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We propose to suppress acoustic wave coupling between a Si3 N4 membrane resonator and its support structure
through cascaded low-frequency resonators fabricated on the silicon substrate of the membrane. The on-chip
silicon resonators are designed to ensure that the frequencies of their oscillatory motion are well separated from
the mechanical modes of the membrane resonator. Using optical interferometry, we characterize the displacement
response of the membrane frame with the vibration isolation; mechanical isolation >30 dB from the mounting
surface is achieved. Thus, we reliably fabricate Si3 N4 membrane resonators with mechanical quality factors of
around 2 × 106 at room temperature. © 2018 Optical Society of America
https://doi.org/10.1364/AO.57.010436

1. INTRODUCTION
In recent years, the optomechanical interaction between a light
field and mechanical motion via radiation pressure has found
increasing interest in the fields of quantum optics, quantum
information, fundamental tests of macroscopic quantum physics [1,2], etc. Owing to their outstanding mechanical and optical properties, highly stressed silicon nitride (Si3 N4 )
membranes have emerged as an attractive platform in quantum
optomechanics [3,4]. Recently, significant progress has been
made in work based on membrane resonators, such as cooling
the mechanical motion of the membranes to near the ground
state [5–7], observation of radiation pressure shot noise [8],
preparing optical squeezing states [9–12], probing deformed
commutators with macroscopic harmonic oscillators [13],
and investigating multimode four-wave mixing in an unresolved sideband optomechanical system [14]. All of these experiments and studies require that the membrane oscillators
possess a high mechanical quality factor.
The performance of a microresonator crucially depends on
its quality factor, which characterizes the resonator’s mechanical
dissipation rate. Two different kinds of loss mechanism exist:
internal loss caused by the resonator itself (surface loss,
Akhiezer damping, thermoelastic loss, etc.), and external loss,
which derives from phonon tunneling loss of the mechanical
resonator to its supporting structure [15–26]. High quality factors (Q > 107 ) can be achieved by decreasing the internal loss,
such as using an ultrathin and high-stress membrane [27], designing tethered membranes [27,28], including a phononic
crystal on the membrane [29], or placing the resonator in a
1559-128X/18/3610436-05 Journal © 2018 Optical Society of America

low-temperature environment [30]. In addition, several methods have been developed to isolate the tunneling loss: improving the clamping method [4], nodal suspension [17], designing
a phononic crystal substrate [18,21,23], utilizing a recoil damping effect [25], incorporating a low-frequency oscillator shield
[26], and employing destructive interference [31–33]. The
phononic crystal shield design requires a periodic structure
to isolate the vibration and performs well for high-frequency
mechanical resonators. However, for low-frequency resonators,
the periodic structure will be large, which prevents the use of a
compact design as well as suffering from the low-frequency vibration of the whole structure. The approach of a low-frequency oscillator exploits the property of a second-order
low-pass filter, which efficiently blocks high-frequency vibrations well beyond the frequency of the low-frequency resonator
shield and can work well in the relatively low-frequency range.
In consideration of the compactness and fabrication complexity, we present a compact and concise design for a membrane resonator. To this end, a cascaded on-chip low-frequency
resonator is fabricated directly on the silicon substrate of a
Si3 N4 membrane. The designed specific on-chip structure requires only one etching depth. To avoid acoustic wave coupling
between the membrane and the oscillatory motion of the silicon substrate and improve the isolation effect, we carefully designed the configuration and size of the silicon substrate and
keep its eigenvibration frequencies well shifted from the
frequencies of the membrane resonator. Mechanical isolation
higher than 30 dB is achieved; this results in mechanical quality
factors of around 2 million at room temperature.
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Fig. 1. (a) Chip; the blue and red spots denote the locations of the
displacement response measurements given in Fig. 3. (b) Membrane
frame.

2. DESIGN OF THE MEMBRANE
MICRORESONATOR
A schematic diagram of the device is given in Fig. 1(a). The
outer frame of the chip, which has an area of 10 mm ×
10 mm and a thickness of 0.2 mm, is clamped at the corners
to a piezoelectric actuator. The Si3 N4 membrane, length
660 μm, is located in the center of a membrane frame with
a side length of 1.7 mm, as shown in Fig. 1(b). The membrane
frame is supported at four points by flexural and torsional
springs of width 100 μm to form a low-frequency resonator.
To further suppress the vibration, another on-chip lowfrequency resonator is constructed just outside the membrane
frame. This frame is also supported at its corners by four flexural and torsional springs, of width 140 μm, to ensure that two
sets of strings are well separated spatially. Here, the structure of
the strings minimizes the oscillatory motion deformation of the
low-frequency resonators during the displacement; this effectively reduces the coupling of the low-frequency resonators
with the remaining parts of the chip [25].
Figure 2 shows the modal shapes of the lowest-frequency
resonances of the chip frame, determined using finite-element
analysis. The lowest resonance frequency of the middle frame of
the chip, which forms the outer low-frequency resonator, is
34 kHz [Fig. 2(a)]. The lowest resonance frequency of the inner
frame (membrane frame) of the chip, which forms the inner
low-frequency resonator, is 120 kHz [Fig. 2(b)]. By cascading
the outer and the inner low-frequency resonator, the acoustic
wave coupling between the membrane resonator and its support structure at the membrane’s resonance frequency can be
suppressed effectively at the frequency range much larger than
the resonance frequency of the low-frequency resonators. In
this way, the mechanical quality factor of the membrane can
be enhanced.
T ω 

Fig. 2. (a) Modal shapes of the outer low-frequency oscillator at
34 kHz. (b) Modal shapes of the inner low-frequency oscillator at
120 kHz. (c) Theoretical mechanical transfer function of the device.
The blue and black dashed lines denote the mass-on-spring modes of
the inner and outer low-frequency resonators, respectively. The red
line is the overall transfer function of the cascaded resonators.

m1 ẍ 1  −γ 1 _x 1 − y_  − k1 x 1 − y − k2 x 1 − x 2 ,

(1)

m2 ẍ 2  −γ 2 _x 2 − x_ 1  − k 2 x 2 − x 1 ,

(2)

where m1 and m2 are the effective mass of the outer and inner
low-frequency resonators, respectively. x 1 t and x 2 t are their
displacements, k1  m1 ω21 and k 2  m2 ω22 are their spring
constants, γ 1 and γ 2 are the intrinsic dissipation of the resonators, and yt is the movement of the chip’s outer frame.
Equations (1) and (2) can be solved to obtain the mechanical transfer function as follows:

2
jx 2 ωj2
k1 − iωγ 1
:
2 
2
2
jyωj
k 2 − iωγ 2 − m2 ω k1  k 2 − iωγ 1 − m1 ω ∕k2 − iωγ 2  − k2

Our coupled oscillator system can be approximated by a
coupled mass-spring model. The coupled equations representing the mechanical motions are given by

(3)

Figure 2(c) is a plot of the simulated mechanical transfer function of the on-chip cascaded resonators. Both the outer and
inner resonators act as mechanical low-pass filters, which
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effectively isolate high-frequency vibrations in the range
ω ≫ ωouter . Owing to the two cascaded low-pass filters, the
overall isolation effect is better than would be obtained using
only one low-pass filter.
Notably, although the cascaded low-frequency resonator can
significantly suppress the coupling of the high-frequency acoustic waves, the isolation effect would be reduced in the frequency
regime around the intrinsic oscillatory motions of the silicon
frame. If the resonant frequencies of the membrane resonator
are located close to these oscillatory frequencies of the chip
frame, the membrane modes will couple to the chip frame
modes and severely degrade the mechanical quality factor of
the membrane [16].
The frequencies of the oscillatory motions of the silicon
frame depend mainly on its size and geometrical configuration.
To tune the frequencies of the chip frame away from the
vibration modes of the membrane, we carefully designed the
silicon frame, especially the geometric parameters of the
grooves and the strings and their location in the chip frame.
3. MEASUREMENT RESULTS
To fabricate the device, a 50 nm thick Si3 N4 film with 0.9 GPa
tensile stress is grown by low-pressure chemical vapor deposition on a 200 μm thick silicon wafer. Further fabrication of the
pattern on the device is implemented using standard microelectromechanical system technology [23]. The concise design of
the on-chip structure, plus the requirement of only a uniform
etching depth, make the device straightforward to realize. To
characterize the vibration isolation effect of the cascaded phonon shield structure, the chip frame is clamped to a piezoelectric actuator at four corners and actuated using the output
signal from a network analyzer. The displacement spectra of
the device are extracted using an optical interferometer.
More precisely, a single-frequency laser operating at 1064 nm
shines on the sample, and the resulting backreflected beam is
detected by a homodyne detector. The relative phase between
the signal and the local oscillator is controlled to be π∕2 to
measure the phase information of the signal, which is fed into
the network analyzer.
Figure 3 illustrates the measured mechanical response of the
cascaded phonon shield in the low-frequency and highfrequency ranges, where the red curve (A) and blue curve
(B) represent the measurement outcomes at the corresponding
red and blue points marked in Fig. 1(a). The two lowestresonance peaks simulated in Fig. 2(c) don’t apparently appear
in the measured displacements in Fig. 3 (marked I and II). We
attribute this to the low Q values of the shield; in this case, the
noisy background overwhelms the relatively weak and broad
resonance peaks. In the low-frequency range, i.e., frequencies
less than 150 kHz, the effect of the phonon tunneling isolation
is not apparent. A significant vibration isolation, as high as
30 dB, is observed for frequencies higher than 250 kHz.
Three peaks (marked III, IV, and V) are clearly observed
around 260, 352, and 478 kHz, which represent the high-order
oscillation modes of the chip frame and agree with the simulation results using finite-element analysis. As mentioned, the
chip frame is carefully designed to ensure that these oscillation
modes are separate from the membrane modes; otherwise, the

Fig. 3. Mechanical response spectra of the device: (a) 0–500 kHz;
(b) 500–1200 kHz. A, displacement power spectra of the chip frame at
the red point shown in Fig. 1(a). B, displacement power spectra of the
chip frame at the blue point shown in Fig. 1(a). The black line denotes
the noise floor of the homodyne detector.

oscillation modes would be detrimental to the mechanical
quality factor of the membrane resonator.
In the high-frequency range, i.e., frequencies above 500 kHz,
strong vibration isolation higher than 30 dB is achieved, as
shown in Fig. 3(b). Four membrane modes, (1, 1), (1, 2),
(2, 1), and (2, 2), at 529, 836, and 1058 kHz, are clearly observed. Notably, four high-order oscillation modes of the chip
frame (VI, VII, VIII, and IV) at 550, 627, 870, and 990 kHz
also exist in this frequency range, which agree with the simulation; however, they do not overlap the membrane modes except
the oscillation modes of the chip frame around 550 kHz.
We measured the mechanical quality factor of the Si3 N4
membrane using the mechanical ringdown technique. The chip
was put in a vacuum chamber with a vacuum pressure of
10−6 mbar at room temperature. The mechanical quality factor
is defined as Q m  2πf τ, where τ is the ringdown time of
mechanical vibration energy and f is the resonance frequency
of the membrane modes. A typical result is shown in Fig. 4,
where the black and red curves represent the measured data
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measures are taken to suppress the dissipation of these loworder modes.

4. DISCUSSION AND CONCLUSION
In conclusion, we have provided a compact and concise design
for a membrane resonator, using a cascaded on-chip silicon
resonator, to suppress phonon tunneling loss efficiently.
Based on this method, Si3 N4 membrane microresonators with
a mechanical quality factor around 2 × 106 at room temperature were reliably fabricated. The Q factor of the (4, 4) mode
nearly satisfies the benchmark of ground-state cooling
using the radiation pressure force at room temperature:
Q m × f > k B T room ∕h, where kB is the Boltzmann constant
and h is the Planck constant. This regime is necessary for a
number of optomechanical experiments operating in the quantum domain to be conducted [27,29]. To rigorously satisfy the
benchmark, higher-order modes, such as the (5, 5) mode, can
be used. Alternatively, we can operate the device at −20°C simply by using an ordinary Peltier cooler. In our future work, we
will cool the membrane mode of the device close to the ground
state in the unresolved sideband regime [34] and attempt to
produce nonclassical states of the mechanical modes [35].
Funding. National Key R&D Program of China
(2016YFA0301403); National Natural Science Foundation
of China (NSFC) (11774209, 61378010); Shanxi
1331KSC; Program for the Outstanding Innovative Teams
of Higher Learning Institutions of Shanxi.
Fig. 4. Mechanical ringdown measurement of the quality factors:
(a) membrane mode (2, 2); (b) membrane mode (4, 4).

and exponential curve fitting, respectively. We can see that the
ringdown results agree well with the exponential decay curve.
A long ringdown time, of hundreds of milliseconds, is observed.
The evaluated Q values of the (2, 2) and (4, 4) modes are
2.77 × 106 and 2.66 × 106 , respectively. The quality factors
of five other devices that are without any obvious physical defects were also tested. The observed Q values distribute from
1 million to 3 million. In contrast, the test on 10 devices without the shield structure showed that Q values are distributed
from 104 to 105 , with the highest quality factor of 400,000.
The above results verify the vibration isolation effect of our
cascaded phonon shield.
We also measured the mechanical quality factors of the fundamental, (1, 2), and (2, 1) modes. Both the (1, 2) and (2, 1)
modes have mechanical quality factors of around 1 million.
However, the fundamental mode presents a relatively low Q
factor of 4.6 × 105 . The dissipation mechanism is attributed
to the coupling of the fundamental mode to the oscillatory motion of the silicon frame. As shown in Fig. 3(b), a number of
distinct resonances are located around the fundamental mode
of the membrane. In future experiments, we will employ the
(2, 2) mode and higher-order modes, which have relatively high
resonance frequencies, above 1 MHz; therefore, no special
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