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We present an oscillating micromirror with mechanical quality factors Q up to 1.2 × 106 at cryogenic
temperature and optical losses lower than 20 ppm. The device is specifically designed to ease the detection
of ponderomotive squeezing (or, more generally, to produce a cavity quantum optomechanical system) at
frequencies of about 100 kHz. The design allows one to keep under control both the structural loss in the
optical coating and the mechanical energy leakage through the support. The comparison between devices
with different shapes shows that the residual mechanical loss at 4.2 K is equally contributed by the intrinsic
loss of the silicon substrate and of the coating, while at higher temperatures the dominant loss mechanism is
thermoelasticity in the substrate. As the modal response of the device is tailored for its use in optical
cavities, these features make the device very promising for quantum-optics experiments.
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I. INTRODUCTION

The research in cavity optomechanics [1] has been
gathering a lot of momentum during the last couple of
years, driven by the first observation of quantum phe-
nomena. We mention, in particular, nonclassical behavior
of optically cooled nanomechanical oscillators [2–8],
radiation-pressure shot noise on a macroscopic object [9],
and ponderomotive light squeezing [10–12]. Besides its
indubitable interest for fundamental research (in particular,
for exploring the classical-to-quantum border), this quantum
breakthrough is opening the way to integrated systems
implementing quantum measurements in sensing devices
(e.g., for high-sensitivity detection of position, accelera-
tion, force, mass, etc.) [13], as well as to the use of
optomechanics in quantum interconnects [14–16] and
quantum memories [17].
Beyond the first achievements, research work aiming to

improve and extend the existing platforms is particularly
important, in view of possible applications. In fact, low-
frequency squeezing could be useful for improving the
sensitivity of audio-frequency measuring devices such as

magnetic-resonance force microscopes [18]. We remark
that, in recent pioneering works, the injection of squeezed
light generated by an optical parametric oscillator has been
successfully employed to operate gravitational-wave detec-
tors beyond the quantum shot-noise limit in the frequency
region down to 150 Hz [19,20]. However, meaningful
ponderomotive squeezing has been obtained in the MHz
range [11,12] and is much more difficult to achieve at
lower frequencies, due to detrimental effects from various
sources of technical noise [10], so that the research must be
supported by the development of dedicated devices. In this
article, we present a silicon-based micro-oscillator with
high-reflectivity coatings, to be used as an end mirror in an
optical cavity. Our purpose is to produce a device capable
of generating radiation squeezing and quantum correlations
in the ∼100-kHz region, and characterized by high repro-
ducibility to allow inclusion in integrated systems.
From the beginning, the development of this system

requires the meeting of conflicting requirements, and
several prototypes were built to evaluate the effectiveness
and the feasibility of specific solutions. Actually, our
previous generation devices allowed us to demonstrate
useful physical effects, such as frequency-noise cancella-
tion [21], parametric modulation and stabilization of the*bonaldi@science.unitn.it
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optical spring [22], and optimal filtering and detection [23].
However, in spite of the continuous progress [24,25], the
system’s quality factor is still far from optimal, and they
showed residual coupling with the wafer modes, energy
leakage through the supporting structure (clamping losses),
and performance strongly affected by the supporting
system. On the contrary, the device presented here solves
all technical issues specifically related to the device.
Thanks to an integrated nodal suspension, a quality factor
up to 1.2 × 106 is reliably obtained at cryogenic temper-
atures together with optical losses lower than 20 ppm. A set
of measurements with different devices in the temperature
range 4–300 K allows us to distinguish the main causes
of the residual dissipation and confirms the assumptions
and simulations at the base of the design. Therefore, the
device represents our ultimate candidate for quantum
measurements in this frequency band.
In Sec. II, we set the technical requirements and in

Sec. III we describe the guidelines of the design process.
We describe in some detail the dissipative phenomena at
work in this type of oscillator, using the engineering point
of view, where each dissipative phenomenon must be
simply controlled, and we refer to the literature for the
fundamental aspects. In some cases, as a comparison, we
describe results obtained with nonoptimal oscillators,
which are useful for understanding the necessity of the
currently adopted solutions. Given that the actual obser-
vation of quantum optomechanical effects critically
depends on a number of parameters of the whole exper-
imental configuration, we deal also with aspects related to
the integration of the device with the optical system used to
generate and detect light, including the thermal design of
the system and the dynamic effect of the integrated seismic
isolation. In Sec. IV, we summarize the microfabrication of
the devices, with a focus on the procedure needed to
integrate the optical coating in the microelectromechanical
systems (MEMS) fabrication process. In Sec. V, we
describe the experimental characterization of the device.

II. MAIN REQUIREMENTS

A. Noise balance

We assume that the oscillating micromirror, with effec-
tive mass M, angular frequency Ωm, and quality factor Q,
works as an end mirror in an optical Fabry-Perot cavity
operating at temperature T. Some fundamental require-
ments for the oscillator may be obtained by comparing the
power spectral density (PSD) of the radiation-pressure
noise with the PSD of the thermal noise. As a general
criterion, we require that the radiation-pressure-force noise
due to quantum fluctuations must dominate over the
thermal equivalent force noise [26,27],
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where T and L are the input mirror intensity transmission
and the cavity losses, respectively, the finesse is defined as
F ¼ 2π=ðT þ LÞ, ωL is the angular frequency of the laser,
and Pin its input power. This relation is valid in the
experimental configuration of bad cavity (cavity linewidth
much larger than the mechanical oscillation frequency) and
for vanishing detuning.
Equation (1) gives an order-of-magnitude estimate of

the regime where the generation of squeezed light can be
obtained as a result of the quantum optomechanical
correlations between field quadratures. Focusing on the
right-hand side, we see that the thermal noise should be
minimized by reducing the effective mass of the resonator,
its frequency, and by enhancing the quality factorQ; a base
temperature as low as possible is highly recommended.
From the left-hand side, we see that F should be enhanced
together with the laser input power Pin, provided that the
device is capable of dissipating the resulting power with a
tolerable temperature increase (see Sec. III E).

B. Optical losses

There are three main contributions to optical losses: first,
coating defects (such as roughness and inhomogeneity)
scatter the light, thus leading to the attenuation of the
reflected power; second, the coating partially absorbs the
impinging light; and third, the finite size of the mirror gives
rise to absorption and diffraction of the beam fraction that
hits the device out of the coated part. The scatter loss can be
related to the rms roughness of the surface through the total
integrated scatter, that is, the ratio of the integrated scatter
power to the reflected specular power, evaluated from
Davies’s formula [28,29],

L ¼ AþDþ
�
4π

λ0

�
2

σ2; ð2Þ

where λ0 is the wavelength (for our Nd∶YAG laser
λ0 ¼ 1064 nm), A and D are the contributions to the total
optical losses of absorption and diffraction due to finite
mirror size, respectively, and σ2 ¼ R

WðrÞdðrÞd2r. Here
dðrÞ stands for the differences between the mirror surface
and the ellipsoidal best-interpolated surface; WðrÞ is the
Gaussian weight corresponding to the laser-beam intensity
on the mirror,WðrÞ ¼ ð2=πw2

0Þ expð−2r2=w2
0Þ, with w0 the

waist of the Gaussian beam.
This equation sets the constraint on the roughness of the

wafer according to the desired cavity specifications. We
assume a laser waist of ∼50 μm and require loss L lower
than ≤ 20 ppm. If the mirror has a diameter of at least
250 μm, corresponding to 5 to 6 times the laser waist,
diffraction losses are negligible (D < 1 ppm) and a rms
roughness lower than 0.5 nm is necessary.

C. Squeezed-light generation

Given that essential technological requirements for
this device are low optical and mechanical losses, more
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complete calculations are necessary to determine if
ponderomotive squeezing (and similar quantum effects)
can be produced and revealed [30]. We perform these
calculations using a quantum Langevin model (described,
e.g., in Ref. [21]), with the parameters measured in the
present work: Ωm=ð2πÞ ¼ 140 kHz, M ¼ 2.3 × 10−7 kg,
Q ¼ 1.2 × 106, T ¼ 100 ppm, L ¼ 40 ppm, cavity length
1 mm, Pin ¼ 10 mW, T ¼ 4.5 K, relative intensity noise
ðRINÞ ¼ −167 dB, laser frequency noise 1 Hz2=Hz,
and background displacement noise 8 × 10−35 m2=Hz. A
meaningful squeezing seems indeed attainable with an
input laser power of 10 mW (and an intracavity power
of 200 W), as shown in Fig. 1. Here, the radiation noise
falls below its standard quantum level in a frequency range
around the bare mechanical resonance (at Ω ¼ Ωm), thanks
to the cancellation of the background noise [21], even for
relatively large (and therefore less critical) values of laser
detuning (δ ¼ −0.03) and detection phase (50 mrad). We
note that, with these parameters, the general criterion given
in Eq. (1) shows that the radiation-pressure-force noise is
about 1.6 times the thermal equivalent force noise.
A crucial issue for a realistic assessment of the exper-

imental conditions is the system stability, that must be
evaluated taking into account the combined photothermal
and ponderomotive effects [31,32]. For the parameters
under consideration, the system is stable in the whole
region of negative δ, where δ is the laser detuning
normalized to the cavity half-linewidth. For intracavity
power of ∼300 W, a null-width instability region appears at

δ ¼ −0.575. It becomes wider at increasing power, but at
800 W the system is still stable for −0.1 < δ < 0.
As for the laser noise, we consider a frequency noise of

1 Hz2=Hz (a conservative value according to our measure-
ments) and a relative intensity noise of −167 dB. The latter
is the RIN level that we obtain with an external noise eater,
based on an electro-optic modulator and a polarizer [33],
from the initial RIN of −140 dB. At 10 mW, the Mandel
parameter [34] is 0.5.

III. DESIGN RATIONALE

As we have seen in the previous section, a high finesse
(and therefore high mirror reflectivity) is needed to maxi-
mize the force per incoming photon exerted by the cavity
field on the mechanical element. A high mechanical quality
factor is useful to improve the element’s response to the
radiation-pressure force and, at the same time, to decrease
the influence of the thermal bath.
These requirements are quite common in the design of

precision instruments, and general strategies have been
developed in the past to control optical [35] and mechanical
losses [36]. As for optical microsystems, several groups
have indeed explored designs of micromirrors oscillating in
the range of frequencies we are considering [37–40]. In all
cases, it is evident that it is very difficult to satisfy, at the
same time, all the technological requirements necessary for
the observation of quantum effects. On the basis of what we
observed in our previous series of oscillators, the main
problems came from the mechanical side of the system.

FIG. 1. Left panel: calculated noise spectrum of the radiation reflected by the optomechanical cavity, normalized to its shot-noise level,
for a laser detuning δ ¼ −0.03. The detection phase is 50 mrad and the physical parameters are those measured in the present work. The
solid line shows the total noise; the other lines distinguish the different contributions: frequency noise and background displacement noise
(green dashed line), thermal noise (red dotted line), vacuum noise (blue dash-double-dotted line), laser-amplitude quantum noise (green
dash-dotted line), and excess laser-amplitude noise (olive dash-double dotted line). The radiation noise falls below its standard quantum
level around the bare mechanical resonance (atΩ ¼ Ωm). Right panel: enlarged view. The different curves from yellow to red correspond to
steps of 1 mrad in the detection phase, keeping constant all other parameters, and show that some uncertainty or fluctuations in the detection
phase are acceptable. The black solid curve shows the maximum quantum noise reduction achievable as the detection phase is optimized at
each frequency. The detection phase necessary to obtain such optimum squeezing curves is shown in the phase graph, where a red dot
marks the value used for the curves in the left panel, while allowing the lowest achievable noise level of 0.51.
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A. Material selection

It is well known that large single-crystal silicon mechani-
cal resonators (10 × 10 × 10 cm3) can show loss angles as
small as Q−1 ¼ 10−9 at liquid-helium temperatures. For
smaller systems, this figure reduces with the characteristic
size [41], due to the intrinsic dissipation mechanisms
characterizing microscopic structures at low temperature.
Therefore, for a device with a characteristic size of about
100 μm, it is possible to obtain the needed loss angle of
Q−1 ¼ 10−6 [42].
Further advantages of silicon are the negligible thermo-

elastic dissipation at low temperature, and a high thermal
conductivity, which allows one to easily cope with the
problem of power handling. This is combined with
the wide availability of high-quality crystal wafers and
of well-proven process technologies.
With regard to the optical coating, we decided to use a

Bragg reflector of alternate Ta2O5=SiO2 quarter-wave
coating layers (see also Sec. IV). This coating can reach
optical losses as low as a few ppm, but it is quite lossy from
the mechanical point of view. The main challenges of the
proposed device are the integration of the optical coating
within a MEMS production process and the development of
a design which allows us to preserve high mechanical
quality factors.

B. Coating mechanical-loss control

The structural dissipation is directly related to the
imaginary part of Young’s modulus in a material, and a
loss angle of about ϕc ¼ 5 × 10−4, independent from the
temperature, is expected for the high-reflectivity coating
layer [43]. Consequently, the quality factor of a resonator
engraved entirely from the coating layer would be not
greater than a few thousand. In fact, for each resonant
mode, the loss angle can be written as ϕt ¼ ΔWt=2πWt,
where Wt is the energy stored in the resonant mode and
ΔWt is the total energy loss per oscillation cycle. The
quality factor of the mode is simply Qt ¼ ϕ−1

t . When the
resonator is made by different materials, the energy dis-
sipation is determined by a combination of various mech-
anisms which dominate in each subsystem of the oscillator.
Because rigidly moving parts do not dissipate strain energy,
the total loss is given by the sum of the loss angle of each
subsystem, weighted by the corresponding strain-energy
ratio. In our case, with a silicon spring and a coated mirror,

Q−1
t ¼ ϕs

Ws

Wt
þ ϕc

Wc

Wt
; ð3Þ

whereWs andWc are the strain energy stored in the silicon
and in the coating, respectively. According to this relation,
the loss due to the coating can be reduced if the associated
strain energy is made negligible with respect to the total
energy of the resonator. For this reason, in our resonators,
the mirror is positioned on a part moving as rigidly as

possible, to reduce the strain energy stored in the coating
layer [24]. As shown in Fig. 2(a), the central mirror is
supported by a structure made of alternating torsional and
flexural springs. This allows a vertical oscillatory motion
with minimal deformation during the displacement. In
contrast, when the mirror is supported by standard radial
flexural springs [Fig. 2(b)], the bending of the flexural
members induces comparable bending in the central disk.
In this case, the deformation during the motion is about 1
order of magnitude higher.
The energy ratios for each modal shape can be easily

evaluated by a finite-element (FE) study; therefore, the
resulting total loss can be predicted from the loss angle of
the coating and of the silicon substrate. Typical agreement
of this procedure with experimental data is 20% [24]. Given
the diameter of the mirror needed to obtain the required
cavity finesse, the mechanical micro-oscillators are con-
ceived to confine the high-reflectivity coating on a part
moving as rigidly as possible. We tested the effectiveness
of this design procedure in a previous version of the
optomechanical devices [25].

C. Isolation wheel and nodal suspension

The performance of resonant devices is often affected by
poor experimental reproducibility of the mechanical losses.
These can depend not only on the intrinsic characteristics
of the oscillator or its environment, but also on the specific
clamping method used to attach the resonator to the
support. In fact, with some resonator designs, the maximum

FIG. 2. Modal shape of the fundamental mechanical mode of
two devices. The central red circle indicates the area covered with
the reflective coating. The amplitude of the displacement is
exaggerated for clarity. (a) Low-deformation mirror design: the
structure made of alternating torsional and flexural springs
allows an almost rigid vertical displacement of the coated area.
(b) Standard design [24]: radial flexural springs induce a
significant bending in the disk.
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strain of the vibrational mode can arise at the clamping
zone. As a result, a large fraction of the total elastic energy
is located there and is dissipated in the sample holder.
This originates an additional contribution to the loss of
the vibrational mode which commonly overwhelms the
internal losses.
To allow a predictive approach to the problem, we

incorporate a filtering structure in the microfabricated
device. This choice allows a comprehensive finite-element
study of the system and this enables setting the minimal
features of the on-chip isolation stages needed to make
irrelevant (from the mechanical point of view) the charac-
teristics of the external sample holder used to construct the
cavity. This analysis reveals the effect of the vibrational
shell modes of the silicon chip supporting the device. These
modes, densely distributed in frequency, can very easily
form hybrid modes with the optomechanical resonator
and facilitate vibrational energy transfer toward the sample
holder [25]. A second major issue is the recoil force
required to balance the movement of the mirror, which
is ultimately supported by the outer support, and then
provides another channel for energy loss.
In Figs. 3(a) and 3(b), we show the drawing and some

SEM details of a typical sample. The resonator is formed by
the central mirror, covered by the optical coating, sus-
pended by the elastic structure. The fabrication process is
described in Sec. IV. As shown in Fig. 3(c), we can define

three main subsystems in the mechanical structure of the
device:
(1) the main oscillator engraved from the device layer of

the SOI wafer. It is formed by the central mirror, the
elastic structure that allows movement while main-
taining low deformation of the coating layer, and
four counterweights;

(2) a massive inner frame obtained from the full thick-
ness of the SOI wafer. This part acts both as nodal
support for the main oscillator and as a seismic
isolation stage; and

(3) an outer suspended frame, mainly acting as an
isolation stage from wafer and holder modes.

The double-frame geometry works as a cascaded reso-
nant low-pass mechanical filter system with poles at about
30 and 60 kHz. In addition, the structure entails a vibra-
tional mode that greatly reduces the energy leakage from
the main oscillator toward the outer frame and then the
supporting wafer. In fact, for the main oscillator mode
shown in Fig. 3(d), the motion of the mirror is balanced by
the motion of the counterweights. As a result, the total
recoil on the inner frame is virtually zero and the outer
frame does not take part in the motion at all. We are actually
dealing with a nodal suspension, a design technique
capable of reaching the highest level of isolation presented
in the literature [44–46]. We remark that, despite the
complexity of the structure, the main oscillator mode

FIG. 3. Computer-aided design drawings and SEM details of two optomechanical oscillators, with resonant frequency of the main
mode at 117 kHz and 150 kHz. (a) Front side, with the elastic structure etched in the device layer, and the circular mirror deposited over
the central disk. (b) Back side of the second oscillator with the circular frame etched in the handle layer. (c) Main functional parts of the
device. (d) Modal shape of the main oscillator mode: the motion of the mirror is balanced by the counterweights. (e) Modal shape of
the antibalanced mode: the mirror and the counterweights move in phase. The contour plots show relative values of stress intensity in the
structure, from zero (gray) to the maximum value (red) for each modal shape.

LOW-LOSS OPTOMECHANICAL OSCILLATOR FOR … PHYS. REV. APPLIED 3, 054009 (2015)

054009-5



represents the first mode of the device, after the low-
frequency modes of the isolation stages that exhibit a much
higher effective mass.
The proper operation of the system is guaranteed by an

accurate balancing of the counterweights, calculated by the
use of specially developed FE tools. In Fig. 4, we show
the ratio between displacements of the outer frame and of
the mirror, evaluated for the main resonator mode as a
function of the length of the counterweights. The case of
zero-length counterweights is equivalent to the unbalanced
old version of the device, where clamping loss limits the
quality factor to Q≃ 105. The counterweight length from
366 μm to 379 μm (well within the resolution of the
microfabrication) reduces by 1 order of magnitude the
displacement ratio seen in the unbalanced case, with a
correspondent 100-fold reduction of the energy stored in
the outer frame during the motion and a similar reduction of
clamping loss. The resulting total mass of the counter-
weights is about 10−7 kg, similar to the mass of the mirror.
We point out that the weight of the optical coating, about
3 × 10−9 kg, also must be considered in the balancing
procedure. As shown in Fig. 4, an oscillator with a bare

mirror would be optimally balanced with a counterweight
about 8 μm shorter.

D. Effects of low-frequency modes

In an ideal optical apparatus, the cavity length varies
only for the oscillations of the microresonator in its
fundamental mode. Actually, the length of the cavity is
also modulated by the internal modes of the support
structure and of the input mirror, as well as by the spurious
modes of the device. For this reason, strictly resonator-
specific requirements (optical losses, mechanical losses, or
conductivity of the materials used) are not sufficient to
predict the behavior of an oscillator when inserted in the
experimental apparatus. The overall behavior of the system
is determined from the whole modal spectrum of the
device, since each of the normal modes in the system
contributes to the optomechanical transfer function of the
system and is driven by thermal forces and environmental
vibrations.
When a mechanical mode is outside the bandwidth of the

lock circuit used at to stabilize the laser to the cavity
resonance [the Pound-Drever-Hall (PDH) loop], its rms
vibration must not exceed the cavity’s dynamic range.
Therefore, as a minimal stability requirement, we ask that
the rms mechanical noise is well below the resonator
linewidth; in our case, λ0=ð4F Þ≃ 2 × 10−12 m. This con-
dition can be easily matched in the case of thermal noise. In
fact, the variance of the displacement contributed by each
mode coupled to the cavity length is determined by the
equipartition principle as hx2iLF ¼ kBT=ðM0Ω2

0Þ, whereM0

is the effective mass [47] and Ω0 is the resonant frequency.
Given the mass and the frequency of the outer filter mode,
we expect a total noise contribution of about 3 × 10−14 m at
room temperature. On the other hand, with regard to the
environmental vibrational noise, a white acceleration-noise
spectra of amplitude 2a20 induces a vibrational noise with
variance proportional to the quality factor of the mode,

hx2ia ¼ a20
Q
2Ω3

0

; ð4Þ

that sets to about 10−6 ms−2=
ffiffiffiffiffiffi
Hz

p
the admissible accel-

eration-noise spectral density at the frequency of the outer
filter. This requirement on the vibrational-noise level can be
met through the use of evacuated enclosures on top of
isolated optical tables. On the other hand, if the experiment is
performed in a cryogenic environment, the additional
vibrations induced by the cooling system can easily exceed
this limit.
A second point must be taken into account when

inserting filter modes at low frequency. In fact, in the
standard model for the cavity dynamics, the sign of the
damping rate is determined by the detuning of the input
field and, in particular, it is the same for every normal mode
of the specific structure, despite their different coupling

FIG. 4. The balancing procedure calculated by the FE method,
giving the ratio of the amplitudes Dr ¼ zf=zm (area average) for
the modal shape of interest. A small value ofDr indicates that the
modal shape remains confined within the inner frame, reducing
energy leakage toward the environment. (a) Section of the device.
(b) Plot of the curves used to set the counterweights length L
needed to balance the main oscillator mode. Red (solid) line
represents the balance curve for the complete device; the light-
gray band highlights the value of L for which Dr < 10−4. Blue
(dashed) line shows the balance curve for the device without
optical coating.
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strengths. When the cavity-locking system is included in
the model, this is no longer true, and the most notable
consequence is dramatically changing the landscape of the
instability region. In this respect, we mention another class
of silicon microresonators, where requirements on losses
are satisfied thanks to the use high-order torsional modes
[48,49]. However, the presence of lower-order modes
makes these systems unsuitable for the use in high-finesse
optical cavities, due to the onset of complex dynamical
instabilities [50]. A thorough discussion of the dynamics of
a multimodal optomechanical system goes beyond the
scope of this paper, and we only note that the introduction
of on-chip seismic isolation forces us to consider the effect
of some fixed and reproducible isolation mode, with the
advantage of isolating the system from poorly reproducible
modes of the wafer and of the sample holder. Here,
we summarize some general design guidelines that result
in a stable system up to the needed optical power (as
demonstrated by the results shown in Sec. V):
(1) the main frequency mode of the resonator should be

well separated (tens of kHz) from other internal
modes of the silicon structure;

(2) the isolation modes should have equivalent mass
orders of magnitude larger than the equivalent mass
of the mirror; and

(3) the frequencies of the isolation modes should be
placed at the same time well below the mirror’s
mode and well over the bandwidth of the PDH loop.

E. Power handling

We show that, to allow the detection of quantum
optomechanical effects in the cavity dynamics, one must
work at cryogenic temperature and, at the same time, must
enhance the optomechanical coupling by the use of an
intracavity power of about 200 W. To ensure the thermal
stability of the system, we assess by FE simulation the
efficiency of the device for dissipation of the heat produced
by the fraction of light power absorbed by the mirror.
The absorbed power in a resonant Fabry-Perot cavity is
ð4T =ðT þ LÞ2ÞAPin. Typically, in our experiments, we
measure A ≈ 4 ppm [51], L ≤ 40 ppm, and we consider
T ≈ 100 ppm. With these figures, in our cavity, an
absorption of 1 mW implies an input power as large as
12 mW, with 250 Wof intracavity power. These parameters
are also used to evaluate the noise budget shown in Fig. 1
and satisfy the general criterion given in Eq. (1).
We calculate the temperature distribution in a typical

device when the background is kept at liquid-helium
temperature and when 1 mW of laser power is absorbed
by the mirror. The steady-state thermal simulation (Fig. 5)
shows that the oscillator remains at 4.3 K, thanks to its
relatively large thickness and to the high thermal conduc-
tivity of silicon [52]. Moreover, the temperature is fairly
homogeneous within the oscillators, with a maximal
temperature spread of about 0.1 K.

From this result, it is clear that, from the thermal point of
view, even a larger dissipated power could be properly
managed at liquid-helium temperature. We remark that
typical thermal-conductivity values for high-purity-silicon
crystals at 4.2 K is well above 100 W=ðKmÞ, but this figure
drops by many orders of magnitude at ultracryogenic
temperatures. Moreover, geometrical effects could further
reduce the thermal conductivity of the structure at low
temperatures. The useful working range of our devices is
therefore limited to temperatures well above 1 K, if a
substantial optical power is required.

IV. MICROFABRICATION

The process developed for the fabrication allows
one to integrate a high-reflectivity optical coating in a
micromachined silicon oscillator. We briefly summarize
the fabrication procedure, referring to specific technical
publications for the details of the process.
We built 12 different versions of the design, resonating in

the range 100–200 kHz and with equivalent masses of
1–4 × 10−7 kg. The diameter of the mirrors ranges from
400 to 620 μm and allows negligible diffraction losses even
in noncritical cavities (i.e., without being obliged to an
ultrashort or a near-hemispherical configuration). For the
microfabrication, we used silicon on insulator (SOI) wafers
made of a 70� 1 μm h100i-device layer and 400� 5 μm-
thick handle wafer [Fig. 6(a)]. Wafers are high-purity
floating-zone phosphorus-doped with a resistivity value
greater than 1 kΩ cm. The rms surface roughness of the
device layer is about 0.5 nm, measured over an area of
100 × 100 μm2. The fabrication exploits MEMS bulk
micromachining by deep-reaction ion etching (DRIE)
and through wafer two-side processing [53]. The sus-
pended resonating part is derived from the device layer

FIG. 5. Simulated temperature distribution on the microreso-
nator shown in Fig. 3(a). The temperature background is fixed at
4.2 K (liquid-helium temperature) and an absorbed power of
1 mW is applied on a circular surface of diameter 0.1 mm at the
center of the mirror.
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of the SOI wafer, while filters are fabricated from the full
wafer thickness. The buried oxide layer that separates the
device layer from the handle wafer is 1� 0.5 μm thick
and used as an etch stop layer for the two-side DRIE
process.
The optical coating is deposited on the wafer before the

silicon micromachining [Fig. 6(b)]. The high-reflective-
coating deposition is done at the ATFilms-IDEX facility.
The mirror is a Bragg reflector of 38 alternate Ta2O5=SiO2

quarter-wave coating layers for a total thickness of 5.9 μm,
deposited by ion beam sputtering. The shape of the mirrors
is defined by a lift-off procedure: the resist is removed by a
hot acetone solution and the coating is stabilized by
annealing at 430 °C. The nominal coating reflectivity at
1064 nm is 99.9995%. No variations from the native
roughness are observed in the wafer after this process step.
The optical coating is then covered by a layer of pure Al
deposited at low temperature, an additional resist layer is
applied by spin coating [Fig. 6(c)]. This protection layer is
patterned to define the front side of the structure in the
following DRIE step [Fig. 6(d)], where the buried oxide is
used as stop-etch layer. The mechanical structures in the
handle layer are then obtained by a single DRIE step on the
back of the wafer. A standard alignment procedure is
applied to guarantee proper matching of the two side
process.
We point out that DRIE is a critical step in the micro-

fabrication of high-aspect-ratio structures. The etching
recipe must be carefully calibrated to avoid (1) local
etch-rate variations (e.g., when a large feature has a greater
depth than an adjacent small feature), (2) systematic
variation of etch rate across the wafer, and (3) formation

of residue silicon spikes. At the end of the DRIE process,
the wafers are first cleaned from resist residues by oxygen
plasma and a HNO3 solution, then the buried oxide layers
are removed by a BHF solution. As a last step, the protection
Al layer is etched and the wafers are cleaned in water.

V. EXPERIMENTAL RESULTS

A. Vibration spectrum

In Fig. 7, we show the vibration spectrum of the
oscillator at room temperature, acquired with a 1-mm-long
Fabry-Perot cavity with the micromirror as an end reflector,
using the phase-modulation technique with a weak probe
beam [53]. The cavity is ideally sensitive only to displace-
ments of the mirror along its axis (zm in Fig. 4), although a
sensitivity to rotations around the x or y axis (rocking
modes) is induced when the laser beam is not perfectly
centered on the mirror. The experimental curve shows the
low-frequency filter mode at 24 kHz and a noisy region
around 75 kHz, corresponding to coupled vibrations of the
filtering frames. The oscillator modes, balanced [Fig. 3(d)]
and antibalanced [Fig. 3(e)], are at 141 and 181 kHz,
respectively. The noise floor of the cavity readout is
measured with a fixed mirror mounted in place of the
device, and it is shown as a gray band in Fig. 7; it ranges
from 10−33 to 10−34 m2=Hz, depending on frequency. We
show also the expected thermal-noise spectrum evaluated
by a FE study. In the simulation, we assign to the oscillator
a loss angle 2 × 10−5 (Q≃ 5 × 104), determined by
thermoelastic loss in silicon at room temperature [36].
The energy loss through the clamping system is modeled
by assigning a loss angle 10−3 to the filter modes,

FIG. 6. (a) Initial SOI wafer. (b) Optical coating deposition and
lift-off. (c) Protection and masking of the mirror. (d) DRIE step to
obtain front-side structure.

FIG. 7. Noise power spectral density (PSD) of the cavity output
at room temperature. Red curve: experimental data. Black line:
expected displacement thermal-noise spectrum evaluated by FE
simulation. Light-gray shaded region: noise floor of the cavity
readout. The letters identify the main features of the noise spectrum
of the device. (a) Low-frequency filter mode; (b) coupled vibra-
tions of the filtering frames (a centered laser beam and ideal
constraints are used in the simulation, therefore, the sensitivity to
rocking modes is greatly reduced in the FE curve); (c) main
oscillator mode; and (d) antibalanced oscillator mode.
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corresponding to a much lower quality factor Q≃ 103.
With this choice, the agreement with the experimental data
is, however, only qualitative for the filter modes. In fact, the
model does not account for the details of energy transfer
between the filters and the clamping system, nor for the
thermal vibration of the sample holder and the input mirror.
Moreover, the filters are obviously driven by the acoustic
and vibrational noise in the laboratory. We observe instead
that the vibration spectrum of the oscillator mode, thanks to
the low-pass filters and to the nodal suspension, is in good
agreement with the FE predictions for a system subject only
to thermal forcing. These findings underline that an
effective mechanical isolation is useful both to reduce
vibrational noise and to improve the quality factor of an
oscillator.
Figure 7 also highlights a further important feature of

the device, namely that in the low-frequency range (up to
the main oscillator mode) only the filters’ vibration modes
are present. Given that these modes are about 100 times
heavier than the main oscillator mode, they do not affect
significantly the cavity stability region [50] and allow one
to reach the sensitivity floor at the oscillator frequency. The
possibility to operate in a high-finesse cavity with relevant
input power is demonstrated by the spectra in Fig. 8. Here
T ≃ 300 ppm and the cavity is strongly overcoupled
(F ≃ 18 000, L≃ 40 ppm). An additional strong beam,
weakly detuned, modifies the resonance frequency and
width of the oscillator main mode by optomechanical
coupling. The input power of 20 mW gives an intracavity
power of 210 W, and the system maintains excellent
stability. The offset of the fitting Lorentzian curves gives
a noise floor of 8 × 10−35 m2=Hz. We note that this
configuration is not optimized for the observation of
ponderomotive squeezing, which is instead favored by
an input mirror with T ≃ 100 ppm and 10 mW input
power, as described in Sec. II C and Sec. III E.

B. Mechanical-loss measurement

The mechanical characterization is performed in a
cryostat, operating in the full range 4.2–300 K. To avoid
optical cooling effects from the cavity setup, we use a
Michelson interferometer to characterize the oscillators,
measuring the decay time after a strong resonant excitation
of the support with a piezoelectric crystal. In Fig. 9, we
show the loss angle of the main oscillator mode as a
function of the temperature. Recall that the total loss angle
(equivalent to 1=Q) is simply the sum of all losses effective
in the elastic structure, and its evaluation allows one to
distinguish in the experimental data the typical features of
dissipative effects acting in the system.
It is apparent that the performance of the oscillator is

much improved from the previous version of the device.
Indeed, the results of the loss measurements are very
scattered in samples without counterweights, depending
on the details of the clamping used in the experiment.
The best result obtained at 4.2 K with a complete device
(two low-pass filters with counterweights) is a loss angle
ϕ≃ 8.3 × 10−7 (Q≃ 1.2 × 106). This value is more than 1
order of magnitude better than in our previous design [25],
and is fully within the requirements for the detection of
quantum effects with our apparatus. We also remark that
test samples with nodal suspension, but lacking the external
filtering wheel (not represented in the figure), exhibit loss
angles higher by roughly a factor of 2. Therefore, only the
complete device allows one to achieve the best perfor-
mance. Moreover, it is worth noting that the reduction of
the loss from the clamping and from the coating layer
allows the observation of the thermoelastic loss in the
silicon structure, as demonstrated by the presence of the
typical dip at 124 K (where the coefficient of thermal
expansion of silicon drops to zero).
The performance of a test device optimized without

optical coating allows us to estimate the ultimate potential

FIG. 8. Noise PSD of the main oscillator mode at room
temperature, in the regime of high intracavity power. With
respect to Fig. 7, here the device has higher oscillation frequen-
cies. Violet dots indicate a weak probe beam. Orange dots denote
an additional beam, of input power Pin ¼ 20 mW. Black lines
show Lorentzian fitting functions.

FIG. 9. Loss angle of a complete device (two low-pass filters
with counterweights) and a test device without coating. Samples
without nodal suspension (one low-pass filter) correspond to an
old version of the device [25]. Thermoelastic loss nulls at 124 K
(dashed vertical line) and originates a dip in the loss angle.
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and the effectiveness of this technological platform. It
achieves the best performance with a loss of 3.6 × 10−7
(Q ¼ 2.8 × 106) at 4.2 K. Also, in this case, the thermo-
elastic-loss dip is clearly visible in the temperature-
dependent data. From the comparison with the complete
device, we can roughly [54] estimate as 5 × 10−7 the loss
contributed by the structural dissipation in the optical
coating. This value is much lower than the typical loss
angle in the coating, that is around 6 × 10−4 [24,43], and
confirms the efficiency of the low-deformation mirror
design.
Useful information can also be gathered from the study

of the antibalanced mode [Fig. 3(e)], resonating at a
frequency about 15% higher than the main mode.
Actually, in the antibalanced mode, the mirror and the
counterweights move in phase, eliminating the effective-
ness of the nodal support. In this case, we measure a loss
angle about 1 order of magnitude higher than in the
corresponding balanced mode, with large variations typical
of the phenomenon of clamping loss.
We summarize in Table I the experimental parameters of

the optomechanical device. The results are consistent with
the overall trend of the size dependence of loss in bare
silicon micro- or nanomechanical oscillators [42], and
confirm the effectiveness of the strategies employed to
get rid of clamping loss and to integrate a lossy functional
component (optical coating) in a low-loss mechanical
oscillator.

VI. DISCUSSION AND CONCLUSIONS

According to the estimate shown in Sec. II C, the
integration of the devices described in this paper in a properly
designed optical system operating at cryogenic temperatures
can allow similar squeezing levels to that achieved in a
system based on a silicon nitride (SiN) resonant membrane
[12]. In addition, the data reported in Table I make it possible
to evaluate the performance of the device for different
optomechanical tasks and to compare with other experimen-
tal approaches reviewed in Ref. [1]. For instance, given

that full coherence over one mechanical period is obtained
when Qf > kBT=ð2πℏÞ, we note that our devices fulfill the
minimum requirement for quantum optomechanics at cryo-
genic temperature, whereQf > 8 × 1010. On the other hand,
expected performance in experiments on single photons and
phonons are limited, given the relatively high mass of the
oscillating mirror. This is also evident from the low value
of g0=κ.
With respect to the resonators based on stressed silicon

membranes [55], we note that membranes reach quality
factors up to 107 even at room temperature and have the
advantage of being very light. However, in view of possible
applications at frequencies below 100 kHz, it is not easy to
reduce their frequency without losing the beneficial effects
of internal stress on the quality factor. It must be also noted
that these membranes are strongly coupled with their
supporting frame, and lower-order modes display a consid-
erable sensitivity of the quality factor from chip-mounting
conditions [56].
In conclusion, we design, realize, and characterize

micro-optomechanical systems conceived to work in the
∼100 kHz range. The structure includes several particular
features, such as structured beams, filtering stages, and in
particular nodal suspensions obtained by balanced counter-
weights. The resulting mechanical performance achieves
the intrinsic limit of silicon dissipation, thus getting rid of
mechanical losses induced by the clamping and by the
high-reflectivity dielectric coating. The mechanical sus-
ceptibility of the device is tailored for its use in optical
cavities with high intracavity power, and its thermal design
allows the simultaneous cooling of the system down to
liquid-helium temperatures.
Thanks to the fabrication procedure (fully including the

coating deposition), the devices are particularly suitable for
the implementation of integrated systems exploiting quan-
tum technologies. Further applications include tailoring of
squeezed light in the acoustic band [57]. Possible improve-
ments of the devices rely on the use of low-loss materials in
the microfabrication, such as diamond for the substrate [58]
or crystalline coatings [59].

TABLE I. Experimental parameters of a typical optomechanical device. Ωm is the angular frequency of the main mode and M its
effective mass, estimated from thermal-noise measurements at room temperature [24]. The quality factor Q is measured from the decay
of free oscillation. The finesse F is measured in a ∼1-mm-long Fabry-Perot cavity with the micromirror as an end reflector and an input-
coupler transmission of T ¼ 50 ppm [53]. The cavity losses calculated from F and T are L≃ 20 ppm. According to the the criterion
given in Eq. (1), with this input coupler, the radiation-pressure-force noise is about 6.6 times the thermal equivalent force noise.
We report also a number of optomechanical figures of merit, derived from these measured data, useful for direct comparison with other
architectures and experimental implementations [1]. Γm ¼ Ωm=Q and κ are the mechanical and optical dissipation rates, respectively;
the product Qf ¼ QΩm=ð2πÞ measures the degree of decoupling from the thermal environment; κ=Ωm is the sideband suppression
factor, and g0 is the bare optomechanical coupling rate.

T (K)
F

�10%
Ωm=2π (kHz)

�1%
M (kg)
�10%

Q
�10% Γm=2π (Hz) Qf κ=2π (Hz) κ=Ωm g0=2π (Hz)

295� 5 9.0 × 104 141 2.3 × 10−7 4.7 × 104 3.0 6.6 × 109 1.7 × 106 11.9 6.4
4.3� 0.1 1.2 × 106 0.12 1.7 × 1011
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