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We study the mechanical dissipation of the fundamental mode of millimeter-sized, high quality-

factor (Q) metalized silicon nitride membranes at temperatures down to 14 mK using a three-

dimensional optomechanical cavity. Below 200 mK, high-Q modes of the membranes show a

diverging increase of Q with decreasing temperature, reaching Q ¼ 1:27� 108 at 14 mK, an order

of magnitude higher than that reported before. The ultra-low dissipation makes the membranes

highly attractive for the study of optomechanics in the quantum regime, as well as for other appli-

cations of optomechanics such as microwave to optical photon conversion. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4938747]

Mechanical resonators made from silicon nitride have

shown great potential for both fundamental research and

applications. They have become platforms for studying

quantum optomechanics,1–10 and key elements for applica-

tions such as optical to micro- and radio-wave photon trans-

ducers11,12 and NEMS/MEMS sensors.13–15 High-stress SiNx

devices typically have very high quality factors, which is a

key parameter for a mechanical resonator. In optomechanics,

low dissipation reduces the mechanical resonator’s coupling

to the environment and improves the cooperativity, enabling

cooling to a lower temperature and state preparation with

higher fidelity. High quality factors also enhance the effi-

ciency of a transducer as well as the sensitivity of a NEMS/

MEMS sensor.

Studies of the quality factor of SiNx resonators have

found at room temperature Q of up to 106 for nanostrings,16

105 for beams,13,14 105 for trampolines,17 and 106 for the

fundamental mode of membranes.18 Higher modes of mem-

branes have been observed to have higher Q-factors,19,20 up

to 5� 107,20 but show weaker optomechanical coupling

g0 ¼ dx0

du uzpf (x0, the cavity mode frequency; u, the mechani-

cal displacement; and uzpf, the amplitude of the zero-point

fluctuation) and have smaller mode spacing leading to a

dense mode spectrum. Smaller membranes were previously

studied down to millikelvin temperatures, but Q was rela-

tively low due to their lower aspect ratio.21 Measurements of

the Q of the fundamental mode of millimeter-sized mem-

branes down to 300 mK demonstrated a plateau in Q below

1 K at a value up to 107.18 A recent comprehensive review

can be found in Ref. 22.

Here, we study the quality factor of large, high-Q SiNx

membranes at temperatures down to 14 mK. We use a three-

dimensional (3D) superconducting optomechanical cavity10

to detect the motion. Similar to previous reports, we observe

a plateau in Q down to 200 mK. Below 200 mK, we observe

a new behavior of the quality factors of high-Q modes that

diverges down to the lowest temperature we can measure,

reaching a record of Q ¼ 1:27� 108 for a fundamental

mode at 14 mK, promising for future applications in optome-

chanics in both the microwave and optical domains.

A photograph of the device is shown in Fig. 1(a). The

3D cavity is formed by two halves of a machined Al block.

An SMA connector is partially inserted into the cavity for

reflection measurement. The mechanical resonator is a

Norcada SiNx membrane which can be seen on the sapphire

support substrate. We present here results from the two

membranes we have studied at these temperatures. The

membranes are 50 nm thick in a square of size l� l with

l¼ 1.5 mm for Device I and l¼ 1 mm for Device II. Device I

is stoichiometric with x¼ 3/4 and a tensile stress of 0.8 GPa.

FIG. 1. (a) Photograph of a physical device (Device I), showing two halves

of the Al 3D cavity and the membrane resonator. (b) Schematic of the reflec-

tion measurement setup. Two microwave tones x1 and x2 are combined and

launched into the membrane-embedded cavity placed inside a dilution re-

frigerator. The reflected signal is detected by an in-phase/quadrature (I/Q)

analyzer. Although the schematic shows the membrane oriented vertically in

the illustration, the membrane is mounted horizontally in the fridge.a)Electronic mail: m.yuan@tudelft.nl
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Device II has a tensile stress of �0.25 GPa and x is not speci-

fied by the manufacturer. We deposit a metal layer of 20 nm

of Al on the membrane which forms a capacitor with the

antenna pads deposited on the substrate. We avoid depositing

Al over the edges of the membrane to minimize possible me-

chanical losses at the clamping points.23 The motion of

the membrane is coupled to the cavity field via the antenna.

The membrane is anchored on the substrate with �0:1 ll of

Bison “5 minute” 2-part epoxy at one corner of the silicon

frame. The membrane-embedded 3D cavity is mounted with

the plane of the membrane lying horizontally on top of the

antenna chip in a cryo-free dilution refrigerator (BlueFors

LD250) in which the temperature is controlled between

14 mK and 800 mK.

We measure the cavity response and mechanical motion

using microwave reflectometry as described in previous

work.10 A simplified schematic of the reflection measure-

ment is illustrated in Fig. 1(b). Microwave signals are attenu-

ated and sent into the cavity. The reflected signal is

amplified and read out using a vector signal analyzer (Rohde

and Schwarz FSV30) which records the in- and out-of-phase

quadrature of the signal Vi and Vq as a function of time

within a bandwidth up to 28 MHz around a local oscillator

reference frequency. We study two membrane-cavity devi-

ces. The cavity resonance x0 is 2p� 5:23 GHz for Device I

and 2p� 5:07 GHz for Device II, with linewidths j below

300 mK of 2p� 56 kHz and 2p� 45 kHz, respectively. The

mechanical resonant frequency xm and the single-photon

coupling rate g0 for the modes studied are listed in Table I.

From the resonant frequency of the fundamental modes, we

estimate the effective stress of the metalized membranes to

be 0.79 GPa for Device I and 0.09 GPa for Device II, taking

an effective density of 3.0 g/cm3. In Device II, the gap to the

antenna is 3 lm. In Device I, the gap is 10 lm, resulting in a

significantly reduced g0.

To measure the quality factor, we drive the membrane at

its resonance frequency and then detect the timescale it takes

for the motion to ring down (decay). The membrane is driven

optomechanically, with a scheme based on an optomechani-

cally induced transparency (OMIT) measurement.24 As illus-

trated in Fig. 2(a), two phase-locked microwave signals are

sent into the cavity: a swap tone at x1 ¼ x0 � xm and a

shake tone at x2 ¼ x0. In the presence of the swap tone and

the shake tone, there is a beating of the cavity field intensity

at xm, giving an oscillating radiation pressure force that

shakes the drum. From the optomechanical interaction, pho-

tons at x1 are Raman scattered by the membrane resonator

and upconverted into the cavity resonance, producing a me-

chanical sideband at x0 that we use to measure the motion.

The I/Q analyzer is set to detect the signal at x0 with a sam-

ple rate of 100 Hz. Fig. 2(b) shows an example of OMIT

measurement taken with Device II in the limit of large opto-

mechanical cooperativity C ¼ 4g2
0
N

jcm
� 1, where N � 750 is

the number of photons in the cavity generated by the swap

tone. To avoid backaction of the swap tone on the motion,

for the ringdown measurement we operate in a regime where

C of the swap tone is sufficiently small and optomechanical

damping com is negligible (C � 0:03; com � 0:03cm).

Fig. 2(c) illustrates the protocol of the optomechanical

ringdown measurement. The membrane is first driven into

motion when x1 and x2 are both on. The detected signal at

x0 consists of the directly reflected signal of the shake tone

at x2 as well as the mechanical sideband generated from the

swap tone at x1. At t0 the shake tone is switched off, while

the swap tone x1 stays on. When turning off the shake tone,

the associated microwave field at x0 decays on a timescale

TABLE I. Summary of mechanical modes studied.

Device
I II

Mode (1,1) (1,1) (1,2) (2,1)

xm=2p (kHz) 242 121 193 192

g0=2p (Hz) 0.03 0.22 0.01 0.01

FIG. 2. (a) Schematic of the measurement scheme. A swap tone at x1 is

used to induce an optomechanical swap interaction between the cavity and

the membrane. Another tone at x2 ¼ x0 is used to shake the membrane. A

vector signal analyzer is used to detect signal at x0. (b) OMIT with C� 1,

showing jS11j2 as a function of frequency. To avoid optomechanical backac-

tion, ringdown measurement is carried out in the C� 1 regime. (c)

Schematic for measurement of ringdown with OMIT configuration. The

swap tone x1 is kept on at all time while the shake tone is switched off at t0,

at which point the mechanical resonator starts to decay. The signal measured

at x0 is a sum of the mechanical sideband generated by x1 and the reflected

signal generated by x2. When x2 is switched off, the latter decays at a rate

of j, and the remaining mechanical component of the signal at x2 then rings

down on a time scale corresponding to c�1
m .
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corresponding to j�1. In addition to the microwave field

from the shake tone, there is a second microwave field at x0

that arises from a sideband of the swap tone generated by the

mechanical motion. This second microwave field decays

with a much slower timescale corresponding to c�1
m . On the

I/Q analyzer, we then observe a signal at x0 from shake tone

x2 that falls off at the cavity decay rate j and the remaining

mechanical ringdown signal is read out and used to calculate

the mechanical amplitude as it decays.

Fig. 3(a) shows an example of a ringdown trace of the

mechanical resonator taken at 14 mK. The y-axis is propor-

tional to V2
i þ V2

q , representing the square amplitude of the

resonator. By fitting the curve to an exponential decay e�cmt,

cm and the quality factor Q ¼ xm=cm can be extracted. We

vary the cryostat temperature T and record the corresponding

ringdown traces. The resultant Q-factor as a function of tem-

perature T for Device I (1,1) mode is plot in a linear scale in

Fig. 3(b). As T is decreased from 800 mK to 200 mK, there is

a relatively flat plateau in Q, consistent with previous results

with an optical detection scheme.18 As T is further reduced

to below 200 mK, Q begins to go up, and continues rising

with no indication of saturation down to the base temperature

of T¼ 14 mK. The highest value Q ¼ 1:27� 108 corre-

sponds to cm ¼ 2p� 1:9 mHz and a time constant for ampli-

tude of s ¼ 2=cm ¼ 1:6� 102 s.

The slight deviation from a straight line in Fig. 3(a) sug-

gests some weak negative nonlinear damping, although the

mechanical response of the membrane is still in the linear

restoring-force regime. The amplitude unity in Fig. 3(a) corre-

sponds to 0.37 nm. For small amplitudes <0.037 nm, where

the deviation becomes significant, we also performed an addi-

tional exponential fit, finding a quality factor Q ¼ 1:16� 108

for the lower amplitude regime. The Duffing critical ampli-

tude is estimated to be 6.3 nm with the formulae in Refs. 25

and 26, significantly above the excitation amplitude used here.

In Fig. 3(c) we plot the Q of Device I (1,1) mode (red),

Device II (1,1) mode (blue), and Device II (1,2) mode (green)

together in a log scale. Quality factors of all three modes are

above 5� 106 and show similar behavior, improving with

decreasing temperature below 200 mK and leveling off

between 200 mK and 800 mK. It is also interesting to note

that although the mode temperature saturates at 210 mK for

Device I and 180 mK for Device II, Q continues to go up as

the cryostat is cooled down to base temperature. The high

mode temperature in the experiment is likely related to me-

chanical vibration noise in the setup, which includes only

minimal vibration isolation. The fact that we observe an

increasing Q down to temperatures far below the mode tem-

perature suggests that the mechanism limiting the Q-factor is

not related to the mode occupation. A likely candidate is a

physical property of the material itself, such as surface

losses.22 In this case, the physical lattice could be thermalized

with the fridge, while the mechanical mode is heated out of

equilibrium by the vibrational noise.

In contrast to the other modes, Mode (2,1) of Device II

has a much lower Q ¼ 1:2� 105 that is independent of tem-

perature from 14 to 800 mK. Although the (1,2) mode and

(2,1) are separated by only 1 kHz in frequency, it is striking

that Q-factors are different by orders of magnitude. This large

difference in Q could result from the anchoring of the chip at

one corner, giving very different clamping losses through the

substrate chip for the two modes.27 With a splitting of the

(1,2) and (2,1) into modes symmetric (S) and antisymmetric

(AS) with respect to the anchor point, the AS mode could

have a temperature-independent Q limited by radiation into

the sapphire substrate, while the S mode would then be lim-

ited by a different temperature-dependent mechanism.

In the ringdown experiments performed here with the I/Q

analyzer, we are able to determine not only the energy loss

rate of the mechanical resonator, but also to characterize the

FIG. 3. (a) Time trace of the mechanical amplitude during ringdown for

Device I at 14 mK. From a fit to exponential decay, we extract the mechani-

cal quality factor. Red: data; blue: fit. The deviation from a straight line may

indicate some weak negative nonlinear damping. (b) Extracted quality factor

Q of the membrane resonator as a function of cryostat temperature for

Device I (1,1) mode. Inset: zoom-in for T< 80 mK. The highest value is

Q ¼ 1:27� 108 for Device I at 14 mK. (c) Extracted quality factor for both

samples. Red: Device I (1,1) mode; blue: Device II (1,1) mode; green:

Device II (1,2) mode. Q decreases with increasing temperature for

14 mK < T < 200 mK, leveling out between 200 mK and 800 mK.
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dephasing of its mechanical motion. Applying an FFT to the

acquired I/Q data from sufficiently long ringdown time trace,

one can reconstruct the spectral content of the mechanical res-

onance during ringdown, giving access to the spectral line-

width Q-factor.28 To do this, we slightly detune the swap tone

x1 ¼ x0 � xm � d with d ¼ 2p� 31:9 mHz and measure

the I/Q data for 104 s. In Fig. 4(a) the I/Q vector plot is shown,

the x-axis representing the in-phase quadrature Vi and the y-

axis the out-of-phase quadrature Vq. The trace forms a spiral:

the decrease of the vector length corresponds to the decay in

mechanical amplitude, and the angular frequency of the tra-

jectory in the polar plot is determined by d. To reconstruct a

spectrum from the data, we perform an FFT of the complex

vector Vi þ jVq, j ¼
ffiffiffiffiffiffiffi

�1
p

, shown in Fig. 4(b). A fit to the

lineshape gives the spectral Q ¼ 1:1060:05� 108, in agree-

ment, to within the error margin, with the ringdown quality

factor 1:14� 108 extracted from the same dataset, demon-

strating that the dephasing is not a significant source of deco-

herence for these membrane resonators.

In conclusion, we have measured the quality factor of

SiNx membranes at millikelvin temperatures with 3D opto-

mechanical cavities. At the base temperature of 14 mK, Q-

factors as high as 1:27� 108 are observed for a fundamental

mode, demonstrating the exceptional performance of SiNx

membranes as mechanical resonators. This high Q is

achieved in the presence of an Al coating of the membrane,

expanding their potential into electrical and microwave

applications. By virtue of this low dissipation, SiNx mem-

branes could be an attractive test bed for quantum superposi-

tion states of massive mechanical objects and other

applications in optomechanics.
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FIG. 4. I/Q analysis of the ringdown trace. Swap tone is set to

x1 ¼ x0 � xm � d, d ¼ 2p� 31:9 mHz. (a) Out-of-phase quadrature Vq vs.

in-phase quadrature Vi. Decay of the amplitude in combination with the

detuning d of the swap tone results in a spiral that circles around the origin

at an angular frequency d. (b) FFT spectrum of the complex temporal I/Q

trace. Red: data; blue: fit. From the linewidth of the resonance the decoher-

ence, including dephasing and relaxation, can be extracted. By comparing

the spectral quality factor 1:1060:05� 108 and the ringdown quality factor

1:14� 108, the contribution of dephasing to the spectral linewidth is negligi-

ble within the error margin.
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