RESONANCE SHIFT MEASUREMENT

ECAUSE of its high optical quality factor and small mode volume, optomechanical
B crystal has great potential to achieve a large coupling strength, which could be use-
ful in quantum technology applications based on light-matter interaction. However, the
large optical energy density inside a small volume could also lead to linear and nonlin-
ear absorption and dispersion phenomena of the silicon material. In our experiment, we
noticed that when we shine power to the device, the change in cavity linewidth is neg-
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ligible compared to frequency detuning of the laser, however, there can be appreciable
modifications to the cavity resonance frequency as we increase the power pumped to
the device.

Modification of cavity dispersion is often attributed to the Kerr effect, the thermo-
optic heating effect, and the free-carrier-induced change in refractive index of the mate-
rial [47]. The first two factors result in a positive change in the refractive index, while the
last factor often leads to a negative change. In our experiment, we observed a total blue
shift of the cavity resonance, which indicates that the free carrier dispersion is domi-
nant in the power range and device geometry we use. The basic mechanism is that when
light shines, free carriers can be generated via processes such as two-photon absorp-
tion, which can then absorb a photon and move to a higher energy state within a band
[48]. Such processes will decrease the refractive index, which results in a blue shift in
cavity resonance [49]. There could also be interband transitions of the free carriers due
to the band-filling effect [50][51] where the existence of free carriers modify the Fermi
level and optical absorption, and thus the refractive index which is linked to the optical
absorption via the Kramers-Kronig relations [52]. In the band-filling effect, the resulted
change in the refractive index is most prominent when the photon energy is close to the
bandgap [48]. Considering that the energy of telecom photons is well below the indirect
bandgap of silicon (Eg = 1.12eV), we expect the contribution from intraband transitions
to be larger than that from interband transitions.

A shift in the optical cavity resonance by §w. can modify the measured value of Stokes

. " optical
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Figure 2.6: Measurement setup for investigating cavity resonance shift. A pump-probe scheme is used, where
the strong pump pulse is used to shift the cavity resonance while the long weak probe pulse is used to mea-
sure the cavity response. There are two pulsing lines used for generating the pump and probe pulses respec-
tively. A separate continuous-wave line of the pump light is employed to lock the detection filters to one of
the sidebands generated by an EOM. While the probe light is sweeping across the cavity resonance, the driving
frequency of the EOM is set as the same as the detuning between the pump and probe light, ensuring that
the detection filters are always locked at the frequency of the prob light while filtering out the strong pump
light. EOM: electro-optic-modulator; AOM: acousto-optic-modulator; SNSPD: superconducting nanowire sin-
gle photon detector; BS: beam splitter; PC: polarization controller; VOA: variable optic attenuator; TTM: time
tagging module.
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and anti-Stokes scattering probabilities and thus impact the calculated thermal phonon
occupancy. To mimic the pulsing scheme in actual experiment, we use similar optical
pulses as used in actual experiment and Superconducting Nanowire Single Photon De-
tectors (SNSPD) for such investigation. In general, we employ a pump-probe scheme as
indicated in 2.7a, where the pump pulse (e.g.40 ns) with relatively strong power is used to
shift the cavity resonance, and a relatively long (e.g.5 ps) and much weaker probe pulse
is used to monitor the cavity response. The frequency of the probe pulse is swept across
the cavity resonance to map out the shape of the optical cavity, as cavity reflection of the
probe pulse is detected on the SNSPDs. Since we use SNSPDs to detect the signal, we
need to filter out the strong pump light. This is done by locking the free-space detection
filters on the frequency of the probe light so that the probe light can go through, while
the detuned strong pump light is filtered out. Implementation-wise, the filters are locked
to one of the sidebands of the continuous-wave (cw) pump light (see Figure 2.6), gener-
ated by a phase-electro-optic-modulator (phase-EOM), which is the same frequency as
the probe light. While the probe frequency is being swept, the detection filter locking
point needs to be updated in sync. This is done by making sure that the RF-source driv-
ing frequency of the phase-EOM used for detection filter locking, which determines the
detuning between the carrier and generated sidebands, is the same as the detuning be-
tween the pump and probe light. Once the detection filters are locked, if the frequency
changes of the probe light, thus changes in the RF driving frequency is small enough, the
detection filters can follow the locking point and update the locking automatically in the
relocking process.

Since the reflected probe light from the optical cavity directly goes through the detec-
tion filters to the SNSPDs, we need to attenuate the signal so we do not latch the SNSPDs.
This can be done by placing two variable-optic-attenuators (VOA) in series as shown in
Figure 2.6. For better estimation of what attenuation to use, we can send in the weak
probe light, lock the detection filters and check the SNSPD counts on the time-tagging-
module (TTM) user interface. Moreover, if one wants to accurately measure the power
input of the probe light, one can carefully calibrate the attenuation of the two VOAs in
series by using relatively high powers and sent to power meter through another line. No-
tably, the polarization of the probe light needs to be aligned with the device, and this
needs to be taken into consideration when using another line to measure the VOA atten-
uation. Sometimes there might be power fluctuations from the laser at different locking
frequencies, the method mentioned above to calibrate the power of the probe light can
alleviate the influence from laser power fluctuations at different wavelength.

By varying the wavelength of the probe pulse we can measure the optical cavity reso-
nance frequency as a function of time (see Fig. 2.7b). When the pump pulse arrives after
approximately 0.1 us, a blue shift of the cavity resonance is observed. We extract the
value of the cavity resonance shift §w. by binning the data in Fig. 2.7b in 5ns bins and
fitting Lorentzian lineshapes to extract the time-resolved cavity resonance frequency as
shown in Fig. 2.7¢c. We vary the power of the pump pulse over the typical range used in
the measurements presented in the main text (see Fig. 2.7d). We use the data in Fig. 2.7d
to correct the measured values of the Stokes and anti-Stokes scattering probability as
well as the obtained value of the thermal phonon occupancy in the following section 2.5.
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Figure 2.7: Calibration of the optical cavity shift. a Pulse sequence used for optical cavity shift calibration
measurement. b Integrated counts on SNSPDs as a function of time while varying the wavelength of the probe
laser at input laser power of 1400nW. c¢ Time-resolved shift of the optical cavity resonance frequency dwc
extracted from the data in b. d Maximum shift of the optical cavity resonance frequency dw. measured at
various intracavity photon number nc. Solid orange line is a fit to a power law f(x) = ax? with coefficients
a=0.025, A=0.39.

2.5. THERMAL PHONON OCCUPANCY AND VACUUM OPTOME-

CHANICAL COUPLING RATE

2.5.1. CALCULATION OF &p
We calibrate the vacuum optomechanical coupling rate gy by measuring the optome-
chanical scattering probabilities with calibrated input optical power and setup efficiency.
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We send either blue or red-detuned optical pulses with 40ns pulse length to the device
and measure the resulting count rates on the SNSPDs. The expected count rates for the
Stokes and anti-Stokes process, Cs and C,gs, are given by

Cs = (M +n2)ps(1+n), 2.2)
Cas = (M1 +12) pasn, (2.3)
where 1; and 7, are the efficiencies of the optical paths for SNSPD 1 or 2, respectively,

and 7 is the thermal phonon occupancy of the mechanical mode. The scattering proba-
bilities for the Stokes and anti-Stokes process ps and p,s are given by [53]

—exp | = il -1 (2.4)
PS= ORI N2 214 (A —wom)? 41274 P| T '
2

Ke 8K
—l-exp|- , 2.5
Pas = 27PN TN 0214 (A + wom)2 + K274 P (2:5)

where x and « are the total optical linewidth and extrinsic optical coupling rate, and N,
is the number of photons in the excitation pulse.

For low optical power and laser pulses resonant with the blue or red optomechan-
ical sideband (A = +wp,), we can approximate the exponential in the Stokes scattering
probability in Eq. (2.2). Furthermore, at low optical powers the thermal phonon occu-
pancy is small so that n < 1 and thus n+1 = 1 in Eq. (2.2). We obtain for the vacuum
optomechanical coupling rate

Cs  w? +x214 « \?
g =|—2—"m = . 2.6)
m+n2 4N,  xe

From the measured count rate of the Stokes process Cs, we obtain go/27 = 1.0MHz.

2.5.2. MEASUREMENT OF THE THERMAL PHONON OCCUPANCY FROM THE

READOUT PULSE
We can determine the phonon occupancy n by detuning the laser on the red sideband of
the optical cavity and measuring the click rates of optomechanically scattered photons
in the anti-Stokes process. From Eq. (2.3), we calculate the thermal phonon occupancy
as

CaS

n=—/——. 2.7
(M +n2) Pas

For each laser power used in the experiment, we use the previously calculated value of
go and Eq. (2.5) to calculate the corresponding anti-Stokes scattering probability p,s. We
estimate the systematic error of the measured efficiency of the line to be 15%, which re-
sults in an increased error bar in the measured thermal occupancy ny, as the measured
thermal phonon number increases. This systematic error arises from fiber optical con-
nectors in our optical detection path, which need to be disconnected and reconnected
to measure the path efficiency. The losses of each fiber optical connector vary each time
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a connector is reconnected. We calibrate this error by performing the same calibration
of the detection path efficiency multiple times. From the standard deviation of the mea-
sured efficiency, we estimate the systematic error.

As mentioned in 2.4.3, high-power optical laser pulses can lead to shifts in the op-

tical resonance frequency of the OMC device either due to the photothermal effect or
free carrier dispersion [54, 55], which in turn modifies the measured value of Stokes and
anti-Stokes scattering probabilities and thus impact the calculated thermal phonon oc-
cupancy. We correct the values of anti-Stokes scattering probabilities for this shift by
replacing A — A - dw in Eq. (2.5). We use the data in Fig. 2.7d to correct the measured
values of the Stokes and anti-Stokes scattering probability as well as the obtained value
of the thermal phonon occupancy in Eq. (2.7) as described above.
As shown in Fig. 2.8, the thermal phonon occupancy increases with increasing intra-
cavity photon number, but remains close to the quantum ground state even at photon
numbers exceeding n. > 2,000, corresponding to a readout probability in the anti-Stokes
scattering process of p,s > 60%. Compared to 1D structures, this represents a factor of
three reduction of thermal occupancy of the mechanical mode at similar level of intra-
cavity photon number [30]. The highest anti-Stokes scattering probability achieved in
these measurements is limited only by the power of our laser and residual losses in the
optical setup (see Appendix A for a proposal to use hybridized device to boost intracavity
photon number). If we define the signal-to-noise ratio (SNR) as ¢ = pys/ ny, we obtain
the highest SNR of ¢ = 2.5 at about 30% of anti-Stokes scattering probabilities, a factor of
2.5 increase compared to the highest value achieved in 1D structures [30].
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Figure 2.8: Thermal photon occupancy measurement. The blue dots show the thermal phonon occupancy
ny, of the mechanical mode as a function of intracavity photon number (bottom) and anti-Stokes scattering
probability (top). Intracavity photon number is calculated via the nominal pulse length (40 ns), repetition pe-
riod (10 us) and input power. Error bars originate from errors in the calibration of the detection path efficiency.
The orange dots indicate the signal-to-noise (SNR) ratio in the conversion process.
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2.5.3. MEASUREMENT OF THE THERMAL PHONON OCCUPANCY DUE TO DE-
LAYED HEATING FROM THE WRITE PULSE
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Figure 2.9: Calibration of the added thermal phonons from write pulse. a Pulse sequence for sideband asym-
metry measurement with a prepulse to calibrate the thermal phonon occupancy added by the prepulse. The
delay between the two pulses is Tq = 150ns, same as the delay between the write and read pulse in the cross-
correlation and HBT measurements (see section 2.6 and section 2.7.2). The prepulse is detuned on the red
optomechanical sideband (A = —wm). We repeat the experiment with the second pulse for sideband asymme-
try either blue- (A = wm) or red-detuned (A = —wm). The power of the second pulse is fixed to an intracavity
photon number of n¢ = 300. b Measured click probability during the second pulse when the laser is detuned
to the blue or red optomechanical sideband. ¢ Calculated thermal phonon occupancy ny, as a function of
intracavity photon number (Stokes scattering probability) of the prepulse on the bottom (top) axis. The solid
orange line is a linear fit to the data.

For measuring quantum correlations between phonons and photons as well as mea-
surements of the photon autocorrelation function and Hong-Ou-Mandel interference in
the following sections, we use a pulse sequence consisting of a blue-detuned write pulse
followed by a red-detuned readout pulse. We calibrate the additional thermal phonon
population induced by the write pulse by using a pulse sequence consisting of two pulses
as shown in Fig. 2.9a: the first red-detuned pulse creates thermal phonons. Note that we
use a red pulse for this, whereas the write pulse in the experiments is blue-detuned.
The thermal phonon occupancy induced by a blue- or red-detuned pulse is expected
to be the same considering the same amount of intracavity photon number for blue-
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and red-detuned pulses at the same power. Hence, we choose to use a red-detuned
pulse to avoid additional phonon occupancy by optomechanical driving through the
two-mode squeezing interaction of a blue-detuned pulse. The second pulse is either
blue- or red-detuned and is used to measure the phonon occupancy created by the first
pulse through sideband asymmetry. For small optomechanical scattering probabilities
such that pgs = ps in Egs. (2.4) and (2.5), it follows from Egs. (2.2) and (2.3) that the
thermal phonon occupancy # during the second pulse can be calculated from the asym-
metry in count rates during the second pulse when using either a blue-detuned (Cs) or
red-detuned pulse (Cys) as

1

== (2.8)
Cs/Cas—1

Nth
Figure 2.9b shows the measured click probability on the SNSPDs during the second pulse
with the laser detuned on the blue or red optomechanical sideband as a function of op-
tical power or equivalently Stokes scattering probability of the first pulse. From Eq. (2.8),
we calculate the corresponding thermal phonon occupancy during the second pulse as
shown in Fig. 2.9¢c. The value of ny, obtained in this way contains both contribution
from thermal phonons created due to the first (np;) and second pulse (n,2). The op-
tical power of the second pulse is fixed to 100nW. Therefore, we can isolate the con-
tribution of the first pulse by subtracting the contribution of the second pulse which is
known from the calibration of the thermal phonon occupancy to be np; = 0.047. Both
the cross-correlation as well as the HBT measurements shown in the sections below use
a write pulse power of intracavity photon number n. = 30 (Stokes scattering probability
ps = 1.3%). For this write pulse power, we obtain nyyrite = np1 = 1 (nc = 30)—np2 = 0.039.

2.6. CROSS-CORRELATION MEASUREMENT

Based on the low thermal occupancy of our device, we demonstrate strong non-classical
correlations between Stokes- and anti-Stokes-scattered photons detected on the SNSPDs
during the write and read pulses [14] in Figure 2.10. Measured cross-correlation func-
tion géﬁs between optomechanically scattered photons from the write and read pulse
are plotted as a function of anti-Stokes scattering probability of the readout pulse. The
insert shows the pulse sequence used for the cross-correlation measurement. A blue-
detuned write pulse creates a single phonon, which is read out by a red-detuned read
pulse after a delay time of Tgelay = 150ns. The pulse sequence is repeated with a repe-
tition period of Trep = 10 us. Each pulse sequence is labeled by a number n. The Stokes
scattering probability of the write pulse is fixed at ps = 1.3%. The blue shaded area cor-
responds to the theoretically expected dependence géi)is =1+ e Taelay/™m /(po + 1) (see
section 2.7.4), where ny, is calibrated from the results in Fig.2.8 and 17, = 1.0 us is the
phonon lifetime of the mechanical mode (see section 2.4.2). If the mechanical lifetime
Tm is too short compared to the delay time Tyelay, the measured cross-correlation will
decrease. If the spectral spacing between the mechanical modes of the structure are
not distant enough compared to the detection filter bandwidth (150 MHz in our case),
the scattered photons from different uncorrelated mechanical modes will be detected,
which will also lead to a decrease in the measured cross-correlation value. Therefore, it
is crucial to have a relatively clean mechanical spectrum and a long enough mechanical
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lifetime for the cross-correlation measurement. In Figure 2.10, the dashed horizontal
line and shaded area underneath indicate the regime of classical correlations géi)is <2.
The error bars are calculated from the photon counting statistics and correspond to the
68% confidence interval of the binomial distribution. The measured correlations exceed
the classical limit by 51 standard deviations even at high anti-Stokes scattering probabil-

ity up to pas = 58%.
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Figure 2.10: Cross-correlation function gézis between optomechanically scattered photons from the write
and read pulse as a function of anti-Stokes scattering probability of the readout pulse. The insert shows
the pulse sequence used for the cross-correlation measurement. A blue-detuned write pulse creates a single
phonon, which is read out by a red-detuned read pulse after a delay time of Tgelay = 150ns. The pulse sequence
is repeated with a repetition period of Trep = 10 us. Each pulse sequence is labeled by a number n. The Stokes
scattering probability of the write pulse is fixed at pg = 1.3%. The blue shaded area corresponds to the theoret-
ically expected dependence géi)ls =1+ ldelay/Tm; (ps + nyp,) (see section 2.7.4), where ny, is calibrated from
the results in Fig.2.8 and Ty = 1.0 us is the phonon lifetime of the mechanical mode (see section 2.4.2). The
dashed horizontal line and shaded area underneath indicate the regime of classical correlations géze)ls <2.The
error bars are calculated from the photon counting statistics and correspond to the 68% confidence interval of
the binomial distribution.

2.7. SINGLE PHOTON GENERATION AND HANBURY BROWN-TWISS

MEASUREMENT

2.7.1. SINGLE PHOTON GENERATION AND SECOND-ORDER INTENSITY AU-
TOCORRELATION FUNCTION

SINGLE PHOTON GENERATION SCHEME

We generate single photons through optomechanically heralded phonon generation and
readout [14]. As a first step, we generate single phonons in the mechanical mode through
a pulsed optomechanical interaction, in combination with single-photon detection [14].
A laser pulse detuned on the blue optomechanical sideband of the optical cavity reso-
nance induces a two-mode squeezing interaction between the optical and mechanical
mode with interaction Hamiltonian Hins = /7c. go(cfr b + ab), where a (b) are the an-
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Figure 2.11: Single photon generation scheme. Illustration of the optomechanical Stokes- and anti-Stokes
scattering processes used for single-phonon generation and phonon-photon conversion. a Photons from the
blue-detuned write pulse at frequency w}, = w¢ +wm undergo a Stokes scattering process resulting in the prob-
abilistic creation of a single photon at the optical cavity frequency w¢ and a single phonon at the mechanical
frequency wm. Detection of a single photon heralds the preparation of the mechanical mode in the Fock state
|1)m. b The red-detuned readout pulse at frequency wr = wc — wm induces an anti-Stokes scattering process
converting the single phonon in the mechanical mode to a single photon in the telecom band.

nihilation operators of the optical (mechanical) mode and 7. is the intracavity photon
number. This corresponds to a Stokes scattering process, in which the optomechanical
interaction converts a photon from the blue-detuned pump into a photon at the opti-
cal cavity resonance and a phonon in the mechanical mode (see Figure 2.11a). After the
interaction, the joint system is in the state

lw)=v1-ps Y Vps"Inny, 2.9)
n=0

where ps is the optomechanical scattering probability for the Stokes process. The light
coming back from the device is filtered by a series of optical filters to remove the strong
blue-detuned pump and detect single optomechanically scattered photons on super-
conducting nanowire single-photon detectors (SNSPD). The detection of a single-photon
projects the mechanical mode into the state

_ 1-ps < n
[Ym) = Y Vps"iny, (2.10)
bs n=1

which for small scattering probability ps <« 1 is close to a single phonon Fock state
lym) = |1). Thus, the emitted photon from the Stokes process heralds the creation of
the single phonon state. After the phonon creation, a second laser pulse detuned to the
red optomechanical sideband transfers the phonon state onto the optical mode through
a beam-splitter interaction with interaction Hamiltonian Hys = /7icgo(a' b+ ab’). This
corresponds to an anti-Stokes scattering process in which a photon from the red-detuned
pump and a phonon in the mechanical mode scatter into a photon at the optical cavity
resonance (see Figure 2.11b). This mechanics-to-optics conversion process allows us to
generate single photons after filtering out the strong red pump pulse.
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DEFINITION AND MEASUREMENT OF THE SECOND-ORDER INTENSITY AUTOCORRELATION
FUNCTION g®@ (1)

The purity of the generated single photons can be characterized by performing a Han-
bury Brown-Twiss (HBT) experiment on the read-out optical state conditioned on the
detection of a Stokes-scattered photon during the blue write pulse (see Figure 2.12a).
In the Hanbury Brown-Twiss (HBT) measurement below, we measure the intensity au-
tocorrelation function of the optical anti-Stokes field generated by the optomechani-
cal beam splitter interaction during the red-detuned readout pulse. The evaluation of
the autocorrelation function is conditioned on the detection of a Stokes-scattered pho-
ton during the blue-detuned write pulse, which heralds the creation of a single phonon
in the mechanical mode and thus represents a third-order correlation function. After
heralding, the conditional second-order autocorrelation function used to characterize
the purity of the generated single photons from the optomechanical anti-Stokes scatter-
ing process is defined as [31]

(a'(0)a'(r)a(r)a0))
(at () a@)(a’ 0)a0)’

g9 = (2.11)
where 7 is the time delay between a coincidence detection on detector 1 and detector 2
in Fig.2.12a.

In the regime of low photon detection probability [56] and for 7 = 0, the theoretical
definition of the photon autocorrelation function in Eq. (2.11) can be connected to the
probability of detecting coincidence clicks on the two outputs of a beam splitter in a HBT
configuration. In this case, Eq. (2.11) reduces to the cross-correlation between the two
detectors [31]:

P(Dl n Dz)

2) 0) =
8 0= 5Py

(2.12)
where P(X) describes the probability of detection event X. Event D; N D, represents the
coincidence detection on both detectors heralded on a Stokes photon click, and event
D; (D) represents a single click on detector D; (D7) heralded on a Stokes photon click.

CRITERIA FOR NON-CLASSICALITY AND SINGLE-PHOTON GENERATION

The autocorrelation function in Eq. (2.11) characterizes the statistical properties of the
anti-Stokes scattered light field described by the annihilation operator a. The value of
the autocorrelation function at 7 = 0 serves as a metric to proof the non-classical na-
ture of an optical state: for classical light fields, the autocorrelation function is bound
to g(z) (0) = 1 and hence a value of g(z) (0) < 1 indicates a non-classical state of light [57].
An even more stringent bound can be derived to proof the single-photon nature of an
optical state: for a photon number state |n), Eq. (2.11) yields

(n(n—l))_n—l
(m?2  n

g% = (2.13)
Equation (2.13) shows that g(Z) (0) = 0 for an ideal single-photon Fock state |n = 1), whereas
£@(0) = 0.5 for any higher Fock state n > 2. Therefore, g (0) < 0.5 has become a stan-
dard criterion to demonstrate the single-photon nature of an optical state [58]. Since the
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anti-Stokes photons are created by mechanics-to-optics conversion through an optome-
chanical beam splitter interaction, the autocorrelation function in Eq. (2.11) also directly
measures the second-order intensity correlation of the mechanical mode. Therefore,
demonstrations of g@(0) < 1 and g (0) < 0.5 imply non-classical and single-phonon
states in the mechanical mode, respectively.

2.7.2. HANBURY BROWN-TWISS MEASUREMENT

Figure 2.12b shows the result of the HBT measurement for phonons read from the same
(An = 0) or different (An # 0) repetition periods. To illustrate the anti-bunching be-
havior of optomechanically generated single photons, we also calculate the value of
the conditional autocorrelation function g(2) (7) for detection events in different repe-
titions of the experiment where 7 = TiepAn with the repetition time of the experiment
Trep = 10 us. The integer offset An corresponds to the number of repetitions of the ex-
periment between two clicks on detectors D1 and D2 for which heralding was success-
ful. Hence, An represents the stochastically varying time delay between two such detec-
tion events. Such detection events are fully uncorrelated and are thus expected to yield
g(Z) (An # 0) = 1. The error bars of the conditional autocorrelation function are calcu-
lated from the single-photon counting statistics by evaluating the exact binomial confi-
dence interval using the Clopper-Pearson method to account for the asymmetry of the
binomial distribution due to the low number of successful detection events. We observe
strong anti-bunching of the read out photons and determine a value of the conditional
autocorrelation function of g(Z) 0) = 0.35f8:ég, which is significantly below the limit of
g?(0) = 0.5 for a genuine single photon state [61]. The measured value of g (0) is
mainly limited by residual absorption heating from the write and read pulse that creates
added thermal noise on the read out optical state. Dark counts account for 0.78% of the
total coincidences (see section 2.7.3 below). At higher anti-Stokes scattering probabili-
ties, more thermal noise is added reducing the fidelity of the read out optical state (see
Fig. 2.12¢). Nonetheless, we observe sub-Poissonian photon statistics with g(Z) o<1
even for the highest anti-Stokes scattering probabilities used.

2.7.3. IMPACT OF DARK COUNTS AND SPD DEAD TIME ON g@(0)

The impact of dark counts on the measured g® (0) value is evaluated by choosing a time
window of same length but 80ns after the optomechanical signal. The rate of the dark
counts is in general less than 2% of both the Stokes scattered photon count rate and the
anti-Stokes scattered photon count rate, which results in 0.78% of coincidences. If the
pulse delay between the write and read pulse is shorter than the dead time of the su-
perconducting nanowire single-photon detectors (SNSPD), the SNSPD might not fully
recover from clicks from write pulses to detect the optomechanically scattered photons
from the read pulse; this can lead to incorrect values of the observed cross- and auto-
correlation functions. In particular, in Hanbury Brown-Twiss measurements this would
lead to a measured value of the auto-correlation function g?(0) that is lower than the
true value. To rule out the impact of the SNSPD dead time, we consider the probability
to detect a photon during the read out pulse on one detector after heralding for different
detector configurations (see Fig. 2.13). The different detector configurations are labeled
as D;, D, where D; (D;) indicates the detector used for heralding (readout). The prob-
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Figure 2.12: Hanbury Brown-Twiss measurement. a Pulse sequence for Hanbury Brown-Twiss measurement.
The read-out optical state conditioned on the detection of a Stokes-scattered photon was sent to a 50 : 50
beamsplitter. b Measured second-order autocorrelation function g of detection events from the read pulse
conditioned on the detection of a Stokes-scattered photon during the blue-detuned write pulse. Each pulse
sequence is labeled by a number 7. Pulse sequences used for g calculation are shifted by Azn. The Stokes-
scattering (anti-Stokes-scattering) probability are pg = 1.3% (pas = 7%). ¢ Second-order autocorrelation func-
tion g?(0) at fixed Stokes-scattering probability pg = 1.3% as a function of anti-Stokes read out probability.
Solid blue line shows the result of simulations of the quantum systems using the Python package QuTip (see
section 2.7.4) [59, 60]. A value below unity demonstrates sub-Poissonian photon statistics (gray dashed line in
b and c) whereas a value below 0.5 unambiguously demonstrates a single-photon state (red dashed line in b
and c¢). The error bars are calculated from the photon counting statistics using the exact binomial confidence
interval. For all measurements, the optical pulse sequence is repeated with a repetition period of Trep = 10 us.

ability to detect a photon on D; does not depend significantly on whether D; or D, was
used for heralding. This implies that after the heralding photon is detected on D;, the
detector has already recovered to its full detection efficiency before the read out photon
arrives. The same observation can be made for the remaining two detector configura-
tions in which the readout photon is detected on D,. The slightly lower detection proba-
bility between the configurations where the read out photon is detected on D; compared
to the configurations where is detected on D, can be explained by the slightly lower de-
tection efficiency nspp; = 0.55 compared to nspp = 0.61.
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Figure 2.13: Impact of SNSPD dead time on HBT measurements. Click probability on SNSPDs during the read
out pulse after heralding for different detector configurations. Detector configurations are labeled as D;, D,
where D; (D;) indicates the detector used for heralding (readout).

2.7.4. QUTIP SIMULATIONS
We use the Python package QuTiP to simulate the expected values of the cross-correlation
and auto-correlation functions [59, 60].

SIMULATION PROCEDURE

We keep track of the full evolution of the density matrix of the mechanical and opti-
cal mode of the system throughout a pulse sequence consisting of first a blue-detuned
and secondly a red-detuned pulse as used for the measurements in this chapter with re-
spective optomechanical scattering probabilities ps and p,s for the induced Stokes and
anti-Stokes scattering processes. More details of the simulation procedure can be found
in [30]. We include the following imperfections and sources of loss in our simulation:

1. We include the thermal occupancy of the mechanical mode both originating from
the write and readout pulse. We include the thermal occupancy due to the write
pulse by initiating the mechanical mode in a thermal state with thermal occu-
pancy Aurite in the beginning of the simulation.

2. We include the additional thermal occupancy added through the readout pulse by
coupling the system to a thermal bath with phonon occupancy 7,¢,q. The coupling
is modeled by a two-mode squeezing interaction with squeezing angle /7i;caq be-
tween the mechanical mode and an auxiliary vacuum mode in the environment
and then tracing out the auxiliary mode. The coupling is assumed to occur right
before the readout pulse.

3. In the time period between the write and read pulses, phonons in the mechanical
mode may decay due to the limited lifetime of the mechanical mode 7 = 1.0 us. We
account for this by applying an amplitude damping channel with loss probability
Ploss = e T/ Taelay where T4elay is the delay between the write and read pulses.
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Figure 2.14: QuTip simulations of cross- and auto-correlation functions. a Simulated cross-correlation func-
tion gézzis between write and read pulse as a function of total thermal population rny,. In the simulation, the

Stokes scattering probability is fixed at pg = 1.3% and the anti-Stokes scattering probability during the readout
pulse pyg is varied. The orange line corresponds to the phenomenological expression in Eq. (2.17). b Simu-
lated autocorrelation function g (0) of the optical readout field as a function of rg,.
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4. After the mechanical state is transferred to the optical state by optomechanical
readout, we apply an amplitude damping channel to account for optical losses on
the detection path with loss probability pjoss = 1 -1, where 7 is the efficiency of the
detection path.

We denote the optical output state after following this simulation procedure as:

Pom,out(ps, Pas, Pwrite, Mread) (2.14)

SIMULATION OF CROSS- AND AUTO-CORRELATION FUNCTIONS

We evaluate the resulting cross-correlation between detection events during the write
and readout pulse géiis and autocorrelation function of the readout optical field g (0).
Figure 2.14a shows the simulated cross-correlation function as a function of total ther-
mal phonon occupancy during the readout pulse. The total thermal phonon occupancy
is given by

Nth = Nwrite t Nread» (2.15)

where nyyrite and npeqq are the thermal phonon populations induced due to heating dur-
ing the write pulse and read pulse. To compare the simulations to the measurements we
fix the Stokes scattering probability during the write pulse to ps = 1.3% as used in the
cross-correlation and HBT measurements. As calibrated above, the write pulse creates
a thermal phonon population of 7nyyie = 0.039. We vary the value of anti-Stokes scat-
tering probability during the red-detuned readout pulse and use the calibrated thermal
phonon occupancy shown in Fig.2.8 for 7,e4q.

The maximum observable value of the cross-correlation function is limited by higher-
order phonon creation events from the two-mode squeezing interaction during the write
pulse limiting géﬂs as

1
2)
@ =14 —, (2.16)
S,aS ps

where ps is the Stokes scattering probability. In accordance with previous works [14],
we find that the presence of an additional thermal phonon population ny, reduces the
observable cross-correlation as

e~ Tdelay/T

Ao=1+

8rs = 2.17)

Ps + Nty

The factor e~ Tdelay/T accounts for phonon decay due to the finite phonon lifetime. Equa-
tion (2.17) is shown as an orange line in Fig. 2.14 and shows excellent agreement with the

simulated values of expected gézgls.

Figure 2.14b shows the simulated autocorrelation function g'»(0) as a function of
thermal phonon occupancy ny,.
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2.8. HONG-OU-MANDEL EXPERIMENT OF THE GENERATED SIN-

GLE PHOTONS

2.8.1. MEASUREMENT SCHEME

We verify the coherence and indistinguishability of the single photons generated by our
source by performing Hong-Ou-Mandel (HOM) interference. We pass two subsequently
generated single photons through an unbalanced Mach-Zehnder interferometer with a
1.43km fiber delay line in one arm corresponding to a time delay of Tqelayline = 7.146 us.
The detailed setup is illustrated in 2.15. The setup is modified based on the experimen-

e optical EOM NSPD
(1) optical fiiter awiteh &2 .‘S S

fiber-free E RN _
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“ space coupler Elrov N O circulator

@wavemeter 822 PC smOA [ PBC EI power
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Figure 2.15: Experimental setup for Hong-Ou-Mandel measurement. Detailed scheme of the optical setup
used for pulsed HOM measurements. After detection filters, the light passes through an unbalanced Mach-
Zehnder interferometer with a 1.43 km fiber delay line in one arm. BS: beam splitter with transmission (re-
flection) coefficient T (R); AOM: acousto-optic modulator; EOM: electro-optic modulator; TTM: time-tagging
module; PC: polarization controller; OA: optical attenuator; PM: optical power meter; PBC: polarizing beam
combiner.

tal setup of optomechanical characterization measurement in Figure2.4. Single-photon
detectors are placed at the two outputs of the interferometer. To maximize the inter-
ference visibility, the polarization of the two interferometer arms have to be aligned.
For polarization alignment, we place two optical switches at one of the interferometer
outputs, which can be used to send the light to an optical power meter (PM) and op-
tionally through a polarizing beam combiner (PBC). This PBC features two polarization
maintaining fibers at the input which can be used as a reference for polarization align-
ment. Furthermore, optical attenuators (OA) are used to balance the optical power in
both arms. In the following, we describe the detailed procedure for polarization align-
ment.

* Co-polarized interferometer arms: We first minimize the transmission of the long
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interferometer arm via the OA and send the output light of the interferometer
through the PBC. We use the polarization controller (PC) in the short arm to min-
imize the signal on the PM. We fully attenuate the transmission through the short
arm and fully unattenuate the transmission through the long arm. We use the
PC in the long arm to again minimize the signal on the PM. We send the output
light from the interferometer directly to the PM without going through the PBC by
switching the optical switch and measure the output power Pjo,g of the long arm.
To balance the optical power in the two arms, we fully attenuate the transmission
of the long arm again and unattenuate the transmission of the short arm until the
measured power Pgport = Plong. Afterwards, we fully unattenuate the transmission
of the long arm. Light passing through the two arms has the same polarization at
the second 50:50 BS (co-polarized).

* Cross-polarized interferometer arms: The procedure to align the two interferom-
eter arms to have orthogonal polarization at the second 50:50 BS (cross-polarized)
is identical to the alignment procedure for co-polarized measurement except that
in between the polarization alignment steps of the two arms we manually change
the input fiber of the PBC used as polarization reference. As the two input fibers of
the PBC have orthogonal polarizations, after this procedure the two interferome-
ter arms are cross-polarized.

2.8.2. HOM OF SINGLE PHOTON STATES

We verify the coherence and indistinguishability of the single photons generated by our
source by performing Hong-Ou-Mandel (HOM) interference. We pass two subsequently
generated single photons through an unbalanced Mach-Zehnder interferometer with a
1.43km fiber delay line in one arm corresponding to a time delay of Tqelayline = 7.146 us
(see Fig. 2.16a). To generate two subsequent photons, we use the pulse sequence shown
in Fig. 2.16b. The first group of pulses separated by delay time T,,; will write and read
out the phonon generating a single photon, so does the second pulse group separated
by delay T,;;. The delay between the two red read out pulses in the two pulse groups
is set to be equal to Tyelayline, thus the single photon generated in the first pulse group
that goes through the long arm and the second single photon generated in the second
pulse group that goes through the short arm will arrive at the same time at the second
beamsplitter, leading to HOM interference (see Fig. 2.16¢ pink shaded area). The differ-
ent time delays within each pulse group facilitate the separation of the four heralding
pulses on SNSPD detectors (see Fig. 2.16¢ blue shaded area). It also implies that we can
retrieve the single photon on demand as long as the delay between write and readout is
short with respect to the mechanical lifetime, which could be useful in synchronization
of different single photon sources. The long time delay Tgelayline > Tm between subse-
quently generated photons allows the mechanical mode to thermalize to the cryogenic
environment before each photon is generated. For the HOM measurement, we mea-
sure four-fold coincidences between two clicks from the blue write pulses and two clicks
from the red read out pulses. When the two interferometer arms are co-polarized, the
photons arriving at the beam splitter during the same repetition are indistinguishable
resulting in the characteristic dip in coincidence detection events (see Fig. 2.17a). As
a control experiment, we repeat the same measurement with cross-polarized arms of
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Figure 2.16: Hong-Ou-Mandel interference. a Unbalanced Mach-Zehnder interferometer used for Hong-Ou-
Mandel (HOM) measurements. BS, beam splitter; PC, polarization controller; OA, optical attenuator; SNSPD,
superconducting nanowire single-photon detector. b Pump pulse sequence used for HOM measurements.
Within one repetition period (Trep = 18 s), two pairs of blue and red detuned pulses (40 ns pulse duration) are
sent to the device to generate single phonons (blue detuned pulse, ps = 10 %) and read them out (red-detuned
pulse, pas = 45 %). The delay between the blue and red pulses is Tq; = 105ns in the first and Tq = 225ns
in the second pulse group. The delay between the two red pulses is equal to the time delay induced by the
fiber delay line in the interferometer Tgelayline = 7-146 us. ¢ Schematic illustration of the measured detection
events on SNSPDs. Time bins are labeled according to when the photon was created (E, early; L, late) and
which interferometer arm it passed through (S, short; L, long). Photons generated from the first (second) blue-
detuned pump pulses are shown in dark (light) blue. Simultaneous clicks during either combination of two
dark and light blue-shaded time bins herald the generation of two phonons. The phonons are read out by the
red pulses leading to two-photon interference events during the time bin associated with the second red pulse
(red shaded).
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Figure 2.17: Hong-Ou-Mandel interference measurement results. a Number of four-fold coincidences mea-
sured on the two SNSPDs during the HOM measurement with co-polarized (blue) or cross-polarized (orange)
arms of the interferometer during the same (An = 0) or different (An # 0) repetitions of the experiment nor-
malized to the average value measured on the satellite peaks (An # 0). The error bars are calculated from the
photon counting statistics and correspond to the 68% confidence interval of the binomial distribution. The
dashed bar at An = 0 shows the value predicted from QuTiP simulations (see 2.8.5). b Normalized number of
threefold coincidences in co-polarized interferometer configuration during the same repetition of the experi-
ment (An = 0) as a function of timing offset Az between the two red pulses for two different bandwidths T'pp, of
generated photons. In this case, coincidence detection is conditioned on the detection of only one heralding
photon from one of the blue pulses resulting in HOM interference of an optomechanically generated single
photon with a thermal state. The solid lines are fits to a phenomenological model based on the photon pulse
shape.

the interferometer observing no dip in coincidence events, as expected. From the two
measurements, we calculate the HOM interference visibility Viaw = 0.48 +0.14. After
correcting the power imbalance of the two arms (see section 2.8.3), we obtain a HOM
visibility of V = 0.52 +0.15. The visibility is reduced compared to the case of ideal single
photons (V = 1) due to the added thermal component of the optical state. We model
the impact of the thermal component on the HOM visibility through numerical sim-
ulations and determine a simulated visibility of Vi, = 0.53 (see section 2.8.5) in good
agreement with the measured value. Although, the HOM visibility does not violate the
theoretical bound for non-classical states V > 0.5, the observation of HOM interference
nevertheless demonstrates the coherence and indistinguishability of optomechanically
generated single-photons generated more than 7 us apart in time.
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2.8.3. CALIBRATION USING WEAK COHERENT STATE AND THERMAL STATE
CALIBRATION OF INTERFERENCE VISIBILITY USING WEAK COHERENT LIGHT

To calibrate for the imperfect power balance of the two arms in the Hong-Ou-Mandel
(HOM) setup, we measure the HOM interference of weak coherent light in the co- and
cross-polarized cases. Weak coherent light pulses at optical cavity resonance are gener-
ated and sent through the same HOM setup for interference. In Fig. 2.18a, we can see the
dip in the co-polarized case. It represents a visibility of V = 0.464. The deviation from 0.5
visibility is mainly attributed to the power imbalance of the two arms. This ratio is used
to correct the measured HOM visibility of optomechanically generated single photons
(see section 2.8.2 below). The smaller dips on both sides result from the relatively long
coherence time of the coherent laser light used in this measurement.

ANALYSIS OF INTERFERENCE VISIBILITY USING THERMAL LIGHT

In the HOM measurement of single photons (section 2.8.2), if we do not perform any
heralding on the Stokes photons from the blue-detuned pulse and directly analyze the
HOM interference of anti-Stokes photons from the red-detuned pulse, this corresponds
to the HOM interference of thermal light. In 2.18b, we can see there is a peak in the
cross-polarized case. The ratio between the peak and the side bars is 1.35, which matches
well with the QuTip simulation considering the amount of thermal component intro-
duced in our pulse scheme (see section 2.8.5).

2.8.4. BANDWIDTH TUNABILITY

Lastly, we use two-photon interference to measure the temporal wavepacket shape and
thus the bandwidth of optomechanically generated single-photons. For short readout
pulse durations used in our experiment Tyeaq << 27/Tom, the photon bandwidth is ex-
pected to closely follow the readout pulse wavepacket shape [53, 62]. Here, Tyeqaq is the
readout pulse length and I'gyy = 'y + 41 g§/ k is the optomechanically enhanced me-
chanical linewidth with the intrinsic mechanical linewidth I'y,. The photon bandwidth
I'pn is given as the inverse of the temporal wavepacket shape of the generated photon.
We verify the temporal wavepacket shape and hence the photon bandwidth by offsetting
the two readout pulses by a time delay A¢, which reduces the overlap of two photons
arriving at the beamsplitter leading to reduced HOM interference. To increase the statis-
tics, we measure three-fold coincidences between one click from the blue write pulses
and two clicks from the red readout pulses. Hence, only one single photon is generated
while the other red-detuned pulse reads out an unheralded mechanical thermal state.
This HOM interference between a single photon and a thermal state leads to a reduced
depth of the observed HOM dip. Figure 2.17b shows the normalized number of three-
fold coincidences as a function of timing offset A ¢ for photon bandwidths of 25 MHz and
10MHz, corresponding to read out pulse lengths of 40ns and 100ns, respectively. The
HOM dip persists up to longer time delays for longer readout pulse length showcasing
the tunability of the temporal shape of the photon wavepacket in agreement with a phe-
nomenological model indicated by solid lines (see section 2.8.4). We note that as the
pulse offset is increased, the normalized number of coincidences increases above the
value of unity as a consequence of the bunched photon statistics of the thermal state.
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Figure 2.18: HOM interference of weak coherent light and thermal light. HOM interference measurement
of weak coherent light (a) and thermal light (b). In the weak coherent light measurement, we obtain visibility
V =0.464, the deviation from 0.5 visibility is mainly attributed to the power imbalance of the two arms. In the
thermal light analysis, the ratio between the peak and the side bars is 1.35 in the cross-polarized case, which
matches well with the QuTip simulation considering the amount of thermal component introduced in our
pulse scheme (see QuTiP Simulations below).
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MODELING OF TEMPORAL WAVEPACKET SHAPE

In section 2.8.4 we measure the HOM interference between an optomechanically gen-
erated single photon and a thermal photon state as a function of timing offset At of the
red-detuned read out pulses. Here, we introduce a phenomenological model to describe
the dependence of the HOM dip on At. The depth of the HOM dip depends on the over-
lap of the two wavepackets of the photons impinging on the beam splitter, which is given
by a convolution of the wavepacket envelopes P; (¢) and P, (f). We model the normalized
number of coincidences grom(At) by

(9]
gHOM(At)zA(l—Bf Pi()P2(t—AD) |, (2.18)
—00

where A and B are fitting parameters to model the relative depth of the HOM dip. The
pulse shape of the photon wave packet follows the pulse shape of the red readout pulse,
which is created by applying a square gating voltage pulse of length T.,q to an acousto-
optic modulator with faom = 110MHz operating frequency. The relatively slow cutoff
time constant of the AOM (taom = 1/ faom = 9.11ns) leads to significant broadening of the
pulse length compared to the nominal values of 40ns or 100ns used in the experiment.
Thus, we model the pulse shape by convoluting the square pulse with a Lorentzian with
width TpoMm in the time domain.

As mentioned in section 2.8.4, for increasing pulse offset A we measure a normal-
ized number of coincidences larger than unity. The number of coincidences is normal-
ized to the value measured on the satellite peaks with uncorrelated coincidences where
An # 0. When, the timing offset increases, the overlap of the two readout pulses is re-
duced. The parts of the two pulses that are not overlapping in time cannot interfere.
Therefore, the coincidence events detected in the non-overlapping part of the pulses
measure the photon statistics of the incoming photon state in an HBT-type experiment.
As the measured coincidence number is measured within the whole pulse window of
both readout pulses, all of these coincidence events overlap. When the two pulses are
completely separated in time, this measurement measures the overlapping coincidences
from two simultaneous HBT experiments on a thermal state and an optomechanically
generated single photon giving rise to a normalized coincidence number larger than 1
due to the bunched photon statistics of the thermal state.

2.8.5. MODELING OF HOM INTERFERENCE

QUTIP SIMULATION OF HOM INTERFERENCE

Here we follow similar simulation procedures as described in section 2.7.4 for simulat-
ing cross-correlation and autocorrelation functions. To simulate the result of the HOM
interference measurements, we define four optical modes corresponding to horizontal
(H) and vertical polarizations (V) in the two arms of the Mach-Zehnder interferometer
(long: L, short: S) each with Hilbert space size N. The joint density matrix of all modes
is defined as pin = pLu ® PLV ® Ps,H ® ps,v- Since our detection scheme is insensitive to
the polarization of the detected photons, we mix the two polarization modes in each of
the arms by applying a beam splitter interaction and then interfere modes of the same
polarization by applying another beam splitter interaction. After the interference, we
simulate polarization-insensitive detection of photons in the two output modes 1 and 2
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by implementing the following projection operators:

2
PYY) = 1™ & 1™ —(10) (0] ® 0) (O (2.19)
pWY  _ pN?) o 1(N) o () (2.20)

#l0y,1/2 = 20y
(N%) _ pN?) (N?)
P ovpoth = Py ®Prajgy 2.21)

where the superscript indicates the dimension of the Hilbert space the operator is acting

(VY

on. The operator P projects the system into the state after detection of a single

#0),1/2

4
click at the detector at output 1 or 2 of the interferometer, whereas P;%;both projects
onto the state after a coincidence detection at both detectors. The corresponding prob-
abilities for single click (pp1,p2) or coincidence detection (p.) are calculated as:

4
pp1,D2 = (P;%Q,l /ZPHOM,out) (2.22)
Pc = ¢|0>,botthOM,0ut ’ ( . )

where proM,out is the joint density matrix of all four output modes. We define the second-
order correlation function of detection events on the single-photon detectors as

@ Pc
=—, (2.24)
8riom PD1PD2

which corresponds to the normalized number of coincidence clicks as presented for the
measurement result in the main text.

ANALYTICAL MODEL OF HOM INTERFERENCE

We compare the results of our QuTiP simulations to a simple analytical model relat-
ing the value of gg())M to the value of the auto-correlation function g (0) as measured
through an HBT experiment. We consider a general optical input state pi, = po[0) (0] +
p111) (1 + p212) (2] + (p3). In an HBT measurement, assuming low click rates with py =
13> p; > po; the probability for a coincidence detection p!BT and for single click detec-

tion on detectors 1 and 2 pHBL_ approximated to second-order are then

D1,D2
Her _ 1
c = 5!’2 (2.25)
1 3 1
HBT
Poip2 = 5P1 + NZREILE (2.26)

The value of the second order auto-correlation function is then obtained as

o pHBT
_ C
870 = —gpr B 2.27)

D1 FD2
2

~ (2.28)
P
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Figure 2.19: Qutip simulations of HOM interference. a Second order correlation function for the HOM mea-

surement gl({zg)M for thermal states as a function of thermal phonon occupancy ny,. b Second order correlation

function for the HOM measurement gg(])M for optomechanically generated single photons with density ma-
triX pom,out (PS, Pas, Pwriter Mread) @S @ function of thermal phonon occupancy added during the readout pulse
Nyead With other simulation parameters fixed at the parameters used for the experiment presented in the main
text pg = 0.1, nyrite = 0.2. Stars in a and b indicate experimental data points from the HOM measurement
using two thermal states (see Fig. 2.18b) and optomechanically generated single photons (see section 2.8.2).
For the measured data point in a, the errorbar is smaller than the marker size. ¢ Second order correlation func-
tion for the HOM measurement gg) M for optomechanically generated single photons as a function of thermal
phonon occupancy added during the readout pulse 7,¢,4 for the ideal case of low Stokes scattering probability
ps = 0.001 and no initial thermal phonon occupancy from the write pulse 7,yjte = 0. The solid line in b and ¢
is the analytical approximation in Eq. (2.33) based on the auto-correlation function g‘?) (0) of the state Pom,out-
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In an HOM measurement, we analogously obtain

peO™ = ps, 2.29)
HOM 1, 3
Ppip2=P1t zpl + 5!72 = p1, (2.30)
HOM
@ __P
gHom = Hofa HOM’ (2.31)
Pp1  Pp2
= p_i (2.32)
py

Finally, we can relate the value of the auto-correlation function g(Z) (0) to the value of the

HOM correlation function gl(f())M

1
gl = Egm 0). (2.33)

For the simulations in Figs. 2.19b and ¢, we also simulate g? (0) of the state pom out and
plot the result of Eq. (2.33) as a solid line showing good agreement with the QuTiP simu-
lation.

We observe in Fig. 2.19c¢ that for the cross-polarized case and low added thermal
phonon occupancy, the value of the HOM correlation function gI%M < 1. This obser-
vation is a result of low optical readout efficiency n < 1 and so large vacuum compo-
nent in the optical states interfering at the beam splitter. We recover this result an-
alytically by considering the optical input state at each port of the beam splitter ap-
proximated to first order pin = po10) (0| + p1 1) (1| + (p2). For small p,, we approximate
pin = (1 — p1)10) (0] + p111) (1|. As above, we consider the coincidence and single click

probabilities without approximating pg = 1 for now

1
pe N =2ph (2.34)
3

Phipe = 3P+ P10 -p), (2.35)

@ pHOM
8hom(P1) = —on o (2.36)

D1 D2

1,2

A (2.37)

= 2‘
[(3p3+p1(1-p1)]

In the limit of high optical losses we obtain
lim g% . 2.38
p}glOgHOM(pl) =3 (2.38)

in good agreement with the result obtained from the QuTiP simulation in Fig. 2.19c¢.
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2.9. SINGLE PHOTON AND ENTANGLEMENT GENERATION EFFI-

CIENCY

2.9.1. SINGLE-PHOTON RATE IN THE HBT MEASUREMENT

The total efficiency 15 = NheraldNconv Of our single-photon generation protocol during
the HBT experiment is comprised of the efficiency of the phonon heralding (nperaiq) and
the phonon-photon conversion process (conyv). The efficiency of the heralding process
including the intrinsic optomechanical scattering probability of the Stokes scattering
process ps = 0.013, optical cavity impedance ratio 1cay = ke/k = 0.45, lensed fiber cou-
pling efficiency ng = 0.5, efficiency of the optical filter setup ngiers = 0.4, and single-
photon detector efficiency (averaged over the two detectors) nspp = (spp1 + 1spp2)/2 =
0.58 is then Nherald = PsNcavicNfiltersspp = 7 x 1074, The efficiency of the conversion
step with anti-Stokes scattering probability p,s = 0.07 is similarly obtained as n¢ony =
PasNcavNicNfiltershspp = 4 x 1073, The corresponding rate of generated single photons

with the repetition period of the pulse sequence Trep = 10 us (repetition rate Ryep = 100kHz)

is Rpn = 0.23Hz.

2.9.2. PROJECTED ENTANGLEMENT RATES

Remote entanglement between the mechanical modes of two OMCs can be created by
embedding two such devices with matching mechanical and optical resonance frequen-
cies into a phase-stabilized Mach-Zehnder interferometer [28]. This is an implementa-
tion of the Duan-Lukin-Cirac-Zoller (DLCZ) protocol for entanglement distribution in
quantum networks [27]. By sending a blue-detuned pump pulse with Stokes scattering
probability ps into the interferometer and detecting a click on either of two single pho-
ton detectors at the two output ports of the interferometer, the joint state of the two me-
chanical modes is projected into a maximally entangled state |¥) = (|10) + 101))/v2. To
verify the generated entanglement, a red-detuned readout pulse with anti-Stokes scat-
tering probability pys is sent into the interferometer. An entanglement witness can be
defined for such an optomechanical entanglement experiment Ry, [63], which can be
expressed in terms of the cross-correlation functions between the Stokes and anti-Stokes
click events as

8l 018k, 0) —1

Rin6, ) = 4— , 5
&, 0) = g2, ()

(2.39)

where 0 is a phase given by the relative phase between the two interferometer arms and
the second-order cross-correlation functions between the write (Stokes field) and read
(anti-Stokes field) pulses on the two detectors are defined as:

80, = (alg ;aq ;as,iaas,j) ] (al ;aas )@ as ) (2.40)
Avalue R, <1 demonstrates entanglement of the two mechanical modes.

Thermal noise degrades the cross-correlation between the write and read pulse and
leads to an increased value of Ry,. A theoretical analysis shows that, in general, a to-
tal thermal phonon occupancy during the read pulse of ny, < 0.26 is required to ob-
tain Ry, < 1 [63]. To achieve a statistically significant violation of this bound, previous
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demonstrations of remote entanglement between two one-dimensional nanobeam op-
tomechanical crystals operated at reduced thermal phonon occupancy of ny, = 0.12 lim-
iting the Stokes (anti-Stokes) scattering probabilities to ps = 0.007 (pas = 0.034) [28].
Combined with the repetition period of the experiment Ryep = 20kHz and the total ef-
ficiency of the detection path 1 = 0.04, entanglement of the two mechanical oscillators
was heralded at a rate of Rent = psnRrep = 6Hz. Coincidence events between the write
and read pulse required for verification of entanglement occurred at a rate of Reginc =
ps pasanrep =27h™".

Using our 2D OMC device, we can achieve similar levels of thermal noise with in-
creased optomechanical scattering probabilities ps = 0.02 (pas = 0.16). At these scatter-
ing probabilities the added thermal noise from the blue-detuned write pulse is ny,; =
0.043 as calibrated from the measurements shown in Fig. 2.9. The red-detuned readout
pulse adds an additional thermal noise of ny, » = 0.075 as deduced from the thermome-
try measurement presented in Fig.2.8. The total added thermal noise is thus 7 = 0.118.
Combined with the repetition rate of our experiment Ryep = 100kHz and a total detec-
tion efficiency of n = 0.05, we can project a heralded entanglement generation rate in a
remote entanglement experiment of Ren; = 100Hz and a rate of coincidence events of
Reoine = 2.9 x 103h~! —an improvement by almost two orders of magnitude over previ-
ous demonstrations [28].

Through technical improvements to our optical setup by using adiabatically tapered
fiber coupling with n¢. = 0.85 [64], using improved single-photon detectors with state-
of-the-art detection efficiency nspp = 0.9, as well as straightforward adjustment of the
cavity impedance ratio to operate in the ideal configuration of critical coupling ¢ay = 0.5
(corresponding to a total detection path efficiency of n = 0.15), the entanglement gen-
eration and verification rate can be boosted to Rent = 300Hz and Repine = 2.5 x 104h™1,
respectively.

More elaborate improvements to the device geometry, such as using an evanescent
coupling geometry [36], can be used to further reduce the thermal noise by a factor of
six and thus enable higher entanglement rates by using larger optomechanical scatter-
ing rates. We can estimate the improvement to the entanglement rate attainable us-
ing such side-coupled 2D OMC devices by limiting the thermal noise to ng, max = 0.12,
the same level as in previous demonstrations of remote entanglement [28], and assum-
ing fixed optomechanical phonon-photon conversion efficiency on the readout pulse
for entanglement verification as above pas = 0.16. The thermal noise from the read-
out pulse would be reduced to ng, » = 0.013, allowing a maximum added noise from the
blue write pulse of 7noise,1,max = Mth,max — fth,2 = 0.107. We can estimate the added noise
from the write pulse from the measurement results in Fig. 2.9 by dividing the thermal
occupation from the prepulse by a factor of six to account for the reduction of thermal
noise with an improved device geometry. The reduced thermal noise would allow for a
substantial increase of Stokes scattering probability ps. Importantly, the thermal noise
would be so low that the Stokes scattering probability is comparable or even larger than
the added thermal noise from the prepulse. In this case, it is important to account for
additional noise in the heralding process due to higher-order excitations from the two-
mode squeezing interaction of the write pulse that are on the order of ps. The total noise
originating write pulse is then 7ingise,1 = Nth,1 + ps. We find that npgise,1 < Pnoise,1,max
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Figure 2.20: Protocol for remote entanglement generation and verification. a Heralded creation of entangle-
ment between two mechanical oscillators embedded in a phase-stabilized Mach-Zehnder interferometer. A
blue-detuned pump pulse generates a phonon in one of the two mechanical modes. The second beam splitter
erases the which-path information of the generated Stokes photons. Detection of a single photon at either of
the two outputs of the interferometer projects the two mechanical modes into a maximally entangled state. b
The created entangled state can be verified by readout of the mechanical states through a red-detuned readout
pulse.

up to a Stokes scattering probability of ps = 0.08 with a projected added thermal noise
nm,1 = 0.02. This four-fold increase in Stokes scattering probability would translate to a
four-fold increase in the entanglement rate Rep = 1.2kHz.

We note that while the outcoupling efficiency of photons from our device can, in
principle, be further increased by using an overcoupled optical cavity, the correspond-
ing increase in total optical cavity linewidth x would lead to a reduction in optomechan-
ical scattering probability at the same intracavity photon number. For the pulse scheme
used in this experiment, a critically coupled cavity provides the best trade-off between
scattering probability and photon outcoupling efficiency [53].

2.9.3. COMPARISON TO OTHER QUANTUM NETWORK PLATFORMS

We compare the projected entanglement rates attainable using 2D OMCs to the entan-
glement rates demonstrated in recent state-of-the-art quantum network experiments.
Firstly, we compare to an experiment where a single-photon interference scheme is used
to generate remote entanglement between two nitrogen vacancy centers in diamond at
a heralded entanglement rate of 39 Hz [65].

Secondly, we compare to an emissive quantum memory formed by an atomic en-
semble [66]. In this work, the highest entanglement rate is achieved in an experiment
in which two atomic quantum memories are connected by a 10 m long fiber and entan-
glement is heralded by a single-photon interference scheme. The experiment runs with
a repetition time of Tyep = 20ms out of which Tj,aq = 18 ms are allocated to load and
cool atoms and Tep; = 2ms are allocated to perform entanglement trials with a repeti-
tion period of Ten¢ = 5us. The authors achieve an entanglement probability per trial of
Pent = 0.014 yielding a total entanglement rate of Rent = Pent Tent/ (Tent Trep) = 280 Hz.

In both [65] and [66], the photons used for heralding the entanglement are not at tele-
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com wavelength. For practical applications in remote quantum networks, wavelength
conversion would be required and would lead to a substantial reduction in entangle-
ment rate.

Lastly, we compare to an experiment in which single-photons generated by spon-
taneous parametric down-conversion are stored in atomic frequency comb quantum
memories in solid-state crystals [12]. Entanglement between two quantum memories is
established in a heralded fashion in a single-photon interference scheme in which the
two memories are connected by 25 m of optical fiber. The authors achieve a record-high
entanglement rate of 1.4kHz.

2.10. CONCLUSION AND DISCUSSIONS

Our work establishes 2D OMC devices as an on-chip platform for single-photon gen-
eration at telecom wavelengths and utilizes the increased thermal anchoring of such
devices to demonstrate crucial performance metrics for the application in quantum net-
works. In contrast to previous experiments, in which the measurement of the photon au-
tocorrelation function was limited by thermal noise to g (0) = 0.65*0:54 and thus above
the threshold of g (0) = 0.5 of a genuine single-photon Fock state, the reduced thermal
noise of our 2D OMC enables single-photon emission with g? (0) = 0.35f8:(1)g in an HBT
measurement, unambiguously demonstrating the single-quantum nature of the emit-
ted state. Furthermore, the improved thermal performance enables operating the de-
vice at high optomechanical scattering probabilities and thus allows us to demonstrate
indistinguishability of the generated photons through the observation of HOM interfer-
ence with visibility V = 0.52 £ 0.15. The HOM experiment requires the detection of four-
photon coincidence events, which so far has proven elusive due to low rates caused by
limited optomechanical scattering probability. The observation of HOM interference be-
tween photons emitted from our source separated in time by Tgelayline = 7.146 us demon-
strates that the emitted photons are coherent over this timescale. Furthermore, since the
typical amplitude of mechanical frequency jittering which ultimately limits photon co-
herence A fi, = 10kHz is small compared to the emitted photon bandwidth, we expect
the coherence of photons emitted from our source to be preserved for long periods of
time.

A promising feature of our 2D OMC device is the narrow photon linewidth as low as
10MHz and only limited by the optical pulse length used for phonon-photon conver-
sion. While longer optical readout pulse lengths would directly enable narrower optical
linewidth ultimately only limited by the intrinsic mechanical linewidth I'y, /27 = 119kHz
(see section 2.4.1), this would lead to accumulation of more thermal phonons in the me-
chanical mode and thus currently still impede measurements in the quantum regime.
Notably, compared to other systems for telecom C-band single-photon generation, the
bandwidth of our system already surpasses the narrowest linewidths achieved with tele-
com quantum dots (> 100 MHz [67]) as well as with silicon-based on-chip sources based
on spontaneous four-wave mixing (= 30 MHz [68]).

While thermal noise still limits the single-photon purity and HOM visibility as well as
the attainable narrowest optical linewidths, novel designs exist to reduce pump-induced

heating through the use of evanescently coupled optomechanical cavities or non-suspended

OMCs with improved dissipation of thermal phonons [36, 69], which will allow to fur-
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ther boost the purity and rate of generated single photons. The lifetime of the phonon
mode in the device used in this work is chosen to be only 7, = 1us to increase the
repetition rate of the experiment. However, by engineering the phononic band struc-
ture of the OMC geometry, we have already fabricated devices with long phonon life-
times up to 7, = 9ms (see section 2.4.2). The long phonon lifetime combined with
high purity and long coherence time of optomechanically generated single photons at
telecom wavelength, position 2D OMCs as a promising platform for the realization of
long-distance quantum networks following the DLCZ protocol [27]. With our current
performance, we estimate that heralded entanglement between two 2D OMCs embed-
ded in a phase-stabilized Mach-Zehnder interferometer can be generated at a herald-
ing rate of 100 Hz and verified at a total event rate of 2.9 x 103h~! — an improvement by
more than two orders of magnitude over previous demonstrations [28]. The heralding
rate is already surpassing demonstrations of heralded entanglement generation using
nitrogen vacancy centers (39 Hz [65]). In a next step, well-established technical improve-
ments of optical setup efficiency will further boost the attainable entanglement gener-
ation rates to 300Hz comparable with recent experiments based on atomic ensembles
(280Hz [66]). Importantly, the generated single-photons in [65] and [66] are, unlike for
our device, not at telecom wavelength and hence for any practical application wave-
length conversion would reduce the attainable entanglement rate significantly. Further
reduction of thermal noise by evanescent light coupling [36] will allow an additional
boost of the entanglement rates to 1.2kHz, on par with leading quantum networking
platforms based on cavity-enhanced parametric-down-conversion sources and atomic
frequency comb quantum memories in solid-state crystals (1.4kHz [12]), and in an on-
chip platform compatible with scalable CMOS fabrication [70]. These rate improve-
ments will enable scale-up of these rudimentary quantum networks by demonstrating
entanglement swapping between multiple pairs of entangled mechanical oscillators.
Finally, low-noise 2D OMCs are ideally suited to explore hybrid quantum network ar-
chitecture interfacing different physical platforms: on the one hand, the narrow linewidth
and by-design controllable wavelength of optomechanically generated single-photons
allow for hybrid entanglement creation by interference of single photons from an OMC
and telecom quantum emitters, such as rare-earth ions [37-39] or silicon T centers [40,
41]. Alternatively, single-photons from OMC devices can be stored in telecom quan-
tum memories with narrow acceptance bandwidth, such as those based on ensembles
of rare-earth ions [42, 43] or other optomechanical systems [44]. On the other hand,
phonons can be coupled directly to a large variety of other quantum systems such as

color centers [18, 19] or quantum dots [20] by strain interaction. Combined with a piezome-

chanical coupling element, high-efficiency mechanics-to-optics conversion with low ther-
mal noise demonstrated by our device will allow for coherent transduction of quantum
information from microwave superconducting quantum circuits to telecom optical pho-
tons enabling networked quantum computing [21-25].
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TOWARDS SINGLE-PHOTON-LEVEL
OMIT MEMORY

Quantum memories at telecom wavelengths are essential building blocks for quantum
networks that utilize quantum repeater protocols for long-distance quantum information
distribution. Optomechanical crystals are ideally suited to be used as quantum memory
at telecom wavelengths because of their wavelength design flexibility and long mechanical
lifetime. DLCZ type of quantum memories have been demonstrated using 1D nanobeam
structures, however, it suffers from the low rates required to suppress higher-order excita-
tions. In this chapter, we propose the use of an absorptive scheme based on optomechan-
ically induced transparency (OMIT) to store and retrieve signals. Using quasi-2D OMC
structures with less thermal noise, we expect to be able to store and retrieve quantum-level
signals, starting with weak coherent state.

Work presented in this chapter was accomplished together with Alex Rolf Korsch and Pedro V. Pinho.
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3.1. INTRODUCTION

ECAUSE of their high speed and little decoherence, optical photons are promising
B candidates for the distribution of quantum information over long distances to build
quantum networks [1], where photon loss still poses a large problem when quantum
states need to be distributed over long distances [2]. As a result, quantum repeater
schemes have been developed to create long-distance entanglement through entangle-
ment swapping protocols [3] [4]. The success of entanglement swapping as well as en-
tanglement purification would require individual probabilistic processes to be success-
ful at the same time, which greatly reduces the total success rate when the system size
is scaled up [1]. One way to address this issue is to employ quantum memories to store
quantum states during the waiting time before being swapped back to flying photons for
next-step operation.

Quantum memories have been realized on a wide variety of physical platforms, such
as atomic ensembles [5] [6], single atom and ion [7] [8], Nitrogen-Vacancy (NV) cen-
ters [9], and rare-earth-ion-doped solid crystals [10] [11]. Except for rare-earth-ion-
based quantum memories, most atom- and ion-based quantum memories operate at
wavelengths defined by natural atomic transitions, which would require frequency con-
version to telecom bands with low transmission losses [12]. As an alternative, optome-
chanical devices are naturally suited to be used as quantum memories because of the
long mechanical lifetime and high engineering freedom in terms of operating wave-
lengths. DLCZ-type of quantum memory at telecom wavelength has been realized us-
ing 1D nanobeam structures, where 112 s memory coherence time has been demon-
strated [13]. However, such a probabilistic scheme based on DLCZ protocol largely lim-
its the allowed efficiency since higher-order excitations need to be avoided for the cre-
ation of high-fidelity quantum state. To overcome such a limitation, and inspired by
Electromagnetically Induced Transparency (EIT) in atomic ensembles, one approach is
to make use of absorptive schemes based on Optomechanically Induced Transparency
(OMIT). OMIT memories have been realized in silica microspheres [14], diamond mi-
crodisks [15], as well as soft-clamped membranes [12]. Despite the long lifetime (=
23ms) achieved in [12], the stored signal is a classical signal. Storage and retrieval of
quantum-level signal has never been demonstrated using the OMIT scheme. In this
chapter, we investigate the possibility of using quasi-2D OMCs as OMIT memories to
store quantum-level signals.

3.2. OPTOMECHANICALLY INDUCED TRANSPARENCY (OMIT)

PTOMECHANICALLY Induced transparency (OMIT) is a close analog of electromag-
O netically induced transparency (EIT), where in both cases the optical response of
the system can be modified and controlled by coupling with a strong laser field. As illus-
trated in Figure 3.1 a, EIT occurs in the lambda-type scheme consisting of three atomic
levels [1), [2), |3). A strong control field couples the atomic state |2) and |3), and generates
a doublet of dressed states [16]. When a weak probe field is turned right on resonance
with state |1) and |3), the response to the probe field will consist of contributions from
both paths involving two dressed states with opposite detuning, leading to a cancellation
of response at this frequency [17]. In optomechanical systems, the lambda-scheme con-
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sists of the tensor product states of optical and mechanical states as illustrated in Figure
3.1 b. The probe field is close to the optical cavity resonance, and the strong control field
is red-detuned to the cavity by mechanical frequency wp,.

a b

13) 1) 10)m

A
1 — - = -
control wprobe wcavity

Sy A —_ (0l

wmI
1)

0% IO

Figure 3.1: Lambda-schemes for electromagnetically induced transparency (EIT) and optomechanially in-
duced transparency (OMIT). a The generic scheme for EIT, with control field of frequency w¢gn o] and probe
frequency wprope- A1 is the detuning between probe field and atomic transition w3, and Ay is the detuning
between control field and atomic transition w3p. Transition between states |1) and |2) is a dipole-forbidden
transition thus state |2) is long-lived and can be used as a memory. b Similar lambda-scheme for OMIT as in
EIT. The tensor product states are labeled by subscription "c" and "m", indicating optical state and mechanical
state, respectively. The probe field is close to the optical cavity resonance, and the control field is red-detuned
to the cavity resonance by mechanical frequency wm.

3.2.1. FORMATION OF TRANSPARENCY WINDOW
OMIT was first theoretically proposed in [18] in 2010. As one of its most conspicuous
features, the transmitted probe light will form a peak at the bottom of the optical cav-
ity spectrum when the light intensities and detuning between probe light and control
light satisfy certain resonant conditions. Here we outline the theoretical framework that
describes this phenomenon, mainly following [19] [20]. The general idea is to treat the
weak probe field as a perturbation to the steady state formed under the strong control
field.

In a typical movable mirror optomechanical system, the Hamiltonian H of the sys-
tem can be written as:

H = Aech + Heav + Hine + Harive 3.1
Fimech = 5 Z zeff + meff(;‘z“xz (3.2)
Heay = hocava'a 3.3)
i =nGzata 3.4)
Harive = Heontrol + Hprobe (3.5)

where Heonrol = ifiy/Kexsi(@'e 1" — ae'"), and Hprobe = ifiy/Kexsp (@' e P! — ae'®p?),
representing the strong control field with amplitude s} and frequency wj, and weak probe
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field with amplitude s, and frequency wy. p and % are the momentum and position op-
erators of the mechanical harmonic oscillator with effective mass m,g and angular fre-
quency Q. Gis the optical frequency shift per displacement defined as G = —0wcay/0x [21].
Based on the Hamiltonian, in the rotating frame at control laser frequency wj, the Langevin
equations that describe the dynamics of the intracavity field @ and mechanical motion

X are:

a(n = (~in-iGx(n - g) A1) + v/Eexs) + VEexSpe ™ + \/Kin Svac (3.6)
a2 dx(t .
meff(ﬁfcm T Z( ) +Q§nfc(r)) = —nGa' (Ha) + by (3.7)

where A = wcay — W) being the detuning between cavity resonance and control laser,
Q = wp — w) being the frequency difference between probe and control fields. $y,c and
Fy, represent the quantum and thermal fluctuation terms for the optical and mechanical
modes, respectively.

For OMIT, we are interested in the regime in which the control field is strong compared
to the probe field but the system bistability is not present [22][21]. We first want to solve
for the steady-state solution of the system without the presence of the probe field. For
a steady-state solution, all time derivatives will go to zero, and the operators can be re-
duced to the expectation values, that is, a(t) = (a(#)) = a, () = (X(#)) = X, and the quan-
tum and thermal fluctuation terms average to be zero [21]. From equations 3.6 and 3.7,
we can get the steady-state solution for a and x:

Kex$| nGlal?
=Ko Glal (3.8)
—iA+x/2 MegrQi

with A = A — G being the corrected detuning.

The probe field which is on resonance with the cavity should be much weaker than the
strong red-detuned control field, so we can treat the probe field as a perturbation. Tak-
ing into account the presence of the probe field, we can linearize equations 3.6 and 3.7
around the steady-state solution by using ansatz a = a+da and x = X+ 6 x, where a and x
refer to the expressions in 3.8. If we plug the ansatz into equations 3.6 and 3.7 and retain
only the first-order terms of @, ', and § %, we obtain the following equations:

%6&(0 = (—iA— g)@fz(t) —iGadx(t) + \/Kexspe_iﬂt (3.9)
d2 ~ d ~ 2 ~ — oAt —% o A
Meff W&x(t)+l"m$5x(t)+ﬂm6x(t)) :—hG[aéa M +a*dar) (3.10)

Together with input-output relations: Sou(f) = Sin(2) — /Kex@(t) where sin (1) = sp (1) +
s1(#), above equations can be solved analytically using ansatz §a = A”e /%! + A* e/
and 6% = Xe " + X* ! [19]. To investigate the optical response of the system, we can
define the transmission rate #, of the probe field:

_ Sp— VKex A~

Sp

Iy (3.11)
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Using further simplifications in the resolved-sideband regime and weak-coupling regime,
one obtains [19]:
21cQZ

. (3.12)
Q2+ Tk —2iA'x

tp=1-2nc+
where 7. = kex/k describes the external coupling ratio of the cavity, Q¢ = 2gpa describes
the laser enhanced optomechanical coupling rate, and A" = A—Qp, which is a small pa-
rameter when Q = Q. Equation 3.12 gives a Lorentzian transmission window as we vary
wp, as illustrated in Figure 3.2b and c. This is the so-called OMIT transparency window,
which features a linewidth T'oprr:

Tomrr = T + Q2/x = Ty +4g51a1° /% (3.13)

|al? corresponds to intracavity photon number 7¢gy.
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Figure 3.2: Optomechanically induced transparency (OMIT). a The generic detuning scheme for OMIT, with
control field of frequency wj and probe frequency wp. A is the detuning between probe field and control field.
Optical cavity resonance is indicated by wcay with decay rate x. b Reflection/transmission of the optical cavity
as we scan the probe frequency wp while keeping control frequency w fixed at (wcay — Qm). We can see the
overall optical cavity lineshape, and in the center there is a peak when wp = wcay. € Zoom-in of the dashed-line
box in b. The Lorentzian shape is give by equation 3.13, with linewidth T'opr =T'm + 4g§|d|2/1<.

We can understand the physical picture of OMIT as follows. Due to the coexistence of
the control and the probe field, a time-varying radiation pressure force is induced with
the beat frequency Q = wp — w) between the two fields [20] [21]. When Q is close to the
mechanical resonance Qy, the beating will coherently drive the mechanical motion [19].
As a result, the red-detuned control field will interact with mechanical motion, generat-
ing optomechanically scattered photons at frequency w; + Qy in the resolved sideband
regime [20]. Such scattered photons have the same frequency as the probe field at the
cavity resonance [20]. Ultimately, destructive interference between scattered photons
and the probe field leads to the cancellation of intracavity field [20] [21], and results in a
peak in the transmission window according to the input-output relations.

3.2.2. SIGNAL STORAGE VIA OMIT PROCESS
To understand how the signal is stored in mechanical mode in the OMIT process, we in-
troduce phonon creation (b") and annihilation operators () and zero-point-fluctuation
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amplitude of the mechanical resonator xzpg:

%= xzpp(bt + b) (3.14)

[ h
Xypp =1 ——— 3.15
7PF 2 Mo ( )

The Hamiltonian for the mechanical harmonic oscillator then becomes [21]:

where

A PP |
Hpech = hQMbTb + EhQM (3.16)
Instead of using X in equations 3.6 and 3.7, we now look at the equation of motion for me-

chanical operator b. We still linearize the set of equations of motion around the steady-
state solution, setting @ = @ + 6 . The coupled equations of motion then become [21]:

d R
—-8a(t) = ~is - g) sa(t)+ig|b()+b'(1)] + viexsig + VeinSuac (3.17)

d . T'm
il =|-iq. -2
dtbm ( P 2

b+ ig[(sa(t)+5a*(t)] +/Tub (3.18)

where ssig(1) = spe ™', g = go@ = go\/Tcav-

The input-output relation still holds: sout(f) = Ssig(£) — /Kexd d(£), where ssig(2) is the in-
put signal to be stored, and sqy(?) is the output field of the cavity.

Since the cavity decay rate « is much faster than any other time scale in the system, to
describe signal storage in mechanical mode, we would like to adiabatically eliminate the
fast intracavity mode &84, and build a direct relation between mechanical mode b and
the input signal field ssig(£). In the following, we mainly follow the framework explained
in [12].

When we operate at A = —Qy,, and considering that da evolves with e
—-iQmt

~iA and b as

e , we can drop the fast rotating terms a' in equation 3.18 and b' in equation 3.17.
Moreover, we transfer to a frame rotating with e=*%sis?,

Sig(f) = €758 50 (1) (3.19)

Sa(t) = e il 54(p) (3.20)

b(t) = el (1) (3.21)

Sout(£) = €748 5 (1) 3.22)

We then obtain the new equations of motion for the slowly varying amplitude & a(t) and
b(t):

d _x . K . x . = <

040 = (ia- S+ isig) 5a(0) + 1gh(D) + v/KexSsig (3.23)

z T ~ ~
%b(l‘) = (—iQm—7m+iQsig)b+ig5d(t) (3.24)
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where the quantum and thermal noise terms §y,c and ﬁth are dropped considering that
we work with classical coherent control and probe fields [19].

The cavity response time 1/x is much shorter than any other time scale in the optome-
chanical system; therefore, we can take %6 a(t) =0 and arrive at:

= _ 1 . K < |- 271, % <.
Sa(1) = e [ng(t) + ,/_KeszIg] = [ng(t) + ,/_KeszIg] (3.25)

where the second part of the equation uses A = wcay — W] = Qu, and Qsig = wp — W] = Qu,
thus (—A + Qgi) = 0 < x/2. If we insert 3.25 into 3.24, we obtain the relation between the

mechanics and the input signal field:
N 4g2
b iy~ 28 5 (3.26)
K K

d = . Im  2g2
Eb(t) = [l(Qsig_Qm)_(7m+T)

The following taxonomy is often introduced:

6 = Qsig — two-photon detuning (3.27)
g
Tom= —— optomechanical broadening (3.28)
K
4g° )
Tomr=T'm+— OMIT bandwidth (3.29)
K

Then equation 3.26 becomes:

—b(t) = —

d = Fomir .
_OMIT ;5
dt ( 2 !

X K
b+iy/ —TomSsig (3.30)
K

When both the control pulse and the signal pulse are present, integrating 3.30 we can
obtain an exponentially increasing mechanical amplitude. This is the process in which
external signals are stored in the mechanical mode. When both the control field and
the signal fields are off, the mechanical amplitude undergoes an exponential decay de-
fined by the mechanical decay rate I'y; which can be rather small. If we want to read
out the signal, we can shine a red-detuned light and read out the mechanics through op-
tomechanical interaction. This leads to an exponential decay of the mechanics into the
optical mode with rate I'omrt-

3.3. EXPERIMENTAL SETUP FOR OMIT MEMORY MEASUREMENT
The experimental setup for OMIT memory consists of three lines: the control pulse line,
the signal pulse line, and the bypass line with phase-EOM to generate sidebands for de-
tection filter locking. As shown in Figure 3.4, the signal light and the control light come
from the same Toptica CTL laser. After a 90:10 beamsplitter, 90% of the light goes to the
control line, and 10% goes to the signal line. The signal line power can be further atten-
uated with two variable optic attenuators (VOA) in series. In the signal line, we drive a
phase electro-optic-modulator (phase-EOM) with a radio-frequency (RF) source (Rohde
& Schwarz), generating two sidebands with a detuning of the RF frequency to the carrier.
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A laser filter is placed after the phase-EOM to filter out the carrier and lower frequency
sideband, and the remaining higher frequency sideband is used as the signal. By chang-
ing the RF frequency driving the phase-EOM, we can change the detuning between the
carrier and the generated sideband. Since the carrier and the control light are of the
same frequency, we can thus change the detuning between the control light and signal
light.

3.3.1. SIGNAL PULSE SHAPING

The strong control pulse used in the experiment is rectangle-shaped in the time domain,
with almost constant intracavity photon number. To achieve optimal storage and re-
trieval efficiency, we need to match the frequency and bandwidth of the signal to the
OMIT window, that means:

 Two-photon detuning 6 = Qsig — Qv should be zero.

¢ The signal bandwidth I'sig should be equal to the OMIT window linewidth I'omit =
I +485 neay/x [12] [23].

Considering that the Fourier transform of a Lorentzian shape is an exponential func-
tion, we create an exponentially rising signal pulse in time domain by applying an expo-
nentially rising voltage to the amplitude-EOM (see Figure 3.4):

Viom (£) = Vinaxe' ¢ H(~1) (3.31)

where H(¢) is the Heaviside step function. This would correspond to a Lorentzian shape
in the frequency domain with full width half maximum (FWHM) being I'sig. The voltage
function is programmed and loaded to the amplitude-EOM through a Zurich Instrument
(Z1) arbitrary wave generator (HDAWG). To ensure that the amplitude-EOM can shape
the pulse according to the applied voltage function, we need to bias the EOM close to the
50% transmission point where linear modulation of the amplitude can be achieved. The
bias voltage is applied to the amplitude-EOM via the OZOptics MBC-SUPER board. The
board works with a photodiode that receives part of the light signal from the EOM mod-
ulator, and adjusts the bias voltage on the EOM accordingly to ensure the EOM working
position is at 50% transmission point. There are two locking modes of the MBC-SUPER
board: "Quadt/Quad™" and "Null/Peak mode. We work in the "Quad*/Quad™"
mode. The board is connected to a computer and can be controlled via a GUI inter-
face. Figure 3.3 shows the settings of the GUI when we use the "Quad™ /Quad™" locking
mode.

The complete experimental setup can be found in Figure 3.4. To further increase the
attenuation after the amplitude-EOM, we put an acousto-optic-modulator (AOM) in se-
ries to generate the pulses from continuous-wave (cw) light. To make sure we gener-
ate the desired pulse shape, the trigger signal used for the AOM is in good sync with
the trigger for the voltage applied on the amplitude-EOM. Using the pulse indicated on
the superconducting nanowire single photon detector (SNSPD), we double check on the
time-tagging-module (TTM) GUI that the pulses after amplitude-EOM and two AOMs
overlap well with each other to produce the desired pulse shapes and durations.
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Figure 3.3: MBC-SUPER board settings on GUI when used in "Quad™ / Quad ™" mode. The board works with
aphotodiode that receives part of the light signal from the EOM modulator, and adjusts the bias voltage on the
EOM so that the EOM works at 50% transmission point with linear amplitude modulation.

3.3.2. WEAK COHERENT STATE CALIBRATION

We want to investigate the possibility of using the quasi-2D optomechanical device as a
quantum memory for optical states at telecom wavelengths. For simplicity, we first start
with a weak coherent state as our signal pulse. Since the signal will be very weak (likely a
few photons for each pulse), it can be challenging to directly measure the power before
the signal pulse was sent to the device inside the fridge. Instead, we can measure the
power by calibrating the VOA attenuation and measure before the signal pulse passes
through the 99: 1 combiner by sending it to the power meter via a switch as indicated in
Figure 3.4.

3.3.3. PULSE SEQUENCE

The pulse sequence used in the experiment is shown in Figure 3.5. The first red-detuned
control pulse enables the beam-splitter interaction and stores the signal in the mechan-
ical mode. During storage time Tstorage, both the control pulse and the signal pulse are
off and the amplitude of the mechanical mode undergoes exponential decay with the
intrinsic mechanical decay rate I'y;. Finally, a red-detuned pulse is used to retrieve the
signal from the mechanical memory, generating a field at the cavity resonance. We send
the retrieved field to a 50 : 50 beam splitter and implement a Hanbury Brown-Twiss mea-
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Figure 3.4: Experimental setup for OMIT memory measurement. The setup consists of three lines: the control
pulse line, the signal pulse line, and the bypass line with phase-EOM to generate sidebands for detection filter
locking. AWG: arbitrary wave generator; PC: polarization controller; BS: beam splitter; PBS: polarization beam
splitter; SNSPD: superconducting nanowire single photon detector; VOA: variable optical attenuator; DUT:
device under test; A-EOM: amplitude electro-optic-modulator; P-EOM: phase electro-optic-modulator; AOM:
acousto-optic-modulator; P400: P400 digital delay generator; TTM: time tagging module.

surement. The measured intensity autocorrelation function g'® (0) reflects the statisti-
cal character of the retrieved signal. If a weak coherent state is stored and retrieved, we
expect to obtain g?(0) ~ 1. However, because of optical absorption heating, thermal
phonons are created in the whole process. The presence of thermal photons will elevate
the measured g(Z) (0) towards 2. Thus, the measured g(Z) (0) value will give good informa-
tion on the efficiency of the memory as well as the thermal performance of the device
when it is used as a quantum memory for optical light.

3.4. WEAK COHERENT STATE STORAGE AND RETRIEVAL

3.4.1. ANALYTICAL EXPRESSION FOR MEASURED g?(0)

The weak coherent state is stored inside the mechanics when the strong control pulse is
on and then retrieved via the optomechanical read-out process. The retrieved light con-
tains the previously stored weak coherent light signal as well as the thermal footprints
of the whole process. If we consider the retrieved light as a thermal state coherently
displaced by amplitude /7icon, the total mode occupation can be written as:

() = Ny + Neon (3.32)

where ny, represents the thermal occupation introduced in the whole process. If we
calculate the expected g(2) (0), we will arrive at [24]:

1
g(z) 0)=2- — (3.33)

Nth
— +
Ncoh 1 )
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Figure 3.5: Pulse sequence for OMIT memory measurement. The control pulse is red-detuned to the cavity
resonance by the mechanical frequency. The signal pulse is shaped by an amplitude-EOM and has an expo-
nential rising profile defined by I'sig. we expect optimal storage efficiency when I'sig = l'omir. The mechanical
mode amplitude rises as signal is stored into mechanics. In the retrieving step, the retrieved signal is sent to
a 50 : 50 beam splitter to perform a Hanbury Brown-Twiss measurement. During the storage time Tstorage,
the mechanical mode undergoes an exponential decay defined by the mechanical decay rate I'; which can be
rather small.

In our experiment, n¢qn is the number of coherent phonons transferred to the mechani-
cal mode in the OMIT storage process, which is related to the input signal photon num-
ber coupled into the device waveguide n,,, through the storage efficiency 71 as ngn =
1 Nway-

Neoh is the number of coherent phonons transferred to the mechanical mode in the
OMIT storage process. If we define the efficiency of the OMIT memory storage process
as 1, input signal photon number coupled into the device waveguide as nyay, we then
have: n¢on = way- The expected g'? (0) can be expressed as:

1
g(2) 0)=2- — (3.34)
(s +1)

Since we have the knowledge of ny,y, we can extract the ratio ny, /1 from Hanbury Brown-
Twiss measurement.

3.4.2. HANBURY BROWN-TWISS MEASUREMENT OF THE STORED PHONON
STATE
To extract the noise-efficiency-ratio ng,/n of our memory, we measure g? (0) as a func-

tion of the input signal photon number in the coupling waveguide 7y, and fit the re-
sults to a displaced thermal state model in equation 3.34 using ny,/n as a fit parameter.
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Fig. 3.6(a) illustrates the pulse sequence for the Hanbury Brown-Twiss measurement
of the stored phonon state. A strong control pulse of length T, = 2.4 us and intracav-
ity photon number n. = 3,200 (l'omrr/27 = 1.9MHz) enables storage of an exponentially
rising weak coherent input signal with bandwidth I'si;. A second short control pulse
retrieves part of the stored phonon state after a short delay of Tstorage = 150ns. The re-
trieved optical signal is sent to a Hanbury Brown-Twiss (HBT) setup. Fig. 3.6(c) is an
example of the measured g (0) as we increase the input signal photon number 7yay
and set ['sjg = 2.2 MHz. With the I'yig fixed at 2.2 MHz, an increasing nyay leads to a larger
fraction of coherently stored phonons in the mechanical state and results in a reduction
of g@(0). Even for input signals on the few-photon level, we observe a significant re-
duction in g?(0), demonstrating the capability of our system to store close-to quantum
level signals.

By changing the signal bandwidth, we investigate how the overlap between the signal
bandwidth and the OMIT window linewidth influences the storage process. In this mea-
surement, the control pulse power is fixed to generate an OMIT window of I'opvyr/27 =
1.9MHz. At each signal bandwidth, we can measure the g(2) (0) with respect to different
nway and fit to get the noise-efficiency ratio ny, /n according to Equation 3.34. Repeat the
measurement in Fig. 3.6(c) at different signal bandwidths, we retrieve and plot the re-
lation between the noise-efficiency-ratio ny, /1 and signal bandwidth I's;g in Fig. 3.6(d).
We find a minimum of ny,/n = 10 at I'sig = Fomir. The storage efficiency is expected to
follow [12]:

4T omrrTsig

—_ 3.35
e Tomr + [sig)? (3:35)

T’ =
where I'omir =T'm + 4g§ nc/«x, with go being the single-photon coupling strength, n. be-
ing the intracavity photon number, and x being the optical cavity decay rate.

When the signal bandwidth matches the OMIT bandwidth, we arrive at the maxi-
mum storage efficiency of 7 = 1., with 1¢ = kex/x = 0.76 being the external coupling effi-
ciency of the optical cavity. As shown by the solid black line in Fig. 3.6(d), the theoretical
prediction from Equation 3.35 is in good agreement with the experimental data, where
the thermal noise ny, induced by the strong control pulse was independently calibrated
by optomechanical sideband thermometry to be ny, = 8.96 (for details of methods, see
section 2.5.3).

3.4.3. MEMORY PERFORMANCE BASED ON STORAGE TIME

To investigate the memory performance at different storage times, we first investigate
how the incurred thermal noise changes with the time delay between the retrieval and
storage pulses. Due to delayed heating, the thermal phonon number will continue to in-
crease even after the optical pulses have stopped [13]. In this measurement, the control
pulse is of length T;on, = 300ns and intracavity photon number n. = 3,200 (Tomit/27 =
1.9MHz). We probe the induced thermal phonons of such a strong control pulse by a
40ns-long probe pulse (for methods details, see section 2.5.3). As shown in Fig. 3.7(a),
the thermal phonon occupancy of the mechanical mode is characterized by two expo-
nential functions, where the first exponential rise indicates the time-scale of the delayed
heating (T}ise = 567ns), and the second exponential decay characterizes the energy de-
cay of the mechanical phonons, with phonon lifetime T; = 7.28 us.
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Figure 3.6: Hanbury Brown-Twiss measurement of the stored phonon state. (a) Pulse sequence for OMIT
storage and retrieval. A strong control pulse of length T¢on = 2.4 us and intracavity photon number r¢ = 3,200
(TomrT/27m = 1.9MHz) enables storage of an exponentially rising weak coherent input signal with bandwidth
Tsig. After a delay Tstorage = 150ns, a second short control pulse retrieves part of the stored phonon state. The
retrieved optical signal is sent to a Hanbury Brown-Twiss (HBT) setup. (b) Second order autocorrelation func-
tion g (An) of detection events on detectors D1 and D2 in the HBT measurement shifted by An repetitions of
the pulse sequence. (c) Measured g (0) as a function of input signal photon number coupled into the device
waveguide nway. The solid line is a fit to Eq. 3.34 to extract the noise-efficiency-ratio ny, /n of the OMIT storage
process. The red diamond indicates the data point corresponding to the measurement shown in (b). Dashed

gray lines in (b) and (c) show the expected value of the autocorrelation function for a thermal (gt(ﬁ) (0) =2) and

coherent state (gg))h (0) = 1). (d) Noise-efficiency-ratio measured as a function of signal bandwidth I'sig. The

solid line corresponds to the theoretical model in Eq. 3.35, where the added thermal noise r, = 8.96 from the
strong control pulse is independently calibrated, and the shaded area shows the uncertainty of the theoretical
model due to a relative error of 15% in the calibration of ny, (for details of methods, see section 2.5.3). The red
star indicates the data point corresponding to the measurement shown in (c).

Next, we characterize how the noise-efficiency-ratio ny, /n changes with increasing
delay time Tgelay between the storage pulse and the retrieval pulse, by doing the HBT
measurement at different delay (see section 3.4.2). For such a measurement, we keep
Tsig/ 2m) = Tomrr/ (27) = 1.9MHz. The thermal phonon number rny, of the system should
follow the trend in Fig. 3.7(a), and the stored weak coherent phonon population decays
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exponentially, resulting in an effective storage efficiency n’ = n- e~ Tstorge’Ti | As shown in
Fig. 3.7(b), the effective noise-efficiency ratio ng, /1’ increases with slightly longer delays
due to the delayed heating; then it reaches a plateau once both the thermal phonons
and coherent phonon population decay with the same timescale T;. At long delays, the
effective noise-efficiency ratio ny, /1’ is no longer meaningful, since most of the coherent
population has already decayed.

Finally, we measure the overall storage-retrieval efficiency of our optical memory, by
reading the stored phonons out via along red-detuned retrieval pulse with nominal anti-
Stokes scattering probability p,s = 1. The retrieved phonon number 7, is obtained via
Nret = Cret/Mtot, Where 1o is the total path efficiency and Ce; is the click probability of
the SNSPD during the retrieval pulse (for method details, see section 2.5.2). The retrieved
phonon number is comprised of three contributions: (1) coherent phonons retrieved
from memory 7icon; (2) thermal phonons from the control pulse 7. Which follow the
time dependence in Fig. 3.7(a) ; (3) instantaneous thermal phonons from the readout
pulse which add an offset n to the total number of retrieved phonons. To elaborate,

Nyet = Ncoh + Npre + No (3.36)
_ L
= Nwav "1 Nretrieve * € 11 + Nt * Nretrieve + Ho (3.37)
__t
= Nway " Nc *Ne * Aretrieve " € 1 + Nth * T * Aretrieve + Ho (3.38)

where we used Equation 3.35 for storage efficiency n with n = n¢ if Tomir = I'sig, and
7¢ = Ke/k is the external coupling efficiency of the optical cavity. Moreover, we define the
retrieval efficiency to be Nietrieve = 7¢ * Aretrieve Where we assume the anti-Stokes scatter-
ing probability of the readout pulse is 1. Arerieve represents the deviation from the per-
fect retrieval efficiency due to imperfect experimental conditions such as phonon decay
occurring during the pulse and reduction of the readout anti-Stokes scattering proba-
bility because of shifts of the optical cavity resonance frequency commonly observed in
OMC devices in response to strong optical pulses [25, 26]. Thermal phonons from pre-

pulse follows the trend in Fig. 3.7(a) and already contain the e_TLl decay. Based on the
measurement in Fig. 3.7(a) as well as signal input in the waveguide 7.y, we can fit to
obtain the overall storage-retrieval efficiency. By fitting the data points to the expected
phonon number, we obtain Aeyieve = 0.6, thus the overall storage-retrieval efficiency
reads:

Ntot =1 TNretrieve (3.39)
=1c Nc" Aretrieve (3.40)
=0.76-0.76-0.6 (3.41)
=0.35 (3.42)

slightly lower than the expected overall efficiency of n? = 0.58 due to the imperfect ex-
perimental conditions discussed above.

The eventual goal is to store single photon states with our quasi-2D optomechanical
structures, Figure 3.6 shows that we are still rather far away from that regime. The main
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Figure 3.7: Memory performance based on storage time. (a) Thermal phonon occupancy as a function of
time delay between the 300 ns-long pump pulse and the 40ns-long probe pulse, where the pump pulse is the
same configuration as control pulse used in OMIT storage measurement. The solid line represents the fit to a
phenomenological model discussed in the text ny, = ngffset — a- €~ Tstorage/ Trise 4 . g~ Tstorage/ T ith Trise =
567ns and Tgecay ~ 7.28 us. The probed thermal phonon number contains the instantaneous heating from
the weak probe pulse, which is negligible compared to the heating from the pump pulse. (b)Effective noise-
efficiency-ratio of the OMIT memory (ny,/n’) as a function of storage time Tstorage between the storage pulse
and the retrieval pulse, where ' =7 e t'T1 For such a measurement, we keep Tsig/(2m) = Tomrr/(27m) =
1.9MHz, and the control pulse is 300ns long. The solid line represents the theoretically expected dependence
based on the measured thermal phonon occupancy from (a). (c) Retrieved phonon number ret as a function
of storage time. The retrieval pulse used here has nominal anti-Stokes scattering probabilities p;g5 = 1. The
solid line represents a fit considering three contributions to the retrieved phonons as described in the text,
yielding an overall storage-retrieval efficiency of 0.35. All the error bars in this plot originate from systematic
errors in the calibration of the detection path efficiency (see section 2.4).
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obstacle is the optical absorption heating that results from the strong control pulse. To
further improve the thermal performance, we investigate a different geometry than the
end-coupled structure: the side-coupled 2D structure.

3.5. SIDE-COUPLED QUASI-2D OPTOMECHANICAL CRYSTAL

3.5.1. COMSOL SIMULATION

In pursuit of optomechanical devices with a large optical quality factor and a clean me-
chanical spectrum, we further optimized the design for the quasi-2D structures com-
pared to the design in Chapter 2. Instead of a Gaussian transition used in the end-
coupled design, a parabolic transition is used for warm, Wpad, and lp,q in the new design,
as shown in Figure 3.8. The resulting simulated optical quality factor increased from
600,000 to 976,000 if both parameter sets are implemented for end-coupled designs for
same number of mirror cells. In this chapter, we will be using the optimized design pa-
rameters for side-coupled devices. The remaining design parameters are provided below
in Table 3.1.
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Figure 3.8: Design comparison. a, b, ¢, d Design parameter comparison of Cshapes larm, Wpad, lpad, and
warm between end-coupled (blue dots) and side-coupled quasi-2D optomechanical devices (orange dots). For
parameters that are changing between defect cell (n = 1) and mirror cell (n = 7), end-coupled design undertook
a Gaussian transition profile while side-coupled design undertook a parabolic transition.

SIDE-COUPLED UNIT CELL SIMULATION

The proximity to a side-coupling waveguide will modify the optical band structures of
the unit cell. The schematic of a unit cell of the side-coupled quasi-2D OMC structure
is shown in Figure 3.9. Both the width of the side coupling waveguide w4y and the gap
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Figure 3.9: Schematic of the side-coupled quasi-2D
optomechanical crystal mirror unit cell. The side-
coupled quasi-2D optomechanical crystal mirror unit
cell consists of both snowflakes and C-shape holes,
Weell = 512nm is the unit cell width along x direc-
tion. Here the side-coupling waveguide gap gwav and
waveguide width wyay will change the optical band
structure.

Table 3.1: Design Parameters for
side-coupled quasi-2D structure.

Parameters Value (nm)

heen 736
hsnow 443.40
lwav 175
larm 207
Warm,max 107
Warm,min 81.63
lpad,max 117
lpad,min 108
Wpad,max 187
Wpad,min 178
rn 40
r2 25
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8wav between the waveguide and cavity will influence the band structure. In Figure 3.10
we investigated how the band structure of the mirror unit cell changes with increasing
waveguide width wy,y from 300 nm to 400 nm for different gap sizes.

In general, the band structures consist of modes that live mainly in the Cshape region (C;
and Cy, blue lines in Figure 3.10) and modes that live mainly in the side-coupling waveg-
uide region (W, W, and W3, green lines in Figure 3.10). For a fixed gap size, as the width
of the waveguide increases, the Cshape modes are not shifted, however, the waveguide
modes are shifted to a lower frequency. The black dashed line in Figure 3.10 represents
the frequency of the whole device at 189.89 THz. At a specific waveguide width, the
waveguide mode W; will have a frequency very similar to the optical cavity resonance
frequency of the whole device, and this is the point where we expect large external cou-
pling through the waveguide. Figure 3.10 a, b, ¢ represent gap sizes of 100 nm, 80 nm
and 60 nm. As we decrease the size of the gap to 60 nm, the parasitic waveguide mode
W, shifted downward until it is outside the optical bandgap formed by the two Cshape
modes. At wy,y = 380nm indicated by the pink dashed line when the gap size is 60 nm,
we zoom in and plot the mode profiles of different Cshape and waveguide modes in the
dashed-line box. At such a gap distance and waveguide width, the coupling waveguide
mode is close in frequency to the cavity resonance frequency, and the parasitic waveg-
uide modes are outside the optical bandgap. This is a good operating point where we
expect large external coupling and good optical quality factor. Figure 3.11 shows how
the optical and mechanical band diagrams look like for g,y = 60nm and wy,y = 380nm
for the mirror unit cell when we apply Floquet periodic boundary conditions. With no-
tation similar to that in Chapter 2, the pink shaded areas in a and b represent the optical
bandgap and the mechanical bandgap, respectively. In the optical band diagram plot
Figure 3.11 a, the gray shaded area represents modes of continuum. The red dashed line
is the lightcone that separates the lossy optical modes from the guided optical modes
with areasonable optical quality factor. The blue solid line represents the guided Cshape
mode of interest, and the dashed blue line represents other guided Cshape mode. The
pink shaded area is formed between the mentioned two blue lines, which represent
the optical quasi-bandgap between 182.09 THz and 198.21 THz. Unlike the end-coupled
structure in Chapter 2, we are also interested in the side-coupled waveguide mode here,
as indicated by the green lines. The green dashed line is the waveguide mode of in-
terest, which is very close in frequency to the device frequency (indicated by the small
black bar at 189.90 THz). This will ensure a good external coupling as explained in Figure
3.10. The dashed green lines represent other waveguide modes that are outside the op-
tical bandgap in this configuration. In the mechanical band diagram plot Figure 3.11 b,
the gray shaded area represents the modes of continuum, the blue solid line represents
the Cshape mode of interest, and the blue dashed line represents other Cshape mode
guided in the structure. These two formed a mechanical bandgap between 9.68 GHz and
10.19 GHz, with the mechanical frequency of the entire device at 10.13 GHz indicated by
the small black bar. The black dashed line represents the mechanical mode of symmetry
0, = —1, which will not couple to the TE optical mode of interest [27].
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Figure 3.10: Band structure of mirror unit cell at different waveguide gap sizes with increasing waveguide
width. a, b, ¢ represent waveguide gap sizes being 100nm, 80 nm and 60 nm respectively. The blue solid
line represents the Cshape mode of interest, the blue dashed line represents the other guided Cshape mode
which forms the bottom edge of the optical bandgap. The black dashed line represents the frequency of the
optical cavity resonance. The green solid line represents the waveguide mode of interest, and the green dashed
line represents other waveguide modes. When the waveguide mode of interest is close in frequency to the
cavity resonance mode, we expect large external coupling of the optical cavity. The pink dashed line in c at
Wwav = 380nm represent an ideal working point, where the coupling waveguide mode is close in frequency to
the cavity resonance frequency, and the parasitic waveguide modes are outside the optical bandgap.

3.5.2. NANOFABRICATION

The nanofabrication process for side-coupled Cshape structures is very similar to that
for the end-coupled Cshape structures in Chapter 2. Both are fabricated from a silicon-
on-insulator (SOI) wafer with a 250-nm thick device layer. The Cshape as well as snowflake
holes are pattered using electron-beam lithography, followed by HBr/Ar reactive ion
etching to remove the silicon material and generate the desired geometry. The main dif-
ference in the fabrication process for side-coupled and end-coupled structures comes
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Figure 3.11: Simulated optical and mechanical band diagrams of side-coupled mirror unit cell. The optical
and mechanical band diagrams are simulated for gway = 60nm and wway = 380nm. a The grey shaded area
represents modes of continuum; red dashed line: lightcone; blue solid line: the guided Cshape mode of inter-
est; dashed blue line: other guided Cshape modes. The pink shaded area represents the optical quasi-bandgap
between 182.09 THz and 198.21 THz. The green solid line: the waveguide mode of interest; small black bar: de-
vice frequency; the dashed green lines: other waveguide modes which are outside the optical bandgap in this
configuration. b The gray shaded area: modes of continuum; blue solid line: Cshape mode of interest; blue
dashed line: other Cshape modes guided in the structure. These two formed a mechanical bandgap between
9.68GHz and 10.19 GHz. Small black bar: device mechanical frequency; black dashed line: mechanical mode
of symmetryo; = —1.

from the releasing process: end-coupled Cshape structures are released by wet etching
from liquid hydrofluoric acid (40%); however, for the side-coupled structure, it is easier
for the waveguide to collapse or be stuck together with the device. To avoid that, we use
vapor hydrofluoric acid for the release.

3.6. OUTLOOK

We demonstrated OMIT storage of weak coherent optical signals on the few-photon level
in the mechanical mode of an end-coupled quasi-2D OMC device. Our device operates
at the highest storage efficiency of n = 0.76 of any OMIT-based device, and showcases
memory bandwidth up to a few MHz. While the storage lifetime 77 = 7.3 us in our mea-
surements is short compared to previous demonstrations based on soft-clamped silicon
nitride membranes of T; = 23 ms [12], this is a conscious choice to increase the count
rate of single photon detection events in the HBT measurements. Two-dimensional
OMC devices with lifetimes up to 20ms have been demonstrated in literature [26, 28].
In contrast to previous demonstrations, the large OMIT memory bandwidth enabled by
the strong optomechanical coupling in our OMC makes our device naturally compatible
with storage of genuine single photons from telecom quantum emitters [29-31] as well
as single-photon sources based on spontaneous four-wave mixing [32], which exhibit
comparable linewidths.

Implementing the storage and retrieval of single-photon states in OMC devices will
require significantly lower thermal noise. Recent studies have already demonstrated a
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factor of six reduction in thermal noise in evanescently coupled 2D OMC devices com-
pared to the end-coupled geometry used in this thesis [33]. Moreover, non-suspended
OMC devices offer great potential to yield a significant reduction of thermal noise by
dissipating the generated thermal phonons into the bulk substrate [34, 35]. These novel
device geometries, in combination with recent efforts to find materials with low optical
absorption, such as diamond [36], gallium phosphide [37-39], and silicon carbide [40],
will bring OMIT-based single-photon storage within reach and position OMC devices as
a building block for future quantum networks.
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CONCLUSION AND OUTLOOK

In this thesis, we introduced quasi-2D optomechanical crystals (2D-OMC) as a promis-
ing light-matter interface for generation of single photons at telecom wavelength on-
chip. Making use of the increased thermal anchoring of such devices compared to 1D
nanobeam optomechanical crystals, we demonstrated crucial performance metrics for
the application in quantum networks in chapter 2.

We measured the autocorrelation function of the emitted photons to be g?(0) =
0.35*03% in an HBT experiment, which is the lowest measured for integrated OMC sys-
tems and violates the threshold of g (0) = 0.5 of a genuine single-photon Fock state.
As a result of the improved thermal performance, we are able to operate at high op-
tomechanical scattering probabilities and demonstrated the indistinguishability of the
generated photons by observation of HOM interference with visibility V' = 0.52 + 0.15.
The observation of HOM interference between photons emitted from our source sepa-
rated in time by Tgelayline = 7.146 s demonstrates that the emitted photons are coherent
over this timescale. Furthermore, since the typical amplitude of mechanical frequency
jittering which ultimately limits photon coherence A f;, = 10kHz is small compared to
the emitted photon bandwidth, we expect the coherence of photons emitted from our
source to be preserved for long periods of time.

A promising feature of our 2D OMC device is the narrow photon linewidth as low
as 10MHz and only limited by the optical pulse length used for phonon-photon con-
version. In particular, compared to other systems for the generation of single photons at
telecom C-band, the bandwidth of our system already surpasses the narrowest linewidths
achieved with telecom quantum dots (> 100 MHz [1]) as well as with silicon-based on-
chip sources based on spontaneous four-wave mixing (= 30 MHz [2]).

Novel designs to reduce pump-induced heating through the use of evanescently cou-
pled optomechanical cavities or nonsuspended OMCs with improved thermal phonon
dissipation exist [3, 4], which will allow for further increase in the purity and rate of gen-
erated single photons. The long phonon lifetime [5], combined with the high purity and
long coherence time of optomechanically generated single photons at telecom wave-
length, position 2D OMCs as a promising platform for the realization of long-distance
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quantum networks following the DLCZ protocol [6]. With our current performance,
we estimate that heralded entanglement between two 2D OMCs embedded in a phase-
stabilized Mach-Zehnder interferometer can be generated at a heralding rate of 100Hz
and verified at a total event rate of 2.9 x 103h™!. The heralding rate already surpasses
demonstrations of heralded entanglement generation using nitrogen vacancy centers
(39Hz [7]). In the next step, well-established technical improvements in optical setup
efficiency will further boost the attainable entanglement generation rates to 300 Hz com-
parable with recent experiments based on atomic ensembles (280 Hz [8]). Further reduc-
tion of thermal noise by evanescent light coupling [4] will allow an additional boost of
the entanglement rates to 1.2kHz, on par with leading quantum networking platforms
based on cavity-enhanced parametric-down-conversion sources and atomic frequency
comb quantum memories in solid-state crystals (1.4kHz [9]), and in an on-chip plat-
form compatible with scalable CMOS fabrication [10]. These rate improvements will en-
able scale-up of these rudimentary quantum networks by demonstrating entanglement
swapping between multiple pairs of entangled mechanical oscillators.

Combined with a piezomechanical coupling element, high-efficiency mechanics-to-
optics conversion with low thermal noise will allow for coherent transduction of quan-
tum information from microwave superconducting quantum circuits to telecom optical
photons enabling networked quantum computing [11-15]. The narrow linewidth and
by-design controllable wavelength of optomechanically generated single-photons allow
for hybrid entanglement creation through interference of single photons from an OMC
and telecom quantum emitters, such as rare-earth ions [16-18] or silicon T-centers [19,
20]. Alternatively, single photons from OMC devices can be stored in telecom quan-
tum memories with narrow acceptance bandwidth, such as those based on ensembles
of rare-earth ions [21, 22] or other optomechanical systems [23].

In Chapter 3, we propose to use 2D optomechanical crystals as quantum memo-
ries at telecom wavelength, which is a crucial component in quantum repeater protocol,
utilizing a coherent storage and retrieval protocol based on optomechanically induced
transparency (OMIT). We discussed the theory background of the formation of an OMIT
transmission window, how the optical signal is stored inside the mechanical mode, and
how to retrieve the signal on demand. We implemented the experimental setup and
tested the storage and retrieval of (weak) coherent state based on end-coupled 2D struc-
tures. We designed new side-coupled 2D structures and propose to use such structures
to demonstrate storage and retrieval of weak coherent state signal with a few photons,
paving the way for using such devices as quantum memory for single-photon-level op-
tical signals at telecom wavelength.

To fully unlock the versatility of optomechancal crystal devices, it remains an out-
standing task to further reduce the optical absorption heating to further boost the scat-
tering rates and transduction efficiencies and ideally create and annihilate single phonons
deterministically. On the one hand, it is worth investigating different materials that have
the potential to have less optical absorption heating because of their specific electronic
band structure. One candidate is gallium phosphide (GaP), which has a large electronic
bandgap of 2.26 eV exceeding the energy sum of two telecom photons = 1.6eV [24] [25].
Quasi-2D structures have also been developed on GaP material [26] [27], even though
no thermal noise measurements have been reported to the best of our knowledge. On



REFERENCES 83

the other hand, phonons can be directly coupled to a large variety of other quantum sys-
tems such as color centers [28, 29] or quantum dots [30] by strain interaction. If quantum
emitters can achieve the sideband resolved regime in which the mechanical resonance
is larger than the radiative decay rate and the inhomogeneous linewidth of the single
emitters, cooling and heating of the mechanical resonators via single-photon emitters
are within reach [30]. Using erbium ions embedded in a mechanical resonator, consid-
ering the extremely small dissipation of Er ions, strong coupling between a single photon
and a single phonon could potentially be realized, allowing the controlled creation and
annihilation of single phonons in the hybrid opto-mechanical-spin hybrid system [31].
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APPENDIX: HYBRIDIZED
NANOBEAM SYSTEM

In a coupled optical cavity system with a coupling strength being close to the mechanical
frequency, we can boost the effective intracavity photon number, thus boosting the op-
tomechanical scattering probabilities when the driving field is on resonance with one of
the hybridized optical cavity modes. With a boosting factor defined by (%)2 [1] where Q
represents the mechanical frequency and « represents the optical cavity decay rate, we
will be able to send in much less power to achieve the same optomechanical scattering
probabilities. In this appendix, we investigate the coupled-mode theory, as well as how
scattering probabilities change with detuning in a coupled-nanobeam system. Such in-
vestigations can be used to further boost the effective intracavity power and scattering
probabilities when laser power becomes a limiting factor in actual experiment.

A.1. OPTICAL MODE HYBRIDIZATION BASED ON COUPLED MODE
THEORY

F two optical cavities are very close to each other in space and also in frequency, they
I will couple evanescently and exchange energy. If we put two nanobeam optical cavi-
ties close to each other, we expect to see a manifestation of the said coupling phenom-
ena. The bare optical modes that are close in frequency will hybridize into optical modes
with a splitting determined by the coupling strength and relative detuning in the strong
coupling regime where the coupling J is much stronger than the linewidth difference of
the two cavities [2].
For a single optical cavity, the Heisenberg equation of motion for the optical mode a4
inside the cavity reads [3]:

4= (m—g)m\/x_eam A1)

Work presented in this chapter was accomplished together with Pedro V.Pinho, Yong Yu, and Alexander Rolf
Korsch.
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where A = w — w represents the frequency detuning between the laser and the cavity
resonance, x is the total cavity decay rate and x = xj + Ke.
If we solve for steady-state solutions a = 0, we get:

N

a= "
(ia-3)

Qin (A.2)
Considering the input-output relations used to describe the field doy; reflected from a
Fabry-Perot resonator:

dout = Gin — VKed (A.3)
We can arrive at the relation between the reflected field amplitude d,,; and the input

field ain:
" _Adout) (Ko —xKe) —2iA

C {aim) (ko +Ke) = 2iA

(A4)

Thus, |r|? gives the optical trace that we measure when we scan the optical laser wave-
length and record the reflected power on a photodiode.

In a coupled optical cavity case, if the two optical modes couple with strength J, the
Hamiltonian becomes [2]:

A =hoya1a} + hosapal - (@ a) + al az) (A.5)

where @; and a represent the two bare cavity modes with bare frequencies w; and w;.
If we calculate the commutator between the Hamiltonian and operator 4, we obtain the
updated equations of motion for &; and a,:

. K

4 = (iA—?l)d1+\/K_ledin+i]d2 (A.6)
2 . K2\ . A
agz(l(A+5w)—7)a2+l]a1 A7)

where dw = w; — > is the detuning between the two bare optical frequencies.

The term /k¢din only exists in the equation for &, since we are only probing the
two cavities through one of the coupling waveguides. The input-output relation of the
coupled cavity system becomes:

Aout = Gin — VK1ed1 (A.8)

If we execute the same procedures as in the single cavity case, we can obtain the relation
between the output field dqy; and the input field aj,:

{bour) _ 4% - 2(w - w1) — i (K1e —K10)] - [2(0 — 01 + 60) + i (K2e + K21)]
(Gin)  4J?-R-w1)+iKie+K11)] - [2(0— 01 +6w) + i (Kae + K21)]

Thbnb = (A.9)
where k1 = k1e + K1; and k2 = k2 + K2j represent the total decay rate of the two bare
cavities.

We can use equation A.9 to fit the optical trace of the hybridized cavities and get the bare
cavity frequencies, the decay rates, and the coupling strength. Figure A.1 b shows a fitted
optical trace of the hybridized cavities.
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Figure A.1: Hybridized nanobeam system. a The two optical modes hybridize into symmetric and anti-
symmetric modes indicated in the Comsol simulation profile. If we sweep the laser frequency and measure the
reflected signal, we can record the optical trace of the coupled system in b, which can be used for fitting to get
the bare mode frequencies, decay rates as well as coupling strength. From the fitting in b, where the blue dots
represent the measured data points and the red line represents the fit, we obtain one bare mode wavelength
A1 = 1541.1749nm, bare mode frequency detuning dw/(27) = 0.596 GHz, decay rates x1¢/(27) = 1.096 GHz,
x1i/(2m) = 0.549GHz, x2¢/(27) = 0.587 GHz, k2i/ (27) = 0.593 GHz.

A.2. SCATTERING PROBABILITIES IN HYBRIDIZED NANOBEAM

SYSTEM

In the following we show the details about how the scattering probabilities are calculated
in the hybridized cavity case.

Consider Hjy; to be the mainly dispersive optomechanical interaction, and we have:
Hine=-hG%a'a (A.10)
The force generated from the radiation pressure can be expressed as:

F=
0x

(A.11)
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If we split the cavity field 4 into an average amplitude a and a fluctuation term 64, we
can rewrite the radiation force to be:

6F = -nGada' +a*sa) (A.12)

where we omitted the DC terms in the force and also higher-order terms in the fluctua-
tions.

If we separate the vacuum fluctuations from the input port to be intrinsic (6 diin) and
extrinsic (64;,) [4], which represent vacuum fluctuations entering the system through
intrinsic loss channels or extrinsic couplers, we can write the equation of motions for
the two cavity fields as:

d .
—da(n) = (ia- %) 8ay (D) +iGra10x1 (D) + ]88 (£) + VKiedl, (D) +K5a%, (1) (A13)

a .. . K2\ o . . " .
—-0a(n) = (ia+6w)- ?2) (1) + iGaaaBxa () + 1 JO 4y () + /Kol (1) + /K705, (1)
(A.14)
If we try to solve it in the frequency space, the above equations can be written as:

d .
0w =) [iGlalﬁxl () + 1 J8d(w) + KTedl, () + ,/_Knafin(w)] (A.15)

d .
Eﬁdz (W) = x2(w) [iG2a26x2 (W) + 18 a1 (W) + Kae gy () + \/xmagm(w)] (A.16)
with the two bare cavity susceptibility defined as:

1

= A17

MTE a0 17
1

2 —i(A+Aw+w)

X2 = (A.18)
A is the detuning between the input laser light and bare cavity mode 1, and 6Q is defined
as the detuning between two bare cavity modes, thus (A + éw) is the detuning between
laser light and bare cavity mode 2. ki, x are the total linewidth of bare cavity 1 and 2
respectively.

Since we are in the weak coupling regime (g = |a|G < «), we make the assumption that
the intracavity field is not influenced by mechanical motion [5]. This assumption lies in
the Markovian nature of the intracavity optical field considering the much larger cavity
decay rate than optomechanical coupling rate in the weak coupling regime. If we treat
the intracavity optical field as a Markovian bath, the fluctuations introduced to the opti-
cal field by the mechanical oscillator are removed by the large optical decay rate [5] and
will not affect the evolution of the intracavity field. With this in mind, we can drop the
6 x terms in A.14, and we will have the equations for just the optical fields as follows:

d .
Eédl(w) = 11() | 1] (W) + VK1edyy, (W) + VK11 45, (@) (A.19)
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d .
d_t6 2 (@) = x2() | 1J8 a1 (@) + VK2e gy, (W) + /K21y, (w)] (A.20)

With the above linear equations, we can get the expressions below for 6 &; (w) and 6 @, (w):

VKiebat, +xubal, +iJy(w)(yKzebad, +Kubal )

o0a;(w) = = (A.21)
Xy @)+ T2y (w)
San(@) = Vksebas, + \/K215aéin +iJx1 () (vKiedal,, + \/K115diin) A22)

15V @) + 120 ()

To further calculate the scattering rates, we can define the power spectrum density of the
radiation pressure force from A.12:

Srp(w) = f dw' (6 F' (~w)6F(w") (A.23)

Inserting A.21 and A.22 into A.12, and using the autocorrelation functions of § afn,in where
j = (e i), m=(1,2), we can arrive at the below power spectrum densities for mechanical
modes 1 and 2:

s Ko+ J? |X1(w)|21<1

SW () = i2G3ay| (A.24)
o A @) + g )

K2+ 2 |ya(@)*
S@ (w) = W2 Galas P — @l (A.25)

x5 V) + 2y ()

In the above derivation, we assumed that the optical field is in a ground state, therefore
has thermal occupation 0. If we take J = 0, we will get the same expression for the single
cavity case obtained in [3].

The radiation pressure force drives the transitions between the energy levels of the
mechanical resonator [5]. Using Wiener-Khinchin theorem and Fermi’s Golden Rule, we
can calculate the transition rates based on the power spectrum density of the radiation
force [4] [5] [6]. If we use y,—p+1 to describe the transition rate from state |n) to state
|n+1) and y,+1—, to represent the rate of the inverse process, we have the following:

2
X
f
Ynon+1 = ,;—g(n +1)Spp(-Q) (A.26)
2
X
f
Ynon-1= %nSFF(Q) (A.27)

where Q represents the frequency of the mechanical resonator.

When we use pulses for which the input power varies slowly compared to the cavity
bandwidth and the mechanical frequency [7], we can define the accumulated interac-
tion rate for the pulse length 7 as following:

T
Gy :j(‘) dtyn—n+1 (A.28)
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T
G = f dtyn—n1 (A.29)
0

Taking into account the different definitions of cavity decay rates from [7], the scattering
probability of the whole pulse is defined as:

Pg=el0+®I_q (A.30)

Pyg=1-¢l6-0) (A.31)

where Ps, P,s represent the scattering probabilities of the upward and downward tran-
sitions, and the subscript "S" and "aS" represent the Stokes and anti-Stokes scattering
process.

If we drive the hybridized cavity system with red-detuned laser with respect to the red
cavity, and blue-detuned laser with respect to the blue cavity, this represents the non-
enhanced case which is similar to a single-cavity optomechanical system as indicated
by Fig.A.2a. However, if we drive the system with red-detuned laser with respect to the
blue cavity and blue-detuned laser with respect to the red cavity as indicated in Fig.A.2b,
we will be able to boost the effective intracavity photon numbers because of the hy-
bridization between two bare cavity modes, which will in turn enhance the scattering
probabilities in the optomechanical scattering process [1].

We can calculate the scattering probabilities Py from A.30 and A.31 and show how
it changes with the detuning between the driving laser and the red/blue cavity. In the
simulations, we use the fitted parameters from A.1. The scattering probabilities are cal-
culated at the same pulse power. We can see that the scattering probabilities gener-
ally reach a maximum value when the detuning is close to the mechanical frequency
Qm/(@2n) = 4.12GHz. However, despite using the same power, the expected scattering
probabilities in the enhanced case is much higher than in the non-enhanced case. We
can also see that in either case, the scattering probabilities involved for optomechanical
systems 1 and 2 can be quite different. This is because the effective detuning between
the driving laser and the bare cavity mode 1 and 2 is different, as well as the effective
cavity susceptibility for the bare cavity 1 and 2.
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Figure A.2: Driving schemes without and with enhancement. a, c illustrated the relative detunings (+Qm
or —Q ) between driving laser and red/blue cavities in scenarios without and with enhancement for the hy-
bridized cavity system. b, d demonstrate how the scattering probabilities Pj; calculated from A.30 and A.31
changes with the detuning (not fixed at Qp,, anymore) between the driving laser and red/blue cavity: i = (1,2)
indicating optomechanical system 1 or 2, and j = (S, aS) representing Stokes or anti-Stokes process of interest
at certain detuning. The scattering probabilities are calculated at the same pulse power of 0.4p] for a 40ns
long pulse. We can see that the scattering probabilities in general reach a peak value when the detuning is
close to the mechanical frequency Qp, / (27) = 4.12 GHz. However, despite using the same power, the expected
scattering probabilities in the enhanced case is much higher than the non-enhanced case. We can also see that
in either of the cases, the scattering probabilities involved for optomechanical system 1 and 2 can be quite dif-
ferent. This is because the effective detuning between driving laser and bare cavity mode 1 and 2 are different,
as well as the effective cavity susceptibility for bare cavity 1 and 2. Taking into account finite cavity decay rates,
small detunings (< 2 GHz) were not considered in both b and d.
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APPENDIX: TECHNICAL DETAILS

B.1. COUPLE WITH LENSED FIBERS
O UR chip is diced, so we can access the optomechancal cavity via the coupler waveg-
uide. We couple to the device in the fridge via a lensed optical fiber, Figure B.1 shows
how the lensed fiber and devices look under the optical microscope when they are out-
side the fridge. The nominal focus length of the lensed fiber is about 15 um. The lensed
fiber is fixed on a piezo positioner (Attocube) inside the fridge and can be moved with
nanometer-level step-size to achieve the optimal coupling efficiency between the lensed
fiber and the device. Before each cooldown, it is important to check the condition of the
lensed fiber. We do so by sending light to the lensed fiber and check how the beam spot
looks like on a beam profiler CCD camera (DUMA OPTRONICS). In Figure B.1b and c, it
shows how a bad and good lensed fiber looks like respectively.

B.2. FIND THE DEVICE IN A DARK FRIDGE

O UR lensed fiber is retracted to a far-away spot (a few hundred microns away from the
chip edge) after rough alignment between the fiber and chip substrate before clos-
ing the fridge for a cool-down. Once the fridge is cold (e.g. at 4K), we can approach the
lensed fiber via the piezo-positioner to try to find and couple to a device. The first step
is to find the focal point of the lensed fiber while the fiber is aligned with the substrate.
Since a cavity is formed between the fiber tip and substrate sidewall, we can use the
free-spectral-range (FSR) of the reflected signal to determine the distance between the
fiber tip and substrate sidewall, while approaching the fiber in the x direction. The rela-
tion between the FSR in wavelength (A1) and the distance (/) is as follows: AL = A212D,
where we already assumed the refractive index in the vacuum is 1, and A is the wave-
length of the light used (1 = 1550nm). Once the fiber focal point is found, we can move
upward in z direction and try to find the silicon slab where the optomechanical devices
reside. As we move up from the silicon substrate in the z direction, the reflected signal
will plummet, however, if the step size is fine enough, we will see a small increase in the
signal again, before the signal eventually drops to close to zero while the fiber moves out

95



96 B. APPENDIX: TECHNICAL DETAILS

a b

Figure B.1: Coupling to the device via a lensed optical fiber. a illustrated the coupling between the lensed
optical fiber and the devices on the diced chip. The focal length of the lensed fiber is about 15 um in the
x direction. The lensed fiber is roughly aligned with the chip substrate before closing the fridge for cooling
down. Note: this picture is taken for illustration purpose outside the fridge. b and ¢ demonstrates the beam
spot of a lensed fiber in bad and good condition respectively.

of the slab completely. After finding the device slab in z direction, we can move in the
y direction to find a device. Once we get into the vicinity of the coupler waveguide of
a working device, the reflected signal will jump up, indicating we are close to coupling
to a device. We can optimize the fiber coupling by moving the positioner in all three
directions. We often expect the one-way fiber coupling efficiency to be %50 to %60.

B.3. MEASURE SNSPD EFFICIENCY

UR superconducting nanowire single-photon detectors (SNSPD) are mounted on

the 1K stage inside the fridge. To measure SNSPD efficiencies, we use the setup
in Figure B.2. In general, we often use about 10 nW power input and 60 dB attenuation
when measuring the SNSPD efficiency with continuous-wave (cw) light. In Figure B.2,
one variable-optic-attenuator (VOA) is placed in front of the first 50:50 beamsplitter to be
able to change the power. Two more VOAs are placed between the first and second 50:50
beamsplitter to provide the needed attenuation so that the power going inside SNSPD
will not be too high to damage the SNSPD. The detailed procedure is as follows:

* Measure the attenuation using relatively high power: We first measure the atten-
uation of the path with the SNSPD being off. We adjust the voltages on the three
VOAs so that the first power meter reads a few milliwatt (P;) and the second power
meter reads a few nanowatt (P,). The attenuation A is then calculated by the ratio
between these two numbers: A= P,/P;.
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* Measure the SNSPD efficiency using relatively low power: After measuring the
path attenuation from the two VOAs between the first and second beamsplitter,
we then keep the two voltages applied on these two VOAs fixed, while changing the
voltage on the VOA in front of the first beamsplitter so that the first power meter
reads a few nanowatt (P3). We then switch on the SNSPD, and check the click rates
(Cspp) of the SNSPD under test on the Timeharp GUI in the dark environment.
The SNSPD efficiency ngspp is calculated as:

P;-A B.1)
SPD =~ .
7 Eph - Cspp

where Epy, is the photon energy.

K Bs [Z] voa [)~snspD
888 PC [ power meter

Figure B.2: Measuring SNSPD efficiency. VOA: Variable Optic Attenuator; BS: Beam Splitter; PC: Polarization
Controller; SNSPD: Superconducting Nanowire Single Photon Detector. The VOA before the first beamsplitter
is used to change the power input. The two VOAs between the first and second beamsplitter are used to provide
enough attenuation before light reaches the SPD.







APPENDIX: ACRONYMS AND
SYMBOLS

In this appendix, we list the most important acronyms and symbols that appeared in this
thesis with their meaning.

C.1. LIST OF ACRONYMS
B ELOW are the most important acronyms that appeared in this thesis.

Acronyms Meaning
2D-OMC Two-dimensional Optomechanical Crystal
AOM Acousto-Optic-Modulator
BS Beam-Splitter
CMOS Complementary Metal-Oxide-Semiconuctor
NV Nitrogen-Vacancy
cw continuous-wave
DLCZ Duan-Lukin-Cirac-Zoller
DUT Device-Under-Test
E-beam Electron-beam
EOM Electro-Optic-Modulator
A-EOM Amplitude Electro-Optic-Modulator
P-EOM Phase Electro-Optic-Modulator
EIT Electromagnetically Induced Transparency
HBT Hanbury Brown-Twiss
HOM Hong-Ou-Mandel
OA Optic Attenuator
OMIT Optomechanically Induced Transparency
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Acronyms Meaning
PBC Polarizing Beam Combiner
PC Polarization Controller
PM Power Meter
SEM Scanning Electron Microscope
SNR Signal-to-Noise Ratio
SNSPD Superconucting Nanowire Single Photon Detector
TT™ Time-tagging Module
VOA Variable Optic Attenuator

Table C.1: List of acronyms

C.2. LIST OF SYMBOLS
B ELOW are the important symbols introduced in Chapter 1:

Table C.2: List of symbols in Chapter 1.

Symbols | Meaning

a Cavity photon annihilation operator
a Average coherent amplitude a = (a)

da Quantum fluctuating term in the optical field, a=a—a

Ki Decay rate due to internal loss channels of the optical cavity

Ke External coupling rate of the optical cavity, e.g. to a coupling waveguide
K Total cavity intensity decay rate, k = ki + K¢
b Phonon annihilation operator

I'm Phonon damping rate

Qm Mechanical frequency

Wcay, OF Wc | Optical cavity resonance frequency
wr, Laser frequency
A Detuning between the driving laser and cavity resonance frequency,
A=Wy, — Weay
Xypf Zero-point fluctuation amplitude of the mechanical oscillator, xzpr =
V Z

g0 Optomechanical single-photon coupling strength

Eg indirect electronic bandgap of Silicon

T Mechanical lifetime measured in [1]

Ty Coherence time of the mechanical mode measured in [2]
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Below are the important symbols introduced in Chapter 2:

Table C.3: List of symbols in Chapter 2.

Symbols | Meaning
Nfc Lensed fiber to device waveguide coupling efficiency
Nfilters Efficiency of the detection filter setup
1SPD1 Detection efficiency of SNSPD 1
1SPD2 Detection efficiency of SNSPD 2
1 Total path efficiency of optical path for SNSPD 1
12 Total path efficiency of optical path for SNSPD 2
Cs Count rates for the Stokes process
Cas Count rates for the anti-Stokes process
Ds Scattering probabilities for the Stokes process
Pas Scattering probabilities for the anti-Stokes process
Np Number of photons in the excitation pulse
n, or N, Thermal phonon occupancy of the mechanical mode
Ncav, OT N¢ | intracavity photon number
¢ Signal-to-noise ratio defined as & = pas/ni
géiis Cross-correlation function between optomechanically scattered pho-
tons from the write and read pulse
Taelay Time delay between the blue-detuned write pulse and red-detuned
read pulse
Trep Repetition period
Tm Phonon lifetime of the mechanical mode
g@(0) Conditional second-order autocorrelation function used to character-
ize the purity of the generated single photons from the optomechanical
anti-Stokes scattering process
P(D;) Probability of a single click on detector D;, heralded on a Stokes-
photon click
P(Dy) Probability of a single click on detector D, heralded on a Stokes-
photon click
P(D;nDy) | Coincidence detection probability on both detectors, heralded on a
Stokes-photon click
Tdelayline Time delay resulted from 1.43km fiber delay line in one arm of an un-
balanced Mach-Zehnder interferometer
Ta, Delay between the blue and red pulses in pulse group 1 in HOM mea-
surement
Tq, Delay between the blue and red pulses in pulse group 2 in HOM mea-
surement
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Symbols | Meaning
Viaw Raw HOM interference visibility without considering the power imbal-
ance of the two arms
14 HOM interference visibility after correcting the power imbalance of the
two arms
Vsim HOM interference visibility from QuTip simulation
Tread Pulse length of the readout pulse
Tom Optomechanically enhanced mechanical linewidth, 'y, = 'y + 41, ggl K
Tph Photon bandwidth
Pc Probability for coincidence detection
gg())M Second-order correlation function of detection events, gg())M = pr ;Dz
Rrep Repetition rate of the experiment
Rent Entanglement heralding rate of the two mechanical oscillators in [3],
Rent = psiRrep
Reoinc Entanglement verification rate, Reoinc = pPs Pasanrep
Afm Coherence of the generated photons limited by mechanical frequency jit-
tering
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Below are the important symbols introduced in Chapter 3:

Table C.5: List of symbols in Chapter 3.

Symbols

Meaning

Wcontrol, OF W]
Wprobe, OT Wp, OF Qgjg,

QT @

Q

.
Svac

Fin

Q

X
Sin(1)

Sout ()
Ip
UM
0
Tom
Tomir

I‘sig
VEom
Tstorage
Ncoh

Nwav

n
/1
Trise

’

n

Nret
Mret

Control field frequency in EIT/OMIT

Probe field frequency in EIT/OMIT, or frequency of the input
signal to be stored via OMIT process

(Strong) Control field amplitude

(Weak) Probe field amplitude

Momentum operator of the mechanical harmonic oscillator
Position operator of the mechanical harmonic oscillator
The optical frequency shift per displacement defined as G =
—0Wcay/0x

Frequency difference between probe and control fields, Q =
Wp — W]

Quantum fluctuation term for the optical mode

Thermal fluctuation term for the mechanical mode
Expectation value of the optical field operator, @ = (a(r))
Expectation value of the mechanical position operator, X =
(x(0)

Input field amplitude consisting of control field and probe
field, sin(£) = 51(£) + sp (1)

Output field amplitude, Sout(t) = Sin () — /Kex (1)
Transmission rate of the probe field

External coupling ratio of the cavity, ¢ = Kex/x

Two-photon detuning defined as § = Qgig — Qm
Optomechanical broadening defined as I'opm = 4g§|5{|2/ K
OMIT transparency window linewidth, T'oyir = 'y + Q%/ K=
I'm +4g3lal/x

Signal bandwidth

Voltage applied to the amplitude-EOM for pulse shaping
Storage time of the signal field

Number of coherent phonons transferred to the mechanical
mode in the OMIT storage process

Input signal photon number coupled into the device waveg-
uide

OMIT memory storage efficiency

Noise-efficiency-ratio

Time-scale of the delayed heating

Effective storage efficiency considering the mechanical de-
Cay’ frl’ = 77 e Tstorage/Tl

The retrieved phonon number from OMIT process

Overall storage-retrieval efficiency
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