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Nano-structured optomechanical crystals (OMC) form an interface between
mechanical modes with long coherence times and telecom optical photons,
ideal for long-distance distribution of quantum information. However, the
implementation of scalable quantum networks based on OMCs has been
inhibited by thermal mechanical noise. Here, we overcome this limitation
using a quasi-two-dimensional OMC and generate single photons via single
phonon-photon conversion. In this work, we verify the low thermal noise and
high purity of the generated single photons through a Hanbury Brown-Twiss
experiment with g®(0) = 0.35f8'(1)g. We perform Hong-Ou-Mandel interference
of the emitted photons showcasing the indistinguishability and coherence
with visibility V = 0.52 + 0.15 after 1.43 km fiber delay. Lastly, we use two-
photon interference to measure the temporal wavepackets of optomechani-
cally generated single photons demonstrating narrow bandwidths as low as 10
MHz. Our results pave the way for multinode quantum networks of mechanical
oscillators and hybrid entanglement generation between mechanical oscilla-
tors and telecom quantum emitters.

Quantum networks, used to distribute quantum information over long
distances between many physical nodes, hold great promise for the
realization of networked quantum computation, quantum commu-
nication, as well as distributed quantum sensing’. A high-fidelity
interface between a long-lived quantum memory and optical photons
for long-distance distribution of entanglement forms the fundamental
building block of any practical quantum network®>. Such light-matter
interfaces have been realized in various physical platforms ranging
from atomic vapors*®, trapped ions®, individual trapped atoms’ to
color center defects in solid-state crystals®’. Alternatively, entangled
photon pairs from spontaneous parametric downconversion sources
can be stored in the collective excitations of rare-earth ion doped
crystals to distribute entanglement’*".

In recent years, integrated optomechanical crystals (OMCs) have
emerged as a promising and versatile platform for quantum

technologies™. The flexible operating wavelength 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 T3 = 1s” and coherence times T, ~ 100 u s '* make OMCs a nat-
ural candidate for storage and distribution of quantum information in
long-distance quantum networks (see Fig. 1a). Furthermore, phonons
in the mechanical mode can be readily coupled to other quantum
systems such as solid-state defects”"®, quantum dots', and most
prominently superconducting circuits**%*, enabling hybrid quantum
information architectures for quantum information processing and
networked quantum computation®.

Using a heralded entanglement scheme based on the Duan-Lukin-
Cirac-Zoller (DLCZ) protocol*, entanglement between the mechanical
modes of two OMCs has been demonstrated” and such entanglement
has been used as a resource to perform an optomechanical Bell test*®
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Fig. 1| Quantum network based on optomechanical crystals. a Schematic
illustration of a quantum network consisting of cavity optomechanical systems as
network nodes with optical cavity frequency w., mechanical frequency w,,, and
single-photon optomechanical coupling strength go. b Scanning electron micro-
scope image of a 2D OMC device, which can form one of the telecom-wavelength
quantum network nodes. 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 E, at design wavelength A= 1537.24nm and the displace-
ment field (right) of the mechanical mode at design frequency w,/2m = 10.18GHz.
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 7 =20mK via lensed fiber

T=20 mK

A=|p-

single
photon

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 lllustration of the optomechanical Stokes- and anti-Stokes scattering
processes used for single-phonon generation and phonon-photon conversion. Top:
photons from the blue-detuned write pulse at frequency wp = @. + @y, undergo a
Stokes scattering process resulting in the probabilistic 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),. Bottom: the red-detuned readout pulse at frequency

W = W — Wy, induces an anti-Stokes scattering process converting the single pho-
non in the mechanical mode to a single photon in the telecom band.

as well as optomechanical quantum teleportation® - demonstrating
crucial steps towards quantum networks of mechanical oscillators.
However, these initial demonstrations using one-dimensional nano-
beam OMCs suffered from significant thermal noise due to optical
absorption heating and weak thermal anchoring to the substrate®,
resulting in a relatively low purity of the optomechanically generated
single photons®, 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, allow-
ing for more efficient dissipation of generated thermal phonons into
the cryogenic environment® >, The improved thermal noise perfor-
mance of such 2D OMCs has been verified in previous studies by
measuring the thermal phonon occupancy of the mechanical
mode*?°, However, to use such devices in quantum information dis-
tribution as well as networked quantum computation, it is crucial to
demonstrate the purity and coherence of optomechanically generated

single photons. In particular, although previous experiments on
entanglement of two mechanical oscillators imply the indistinguish-
ability of optomechanically generated single photons”, a direct
demonstration of photon indistinguishability by two-photon inter-
ference has so far remained elusive due to prohibitively low opto-
mechanical scattering rates limited by thermal noise.

In this work, we demonstrate heralded single-phonon generation
and single phonon-photon conversion to telecom single-photons
using integrated 2D OMCs with low thermal noise compatible with
entanglement and quantum repeater schemes following the DLCZ
protocol. We verify the low thermal noise of our device and demon-
strate strong and robust quantum correlations between phonons and
photons even at high mechanics-to-optics conversion efficiencies of
up to 58%. We characterize the single-photon purity of the generated
state through a Hanbury Brown-Twiss experiment. The obtained value
£@(0)=0.35"3% is the lowest measured for integrated OMC systems
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Fig. 2 | Thermal performance and quantum cross-correlations. a The blue dots
show the thermal phonon occupancy ng, of the mechanical mode as a function of
intracavity photon number (bottom) and anti-Stokes scattering probability (top).
Error bars originate from errors in the calibration of the detection path efficiency
(see Supplementary Information). The orange dots indicate the signal-to-noise
(SNR) ratio in the conversion process. b Cross-correlation function g‘;LS 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
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time of Tgelay = 150 ns. The pulse sequence is repeated with a repetition period of
Trep =10 ps. The Stokes scattering probability of the write pulse is fixed at ps =1.3%.
The blue shaded area corresponds to the theoretically expected dependence
g(sz,)as =1+e Tany/™m /(p, + ny,) (see Supplementary Information), where ny, is cali-
brated from the results in a and 7,,, = 1.0 us is the phonon lifetime of the mechanical
mode (see Supplementary Information). The dashed horizontal line and shaded
area underneath indicate the regime of classical correlations g(SZ'LS <2.The error
bars are calculated from the photon counting statistics and correspond to the 68%
confidence interval of the binomial distribution.

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 visibility 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 10 MHz. The significant performance increase of
2D compared to 1D OMCs positions them as a promising platform to
establish quantum networks of multiple mechanical oscillators. In
addition, the narrow photon bandwidth as well as the (freely) desig-
nable operation wavelength make our system directly suitable for
integration with narrow-linewidth telecom quantum emitters such as
rare-earth ions”* or silicon T-centers'*", as well as telecom quantum
memories based on ensembles of rare-earth ions*>*> or other opto-
mechanical systems** in hybrid quantum networks.

Results

Single photon generation based on quasi-2D optomechanical
crystals

Our device is a quasi two-dimensional suspended OMC structure (see
Fig. 1b) fabricated on a silicon-on-insulator material platform based on
a design of refs. 33,34. The two-dimensional anchoring allows efficient
dissipation of thermal phonons generated through optical absorption
heating. The optical and mechanical modes of our structure (see
Fig. 1c) are confined along the y-direction by a snowflake crystal pat-
tern exhibiting both photonic and phononic band gaps*. In between
the snowflake areas, a periodic pattern 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 silicon lattice,
which has been shown to lead to single-mode mechanical mode
spectra robust against fabrication imperfections®. Co-localization of
the optical and mechanical modes in a small mode volume leads to
optomechanical coupling with a measured (simulated) single-photon
coupling strength go/2m = 1.0 MHz (g g, /2m =997 kHz ) (see Meth-
ods). Our device operates far in the resolved-sideband regime of cavity
optomechanics where k < w,,, with optical cavity linewidth x/2m = 2.4
GHz and mechanical frequency w,,/2m = 10.3699 GHz.

We generate single photons through optomechanical heralded
phonon generation and readout®. A laser pulse detuned on the blue
optomechanical sideband of the optical cavity resonance induces a
two-mode squeezing interaction between the optical and mechanical
mode (see Fig. 1e). In the resulting Stokes scattering process, a single
pump photon is probabilistically converted into a photon at the optical
cavity resonance frequency and a phonon in the mechanical mode (see
Fig. 1e). 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 superconducting
nanowire single-photon detectors (SNSPD). Detection of the optical
photon from the Stokes process heralds the creation of a single-
phonon Fock state |,,) ~ [1). A second laser pulse detuned to the red
optomechanical sideband transfers the phonon state onto the optical
mode through a beam splitter interaction corresponding to an anti-
Stokes scattering process (see Fig. 1e). This mechanics-to-optics con-
version process allows us to generate single photons after filtering out
the strong red pump pulse.

Thermal phonon occupancy and quantum cross-correlations

To verify the improved thermal anchoring of our device compared to
conventional one-dimensional nanobeam OMCs, we measure the
thermal phonon occupancy of the mechanical mode ny, for varying
intracavity photon number n. in the optical cavity. We use 40-ns-long
optical pulses detuned to the red optomechanical sideband and
measure the count rate of optomechanically scattered anti-Stokes
photons C,s after filtering out the strong pump pulse. By calibrating
the efficiency of our detection path n = 0.05 and the anti-Stokes
scattering probability p,s at various powers, we obtain the thermal
phonon occupancy as ny, = Cas/(pas), where p,s is the anti-Stokes
scattering probability at the respective pump power (see Methods). As
shown in Fig. 2a, the thermal phonon occupancy increases with
increasing intracavity photon number, but remains close to the
quantum ground state even at photon numbers exceeding n. > 2000,
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 a similar level of intracavity photon number®. The highest
anti-Stokes scattering probability achieved in these measurements is
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Fig. 3 | Hanbury Brown-Twiss measurement. a Measured second-order auto-
correlation 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 labelled by a number n. Pulse sequences used for the g calcu-
lation are shifted by An. The Stokes-scattering (anti-Stokes-scattering) probability
are ps =1.3% (p.s = 7%) corresponding to pulse energies of £, s = 0.1p) (E;,as = 1.0p)).
b Second-order autocorrelation function g®(0) at fixed Stokes-scattering prob-
ability ps = 1.3% as a function of anti-Stokes read out probability. Solid blue line
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shows the result of simulations of the quantum systems using the Python package
QuTIP (see Supplementary Information)**°. A value below unity demonstrates sub-
Poissonian photon statistics (grey dashed line in (a and b)) whereas a value below
0.5 unambiguously demonstrates a single-photon state (red dashed line in (a and
b)). The error bars are calculated from the photon counting statistics using the
exact binomial confidence interval (see Supplementary information). For all mea-
surements, the optical pulse sequence is repeated with a repetition period of

Trep =10 pis.
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Fig. 4 | Hong-Ou-Mandel interference. a Unbalanced Mach-Zehnder inter-
ferometer 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. The
delay between the blue and red pulses is T4; = 105 ns and T4, = 225 ns. The delay
between the two red pulses equals the time delay induced by the fiber delay line
with Tyelayiine = 7.146 pis. ¢ Schematic 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 gen-
erated 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 during the time bin
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associated with the second red pulse (red shaded). d Number of four-fold coin-
cidences measured on the two SNSPDs with co-polarized (blue) or cross-polarized
(orange) arms of the interferometer during the same (4n = 0) or different (4n # 0)
repetitions of the experiment, normalized to the average value measured on the
satellite peaks (4n # 0). The error bars are calculated from the photon counting
statistics and correspond to the 68% confidence interval of the binomial distribu-
tion. The dashed bar at 4n = 0 shows the value predicted from QuTiP simulations
(see Supplementary Information). e Normalized number of threefold coincidences
in co-polarized interferometer configuration during the same repetition of the
experiment (4n = 0) as a function of timing offset At between the two red pulses for
two different bandwidths I, of generated photons. The solid lines are fits to a
phenomenological model based on the photon pulse shape (see Supplementary
Information).
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limited only by the power of our laser and residual losses in the optical
setup. If we define the signal-to-noise ratio (SNR) as & = p.s/ng, 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®. 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”. The measured correlations (see
Fig. 2b) exceed the classical limit by 51 standard deviations even at high
anti-Stokes scattering probability up to p,s = 58%.

Characterization of single photon purity

The purity of the generated single photons can be characterized by
performing a Hanbury Brown-Twiss (HBT) experiment on the read-out
optical state conditioned on the detection of a Stokes-scattered pho-
ton during the write pulse. Figure 3a shows the result of the HBT
measurement for phonons read from the same (4n = 0) or different
(4n # 0) repetition periods (see Supplementary Information). We
observe strong anti-bunching of the read-out photons and determine a
value of the conditional autocorrelation function of g(0)=0.35" 333,
which is significantly below the limit of g®(0) = 0.5 for a genuine single
photon state®. The measured value of g®(0) is mainly limited by
residual absorption heating from the write and read pulse, creating
added thermal noise on the read-out optical state. Dark counts
account for 0.78% of the total coincidences (see Supplementary
Information). At higher anti-Stokes scattering probabilities, more
thermal noise is added, reducing the fidelity of the readout optical
state (see Fig. 3b). Nonetheless, we observe sub-Poissonian photon
statistics with g®(0) < 1 even for the highest anti-Stokes scattering
probabilities used.

Hong-Ou-Mandel interference of optomechanically generated
single photons

Photon indistinguishability is crucial for many quantum information
processing protocols, including building quantum repeaters for long-
distance quantum networks. We verify the coherence and indis-
tinguishability of the single photons generated by our source by per-
forming Hong-Ou-Mandel (HOM) interference. We pass two
subsequently generated single photons through an unbalanced Mach-
Zehnder interferometer with a 1.43 km fiber delay line in one arm
corresponding to a time delay of Tyelayiine = 7.146 is (see Fig. 4a). To
generate two subsequent photons, we use the pulse sequence shown
in Fig. 4b. Within one repetition period (7;ep = 18 us), two pairs of blue
and red detuned pulses (40 ns) are sent to the device to generate single
phonons (ps = 10%) and read them out (p,s = 45%). The pulse energies
of the write and readout pulses are E,s = 1.1pJ and E,.s = 8.3p),
respectively. The delay between the two red read-out pulses in the two
pulse groups is set to be equal to T yejayiine, l€ading to HOM interference
at the second beam splitter (see Fig. 4c). The long time delay
T4elayline > Tm between subsequently generated photons allows the
mechanical mode to thermalize to the cryogenic environment before
each photon is generated. For the HOM measurement, we measure
four-fold coincidences between two clicks from the blue write pulses
and two clicks from the red read out pulses. When the two inter-
ferometer 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. 4d). As a
control experiment, we repeat the same measurement with cross-
polarized arms of the interferometer observing no dip in coincidence
events, as expected. From the two measurements, we calculate the
HOM interference visibility V., = 0.48 + 0.14. After correcting the
power imbalance of the two arms (see Supplementary Information),
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 simula-
tions and determine a simulated visibility of V,, =0.53 (see Supple-
mentary Information) 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.

Measurement of photon temporal wavepacket and bandwidth
Finally, we use two-photon interference to measure the temporal
wavepacket shape and thus the bandwidth of optomechanically gen-
erated single-photons, offering insight for interfacing with other
components (e.g., quantum memories) in quantum networks. For
short readout pulse durations used in our experiment Tyeaq < 21/ om,
the photon bandwidth is expected to closely follow the readout pulse
wavepacket shape'®*’. Here, Tieaq is the readout pulse length and
Tom=Im*4n.g3/k is the optomechanically enhanced mechanical
linewidth with the intrinsic mechanical linewidth I,,. The photon
bandwidth Iy, 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 4t, which reduces the overlap of two photons
arriving at the beamsplitter, leading to reduced HOM interference. To
increase the statistics, 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 4e
shows the normalized number of threefold coincidences as a function
of timing offset At for photon bandwidths of 25MHz and 10 MHz,
corresponding to read-out pulse lengths of 40 ns and 100 ns, respec-
tively. 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 phenomenological
model (solid lines). 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
(see Supplementary Information).

Discussion

Our work demonstrates heralded single phonon creation and
phonon-photon conversion at telecom wavelengths based on a 2D
OMC platform, paving the way for building a quantum network
based on nano-structured OMCs. In contrast to previous experi-
ments, in which the measurement of the photon autocorrelation
function was limited by thermal noise to greater than 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
£@(0)=0.35"219 in an HBT measurement, unambiguously demon-
strating the single-quantum nature of the emitted state. Further-
more, the improved thermal performance enables operating the
device at high optomechanical scattering probabilities and thus
enables the realization of a HOM experiment, which requires the
detection of four-photon coincidence events. This has so far proven
elusive due to low rates caused by limited optomechanical scatter-
ing probability. Our experiment confirms the indistinguishable
character of the generated photons through the observation of
HOM interference with visibility V= 0.52 + 0.15, and by introducing a
delay line for one photon of Tgejayiine = 7.146 us further demonstrates
that the emitted photons are coherent over this timescale. Since the
typical amplitude of mechanical frequency jittering, which ulti-
mately limits photon coherence 4f;, = 10 kHz is small compared to
the emitted photon bandwidth, we expect the coherence of photons
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emitted from our source to be preserved for long periods of time,
ideal for long-distance quantum network applications.

Our 2D OMC device also showcases narrow photon linewidth as
low as 10 MHz - essential for interfacing with telecom quantum
memories, limited only by the optical pulse length used for phonon-
photon conversion. While longer optical readout pulse lengths would
directly enable narrower optical linewidth, ultimately only limited by
the intrinsic mechanical linewidth I,,/2m = 119 kHz (see Supplementary
Information), this would lead to an accumulation of more thermal
phonons in the mechanical mode® and thus currently still impede
measurements in the quantum regime. Notably, compared to other
systems that generate single photons at telecom C-band, the band-
width of our system already surpasses the narrowest linewidths
achieved with telecom quantum dots (>100 MHz*®), as well as with
silicon-based on-chip sources based on spontaneous four-wave mixing
(=30 MHz*’). Moreover, since the temporal wavepacket shape of the
emitted photons from our OMC device is determined by the pulse
shape of the optical readout pulse, pulse shaping of the readout pulse
can be used to generate shaped single photons. Shaped single-photons
are essential to realize quantum interference with single photons from
other quantum systems, such as rare-earth ions**° or quantum dots*®.

While thermal noise currently still limits the single-photon purity
and HOM visibility as well as the attainable narrowest optical line-
widths, further improvements to the design to reduce pump-induced
heating through the use of evanescently coupled optomechanical
cavities or non-suspended OMCs exist***°, which will allow to further
boost the purity and rate of generated single photons, enabling a more
efficient quantum network of OMCs. The lifetime of the phonon mode
in the device used in this work is chosen to be only 7,,, =1 us to increase
the repetition rate of the experiment. However, by engineering the
phononic band structure of the OMC geometry, we have already fab-
ricated devices with long phonon lifetimes up to 7,,, = 9 ms (see Sup-
plementary Information). This long phonon lifetime combined with
high purity and long coherence time of optomechanically generated
single photons at telecom wavelength, position 2D OMCs as a pro-
mising platform for the realization of long-distance quantum networks
following the DLCZ protocol®. With our current performance, we
estimate that heralded entanglement between two 2D OMCs embed-
ded in a phase-stabilized Mach-Zehnder interferometer can be gener-
ated at a heralding rate of 100 Hz and verified at a total event rate of
2.9 x10* h™ - an improvement by more than two orders of magnitude
over previous demonstrations” (see Supplementary Information). The
heralding rate is already surpassing demonstrations of heralded
entanglement generation using nitrogen vacancy centers (39 Hz"').In a
next step, well-established technical improvements of optical setup
efficiency will further boost the attainable entanglement generation
rates to 300 Hz, comparable with recent experiments based on atomic
ensembles (280 Hz*?). Importantly, the generated single-photons in®
and* are, unlike for our device, not at telecom wavelength and hence
for any practical quantum network application, wavelength conversion
would reduce the attainable entanglement rate significantly. Further
reduction of thermal noise by evanescent light coupling>® will allow an
additional boost of the entanglement rates to 1.2kHz (see Supple-
mentary Information), on par with leading quantum networking plat-
forms based on cavity-enhanced parametric-down-conversion sources
and atomic frequency comb quantum memories in solid-state crystals
(1.4 kHz"), and in an on-chip platform compatible with scalable CMOS
fabrication®. These rate improvements will enable the scale-up of
these rudimentary quantum networks by demonstrating entangle-
ment swapping between multiple pairs of entangled mechanical
oscillators.

Finally, low-noise 2D OMCs are ideally suited to explore hybrid
quantum network architectures interfacing different physical plat-
forms: 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*>° or
silicon T-centers***, Alternatively, single-photons from OMC devices
can be stored in telecom quantum memories with narrow acceptance
bandwidth, such as those based on ensembles of rare-earth ions*>**> or
other optomechanical systems**. A second unique property of these
systems is that phonons can be coupled directly to a large variety of
other quantum systems, for example, to color centers””'® or quantum
dots” through strain interaction. When combined with a piezo-
mechanical element, high-efficiency microwave-to-optics conversion
is also directly attainable, where the low thermal noise demonstrated
in our device will enable coherent, low-noise on-demand entanglement
between microwave superconducting quantum circuits, critical for
future quantum operations involving distant quantum processors in
networked quantum computing? "%,

Methods

Nanofabrication

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

Calculation of gy

We calibrate the vacuum optomechanical coupling rate g, by mea-
suring the optomechanical scattering probabilities with calibrated
input optical power and setup efficiency. We send either blue or red-
detuned optical pulses with 40 ns 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,s, are given by

Cs=(n +m)ps(1+n), 6]

Cas =Mt 12)Pasn, 2

where n; and 1, are the efficiencies of the optical paths for SNSPD 1 or
2, respectively, and n is the thermal phonon occupancy of the
mechanical mode. The scattering probabilities for the Stokes and anti-
Stokes process ps and p,s are given by*’

2
ps= Sk } -1, 3)

ex =
P LZ +K2/4(A — 0y’ +K2/4 P

_ Ke 8ok

pas_l_exp|:_A2+K2/4(A+0)m)2+K2/4Np:|, (4)
where k and k. 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 optomechanical sideband (4 = + w,,), we can approximate the
exponential in the Stokes scattering probability in Eq. (1). Furthermore,
at low optical powers the thermal phonon occupancy is small so that
n < 1land thus n +1=1in Eq. (1). We obtain for the vacuum opto-

mechanical coupling rate

12
gy Cs @n*K2/AK 5)
o \m+n, 4N, ke ’

From the measured count rate of the Stokes process Cs, we obtain go/
2m = 1.0 MHz.
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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), we calculate the thermal phonon occupancy as

n=— S (6)
(11, 112)Pas

For each laser power used in the experiment, we use the previously
calculated value of go and Eq. (4) 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 results 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 connectors 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 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 measured efficiency, we estimate the
systematic error.

Data availability

Source data for the plots are available on Zenodo.
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