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Preparing mechanical systems in their lowest possible entropy state, the quantum ground state, starting
from a room temperature environment is a key challenge in quantum optomechanics. This would not only
enable creating quantum states of truly macroscopic systems, but at the same time also lay the groundwork
for a new generation of quantum-limited mechanical sensors in ambient environments. Laser cooling of
optomechanical devices using the radiation pressure force combined with cryogenic precooling has been
successful at demonstrating ground state preparation of various devices, while a similar demonstration
starting from a room temperature environment remains an outstanding goal. Here, we combine integrated
nanophotonics with phononic band gap engineering to simultaneously overcome prior limitations in
the isolation from the surrounding environment and the achievable mechanical frequencies, as well as
limited optomechanical coupling strength, demonstrating a single-photon cooperativity of 200. This new
microchip technology allows us to feedback cool a mechanical resonator to around 1 mK, near its motional
ground state, from room temperature. Our experiment marks a major step toward accessible, widespread
quantum technologies with mechanical resonators.
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The last decade has seen immense progress on observing
quantum effects with microfabricated mechanical oscilla-
tors [1-6]. This is not only of significant interest for
understanding the fundamental aspects of quantum physics
in macroscopic objects, but also for the potential of using
mechanical systems for quantum information processing
tasks and as novel quantum sensors [7]. Excess classical
(i.e., thermal) noise typically obscures the quantum features
of these devices, thus limiting their usefulness and practical
adoption for quantum-limited sensing. Ground state cool-
ing can alleviate this problem, but so far has only been
possible by precooling the devices using cryogenic meth-
ods [8—12]. The main limitations preventing reach of this
regime from room temperature include insufficient isola-
tion from the surrounding environment and too low
mechanical frequencies, which can be formulated into
the condition of the product of the mechanical frequency
and its quality factor f,,Q,, > 6 x 10'? [13]. In addition,
the optomechanical coupling rate g, also plays a dominant
role in the ability to efficiently laser cool the motion of a
resonator. There are several approaches focusing on over-
coming these limitations. In particular, experiments featur-
ing optically levitated nanospheres have come to within a
few thermal phonons of the mechanical ground state
recently [14-17]. While the absence of any physical
attachment to the environment allows trapped nanospheres
to exhibit extremely large quality factors, they require UHV
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systems and complex stabilization mechanisms for their
optical traps, making them impractical as sensors and for
other applications. Chip-based mechanical oscillators have
recently also been shown to feature competitively large
mechanical quality factors at room temperature with

» = 108, most prominently in high-stress silicon nitride
membranes [18-20]. Here, similar limitations as with
levitated nanospheres, such as mirror noise [21,22],
exist, as well as the requirement to use bulky setups for
optical readout.

In this Letter, we develop a new type of fully integrated
optomechanical structure that allows us to significantly
increase the mechanical quality factor of a high-frequency
in-plane mode, while also allowing us to realize a coupled
optomechanical cavity used for on-chip optical readout of
the motion. We measure a f,,0,, ~ 2.6 x 10'3, approach-
ing the performance of the best out-of-plane mechanical
resonators [12,23], combined with an optomechanical
coupling of G,,,/27 = 21.6 £ 0.2 GHz/nm, enabling us
to cool the mechanical mode from room temperature to
1.2 mK. This corresponds to a thermal mode occupation of
less than 27 phonons, a reduction by more than 5 orders of
magnitude in the effective temperature. Our novel design
applies previous discoveries on the dominant role of
bending losses [23,24] and results in a device that resem-
bles a fishbonelike photonic and phononic structure
[cf. Fig. 1(a)].

© 2019 American Physical Society
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FIG. 1. (a) Shown is a stitched microscope image of the fabricated structure (top) and the corresponding mechanical simulation of the
long beam (bottom). The enlargement shows a fishbone structure designed to reduce bending losses. (b) Mechanical (top) and photonic
(bottom) simulation of the center part containing the photonic crystal. A short second beam forming the other half of the photonic crystal
cavity is fixed close to the mechanical beam. The short structure does not feature any mechanical motion around the defect mode. The
two structures form an optical cavity with the light strongly confined in the gap between the two beams. The mechanical motion changes
the gap size, shifting the optical resonance frequency and hence giving rise to the optomechanical interaction. (c) Sketch of the central
photonic crystal and coupling waveguide. Clearly visible is the short second beam in the center. A cross section is shown in the box on
the bottom. (d) Band diagram for the in-plane mode of the phononic fishbone structure. We apply a periodic boundary condition in the x
direction, with &, being the wave vector. The blocks in the long beam form a band gap between 0.6 and 1.1 MHz. (e) Bending (0%v/9x?)
normalized to the displacement v within the photonic fishbone structure. In the center, the magnitude of the bending alternates between
the thin (large bending, white) and thick (small bending, gray) parts of the structure. As the mechanical losses are proportional to the
cube of the width, the fishbone devices exhibit significantly higher mechanical Q,, than a uniform beam of equal width (orange),

typically used for photonic crystal zipper cavities [25].

Significant progress has been made over the last years in
understanding and mitigating the losses in integrated (opto)
mechanical structures, resulting in experimental demonstra-
tions of ultrahigh-Q,, devices. In particular, bending loss has
been shown to be one of the dominant limiting mechanisms
for mechanical quality factors in 1D high-stress silicon
nitride structures [24]. Various approaches in strain [18,19]
and mode shape engineering [23] have recently succeeded in
achieving ultrahigh-Q,, mechanical resonators. By using
adiabatically chirped phononic crystals, for example [23],
the mechanical mode is localized in the center of the beam
and the bending can significantly be reduced, leading to
increases in Q,,. While this concept works very well for the
out-of-plane motion, it is much more challenging for an in-
plane mode [26]. This is due to the loss AU being propor-
tional to the cube of the thickness in the motional direction
[23], which for the in-plane mode is equivalent to the width
w of the structure AU « w?(0?v/0x?), with v being the
displacement. In practice, there are several parts of an
optomechanical structure that require a certain minimum

width, such as the phononic crystal itself, which is partly
composed of wide blocks of material. The bending of these
very wide blocks results in large mechanical dissipations.
Furthermore, in order to form a good optical cavity, the
photonic crystal at the center of the structure also requires a
minimum width, which is comparable to the optical wave-
length [25]. Both factors largely reduce the attainable
mechanical quality factor. With our new fishbone design,
we minimize w in the parts with maximal bending, allowing
us to significantly reduce AU and hence significantly
increase the mechanical quality factor of the mechanical
in-plane modes.

Our structure is fabricated from a 350 nm thick high-
stress (1.3 GPa) silicon nitride layer deposited on a silicon
handle wafer. As shown in Fig. 1(a), it is based on the
differential motion of two strings, where one of them is
significantly longer (2.6 mm) than the other (115 pm). The
longer string of this zipper structure is connected to the chip
through a phononic crystal, with a band gap for the in-plane
mode between 610 kHz and 1.10 MHz [see Fig. 1(d)]. This
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design forms a defect in the center, introducing confined
modes with frequencies within the band gap, significantly
reducing the losses of these modes. As the amplitude of the
modes of interest is largest in the center of the structure, we
reduce its bending by introducing an adiabatic transition of
the unit cells of the phononic crystals. This results in a
weaker confinement and smaller bending close to the center
[23]. As mentioned above, this does, however, not immedi-
ately result in a high-quality factor of the in-plane modes,
as the width of the structure close to the bending areas
becomes important. We therefore design the overall device
as a string with a width of only 165 nm, limited by our
fabrication process. When adding the phononic crystal, we
avoid wide and rigid regions in the design, segmenting the
blocks closest to the center into a fishbonelike structure.

A similar approach is also taken for the central photonic
crystal used to readout the mechanical motion. Instead of a
traditional photonic structure with holes in a waveguide
[25], we achieve an alternating index contrast through a
fishbone design. The wider parts are roughly 1 ym in
width, while the narrow ones between the teeth have a
width of only 165 nm. This geometry localizes the bending
to the narrow parts [cf. Fig. 1(e)], significantly reducing
the overall bending losses. For comparison, we observe a
typical enhancement of f,,Q,, by more than a factor of 5
between devices with and without the photonic fishbone
structure.

The optical cavity is formed between the long and short
strings and the optical field is confined within the gap formed
by the fishbones and designed to operate at a wavelength of
around 4 = 1550 nm. Because of the strong confinement, the
resonance frequency of the cavity is very sensitive to the gap
size. In the simulation, shown in Fig. 1(b), we obtain an
optomechanical coupling strength G,,/27 = (Jw,./0x) =
23.0 GHz/nm, where w,. is the cavity frequency for a typical
200 nm gap. Combining G, with the localized mechanical
mode of interest, which has small effective mass m.; =
7.36 x 107!* kg, we obtain a single-photon coupling rate
go/2m = 252 kHz. The resulting optimized structure fea-
turesa 16.5 pm long photonic crystal cavity, while the overall
structure has a length of 2.6 mm.

We design the mechanical defect mode at a frequency
fm = @,,/27 = 950 kHz. A ringdown measurement of this
mode in 5 x 107% mbar vacuum shows a quality factor of
2.73 x 107 (see Supplemental Material for more details
[27]), yielding f,,Q,, =2.59 x 10'3. The total optical
resonance’s (4 = 1549.9 nm) linewidth is measured to be
k/2m = 33.0 GHz, and the coupling rate to an adjacent
optical waveguide is k./27 = 31.4 GHz. The strongly
overcoupled cavity ensures that most of the light in the
cavity is reflected back into the waveguide, which is
necessary to achieve high detection efficiency. To further
characterize the device, we measure the optical spring
effect (see Supplemental Material for details [27]), allowing
us to experimentally determine a single-photon coupling

rate of gy/2x = 237 £+ 2 kHz, corresponding to an opto-
mechanical coupling of G, /27 = 21.6 £+ 0.2 GHz/nm, in
good agreement with simulations. We determine the single-
photon cooperativity of our device Cy = (4¢3 /«T,,) ~ 200,
which represents the relative strength of the single-photon
interactions against any loss channels, a key characteristic
of the system [25,31].

In this unresolved sideband regime [32], an active
feedback cooling scheme can be used to reduce the thermal
energy of the mechanical oscillator [12,33]. In this scheme,
unlike in the traditional cavity cooling approach [8], the
extremely large bandwidth of the optical cavity allows us to
retrieve information on the motion of the mechanical
resonator at a high rate. In our experiment, we measure
the position of the mechanics and process it in real time,
using the resulting signal to actively control the optical
input power into the optomechanical cavity. The modula-
tion of the intensity changes the radiation-pressure force,
hence allowing us to control and actively cool the mechan-
ics itself. Figure 3(a) shows a sketch and description of our
setup used to demonstrate such feedback cooling of our
mechanical resonator. The measured signal containing the
information on the position of the mechanical oscillator is
sent to a field-programmable gate array (FPGA) controller
(RedPitaya 125-14), with its output directly connected to an
electro-optical intensity modulator just before the device.
The FPGA control allows us to implement an almost
arbitrarily complicated feedback filter. We apply a deriva-
tive filter with a second-order underdamped low-pass filter
to cool the mechanical defect mode. The feedback phase at
the resonance frequency is tuned to be —z /2. Because of a
small delay in the system, applying this signal directly
would heat other nearby mechanical modes and make the
system unstable. We therefore cascade a series of notch
filters to tune the phase response locally, which provides a
weak cooling over the surrounding modes (cf. Fig. 2). The
total delay of the feedback loop is measured to be 0.49 pus.

Figure 3(b) shows the calibrated displacement power
spectrum (S,,) of the mechanical oscillator with different
levels of cooling from a bath at room temperature. We keep
the cavity photon number fixed at n, = 120, while increas-
ing the gain of the feedback filter to increase the amount
of feedback. The mechanical peak amplitude reduces and
broadens, corresponding to a cooling of the mode of
interest. The curves are then fitted and we extract the
displacement spectrum S,, [12,25]. This allows us to
calculate the average phonon number 7, which is shown
as a function of electronic gain in Fig. 3(c). The lowest
occupation we obtain is 7 = 26.6 £ 0.7, reduced from
6.5 x 10° at room temperature. We note that our measure-
ments are not quantum noise limited in this experiment,
resulting in a slightly increased phonon occupancy com-
pared to the theoretically expected value. This additional
noise floor results from the optical fiber touching the
waveguide and introducing broadband mechanical modes.
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FIG.2. (a) Mechanical spectrum. The red dashed line marks the
high-Q,, defect mode. Gray lines indicate additional mechanical
modes that strongly couple to the optical cavity, while most other
spurious peaks arise from the mixing of these modes in the
detection itself. (b) Phase response of the feedback control. The
circuit has a phase of —0.57 at the resonance of the defect mode,
with the gray area indicating the unstable region due to heating.
(c) Gain of the feedback control. We implement several filter
functions with large bandwidth, allowing us to suppress and
partly cool other modes that are excited in order to stabilize the
system.

These mechanical waveguide modes shift the resonance
frequency of the cavity weakly, resulting in an increase
of the detection noise. At high gain, this noise is fed into
the mechanics and limits the cooling efficiency. Unlike in
the ideal case of a quantum-noise-limited measurement,
increasing the input optical power does not reduce the
classical noise and hence it does not lead to more efficient
cooling. Using different types of coupling methods or
redesigning the waveguide will allow us to reduce the
classical noise further, allowing us to, in principle, cool to
an occupation of 7, ~ 14, with everything else left
unchanged.

In order to get even closer to the ground state in the
continuous feedback cooling scheme, the measurement rate
(Cimeas = Xpp/Stx” = 4nnegi/k, where x,¢ is the zero-
point fluctuation of the oscillator) has to be comparable
or larger than the decoherence rates in the system, i.e., the
thermal decoherence (I'y, ~ I',,,ny,) and the backaction rate
Ty = ' npg, where ny, = n.Cy) [31]. Here, 5 is the
overall detection efficiency, which for our experiment is
n = 0.50, while ny, = 2.4 x 10* < ny,, hence making the
thermal component the dominant decoherence channel.
Excluding classical noise, we find Tpe./(T'n/8) =
0.015 < 1 [31], which is orders of magnitude larger than
in previous similar experiments [25].

Several approaches to increasing this ratio exist. For
example, by redesigning the coupling waveguide to obtain
a quantum-noise-limited measurement, the intracavity
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FIG. 3. (a) Sketch of the feedback cooling setup. A laser is first
tuned on cavity resonance and phase modulated to generate a
calibration tone. It is then split into two arms, with both
intensities being controlled through variable optical attenuators
(VOA-). The bottom path is the local oscillator for the homodyne
detection scheme, where the phase can be controlled using a fiber
stretcher (¢). The light in the upper (signal) arm is intensity
modulated in an electro-optical modulator (EOM) and sent to the
waveguide [34], where it is then evanescently coupled into the
optical cavity. At the end of the waveguide, we pattern a photonic
crystal mirror, which allows the light from the cavity to be
reflected back into the fiber with a collection efficiency of 91%.
This light is then mixed with the local oscillator on a beam splitter
and measured in a home-built low-noise balanced photodetector
with a quantum efficiency of 70% in order to perform the phase-
sensitive measurement. The detected signal is electronically
processed in a FPGA-based controller, which directly modulates
the light in real time through the EOM, and hence allows us to
cool the mechanical resonator. (b) Cooled mechanical spectra S,
with increased feedback gain from orange to blue and constant
intracavity photon number n.. The dashed lines are fits to the
spectra, while the gray dotted line indicates the quantum-limited
noise floor. (c) Average phonon number extracted from the
spectra in (b), with corresponding color coding. The gray dashed
line represents the theoretically predicted quantum-noise-limited
phonon number, and the dark blue dotted line is the expected
phonon number when taking the noise into account.

photon number can be raised further and is eventually
only bound by absorption heating. Increasing the opto-
mechanical coupling rate can be achieved by improving
the fabrication and reducing the gap size between the
strings forming the optical cavity. A reduction of the gap
to 100 nm yields G,,, = 27 x 45 GHz/nm, which is more
than twice the current value. Another way is to further
reduce the thermal decoherence rate, through device
improvements. Our current design is not optimized to
maximize the stress [18], which would lead to more stored
energy, increasing (,,. At the moment, the maximum
simulated stress in the structure is 1.5 GPa, which is still
far below the yield strength of SiN (~6 GPa). Higher
stress can also be achieved through an overall longer
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beam, while at the same time allowing for more adiabatic
chirping in the geometry, which would further reduce
mechanical losses. Combining these approaches should
allow us to reach the quantum ground state. In particular,
moderately increasing the mechanical quality factor to
Q,, ~ 1 x 108, would lead to an increase of I'yeas/(Tin/8)
to 0.06 and the phonon number could be reduced to six.
Together with a reasonable reduction of the gap to 100 nm
and a small increase of the cavity photon number to 200,
a phonon occupation around three will be achievable.
Further improvements in Q,, to =7 x 10% [20,23] will
finally enable phonon numbers below unity starting from
room temperature.

In summary, we have designed and fabricated a novel,
fully integrated optomechanical system, featuring a fish-
bonelike photonic and phononic structure, with a Q,, =
2.73 x 107 of an in-plane mechanical mode combined with
a large optomechanical coupling rate of g, = 237 kHz. We
use this device to demonstrate active-feedback cooling
close to the quantum ground state of motion, starting from
room temperature. By tuning the FPGA-based feedback
filter, we stabilize spurious modes that strongly couple to
the optics, allowing us to reach an effective mode temper-
ature of 1.2 mK, corresponding to less than 27 phonons.
Further improvements in the noise performance of our
setup, together with enhancements of Q,, and optomechan-
ical coupling, should allow for these structures to be cooled
fully into their ground state, which will enable mechanical
quantum experiments at ambient temperatures. In addition,
the simplicity in fabrication of our devices, consisting of a
single-SiN layer on chip only, combined with their fully
integrated on-chip character, makes them ideal candidates
for quantum sensing applications [7,25].
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