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We measure the frequency dependence of the mechanical quality factor (Q) of SiN membrane

oscillators and observe a resonant variation of Q by more than two orders of magnitude. The

frequency of the fundamental mechanical mode is tuned reversibly by up to 40% through local

heating with a laser. Several distinct resonances in Q are observed that can be explained by

coupling to membrane frame modes. Away from the resonances, the background Q is independent

of frequency and temperature in the measured range. VC 2011 American Institute of Physics.
[doi:10.1063/1.3646914]

Micro-mechanical membrane oscillators are currently

investigated in many optomechanics experiments, where

lasers and optical cavities are used for cooling, control, and

readout of their mechanical vibrations.1–4 Applications lie in

the area of precision force sensing and in fundamental

experiments on quantum physics at macroscopic scales.5 The

quality factor Q of the mechanical modes of the membranes

is a key figure of merit in such experiments. However, the or-

igin of mechanical dissipation limiting the attainable Q is not

completely understood and a subject of intense research.6–11

Here, we report an experiment in which we observe a

variation of Q by more than two orders of magnitude as a

function of the fundamental mode frequency of a SiN mem-

brane. Several distinct resonances in Q are observed that can

be explained by coupling to mechanical modes of the mem-

brane frame.7,10 The frequency of the membrane modes is

tuned reversibly by up to 40% through local heating of the

membrane with a laser. This method of frequency tuning has

the advantage that the frequency dependence of Q can be

studied with a single membrane in situ, resulting in a detailed

spectrum of the coupling to the environment of this particu-

lar mode. Other methods that compare Q between various

structures of different sizes have to rely on the assumption

that the environment of these structures is comparable.11

We investigate “low-stress” SiN membranes12 that are

supported by a Si frame. The frame is glued at one edge to a

holder inside a vacuum chamber, see Fig. 1. The eigenfre-

quencies of a square membrane under tension are

fm;n ¼
1

2l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S

q
ðm2 þ n2Þ

s
;

where l is the side length, q¼ 2.9 g/cm3 the density,13 and S
the tensile stress in the membrane. The modes are labeled by

the number of anti-nodes m and n along the two dimensions.

The stress S¼E(l� l0)/l0, where E is Young’s modulus, arises

in the fabrication process. The SiN membrane is stretched

from its equilibrium length l0 to the length l of the Si frame.

A Michelson interferometer at 852 nm is used to read

out the membrane motion. The interferometer is stabilized

by the DC to 20 kHz part of the photodiode (PD) signal. The

incident power on the membrane is 580lW in a diameter of

150 lm and the position sensitivity is 1 � 10�14 m=
ffiffiffiffiffiffi
Hz

p
.

The >100 kHz part of the signal is fed into a lock-in ampli-

fier with integrated phase locked loop, which measures the

membrane amplitude and drives its motion via a piezo (PZT)

mounted outside of the vacuum chamber. To tune the mem-

brane frequency, a power stabilized 780 nm laser is focused

onto the membrane to a diameter of 350 lm. This laser heats

the membrane locally in its center. A second method of heat-

ing the whole membrane and frame is by a resistive heater

(R) in the chamber.

In a first experiment, we demonstrate the tunability of

the membrane eigenfrequencies through laser heating. Fig. 2

shows the recorded mode spectrum as a function of heating

laser power P. The spectra are recorded by Fourier trans-

forming the PD signal. One can see a reversible decrease of

all mode frequencies fm,n with P.

The decrease in frequency can be attributed to a thermal

expansion of the membrane Dl0/l0¼ a0DT þ a1DT
2, where

FIG. 1. (Color online) Experimental setup. The SiN membrane in a Si frame

is glued at one edge to an aluminum holder inside a room-temperature vac-

uum chamber. The heating laser (red, thick line) at 780 nm is power stabi-

lized to 2� 10�4 RMS in a bandwidth of 12 kHz and focused onto the

membrane under an angle. The membrane vibrations are read out with a sta-

bilized Michelson interferometer (blue, thin line). The interferometer signal

is also used for feedback driving of the membrane with a piezo.a)Electronic mail: philipp.treutlein@unibas.ch.
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Dl0 is the equilibrium length change and a0 (a1) the first (sec-

ond) order expansion coefficient for a temperature change

DT. This reduces the tensile stress by DS¼�E(Dl0/l0). In a

simple model, assuming a spatially homogeneous and linear

temperature change with power DT¼ vP, one can describe

the power-dependence of the stress as

S ¼ S0 � EðDl0=l0Þ ¼ S0 � Eða0vPþ a1v
2P2Þ:

A fit of f1,1(P) to the data describes the observed dependence

within 61 kHz. For low P we observe a linear shift of

Df1,1¼�363 Hz/mW. We neglect the dependence of E on

DT because it is small.14 As shown in Table I, the tunability

of f1,1 depends strongly on the geometry.

In order to extract v from the fit, one has to measure a0.

This is done by heating up the whole sample holder with

the resistive heater. In this case, both l and l0 change and

the difference in the expansion coefficients Da¼ af� a of the

frame and the membrane determines S � S0¼EDaDT. Heating

the setup by DT¼ 16 K and using14 E¼ 260 GPa and15

af¼ 2.6 ppm/K, one gets a0¼ 1.6 ppm/K, a1¼ 1.3� 10�8/K2,

and v¼ 0.6 K/mW. This yields an average membrane tempera-

ture of T¼ 100 �C for P¼ 160 mW. To model laser absorption

in the membrane, we perform a finite element (FEM) simula-

tion of laser heating using a Gaussian beam profile and a heat

conductivity13 j¼ 3 W/Km. From the resulting temperature

distribution, we calculate the average membrane temperature

for a given absorbed laser power. By comparing with v, we

find an absorption of 1.5� 10�3 at 780 nm, an order of magni-

tude larger than the absorption in low-stress membranes at

1064 nm.1

In a second experiment, we use laser tuning to record a

spectrum of the quality factor Q of the fundamental mode as

a function of f1,1. We measure the decay time s of the mem-

brane amplitude in ring-down measurements after driving it

to �0.5 nm. The upper plot in Fig. 3 shows the dissipation

Q�1¼ 1/pfs. We observe distinct resonances, changing Q by

more than two orders of magnitude. To show that the spec-

trum directly depends on f1,1, the heating laser is pointed off

center such that a different dependence f1,1(P) results, see

Fig. 4(a). The dependence Q�1(f1,1) is unchanged, showing

that Q only indirectly depends on P. The resonances in Q
can be attributed to coupling of the membrane mode to

modes of the frame. To prove this, the interferometer is

pointed onto the frame next to the membrane and the ampli-

tude response to a driving with the piezo is recorded, as

shown in the lower plot in Fig. 3. The observed frame modes

clearly overlap with the resonances in Q�1. If the frame is

heated with the resistive heater, we observe a shift in the

resonances in Q�1(f1,1), as shown in Fig. 4(b). We attribute

this to a shift of the frame modes due to thermal expansion

and decreasing Young’s modulus.

All these measurements prove that the coupling to frame

modes is responsible for the observed behavior of Q. A FEM

simulation of the frame modes shows roughly the right den-

sity of modes in the frequency range of interest. As the

eigenfrequencies depend strongly on the exact mounting,

TABLE I. Summary of measured SiN membrane parameters. Qmax refers to

the maximum observed Q. Values marked by? were limited by the available

tuning range.

l (lm) 250 500 1000 1500 500 500

t (nm) 50 50 50 50 75 100

S0 (MPa) 66.4 98.0 120 78.8 114 217

f1,1 (kHz) 428 260 144 77.7 281 387

Df1,1 (Hz/mW) �259 �363 �68.9 �49.5 �89.6 �10.5

Qmax (105) 3.2 10 15 ?5.7 10 ?0.37

FIG. 3. (Color online) Upper plot: spectrum of membrane dissipation

Q�1(f1,1). Lower plot: vibrations of the frame measured close to the mem-

brane. The resonances in Q�1(f1,1) coincide with the frame modes.

FIG. 4. (Color online) (a) f1,1(P) and Q�1(f1,1) for different heating laser

positions (membrane center: blue (lower line), off-center: red (upper line)).

(b) Q�1(f1,1) for different sample temperatures.

FIG. 2. Mode spectrum fm,n of a membrane (l¼ 0.5 mm, thickness

t¼ 50 nm) as a function of P. At P¼ 0, the lowest 13 modes lie within 2%

of the expected frequency. At higher P, anticrossings between higher order

modes are visible.
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dimensions, and Young’s modulus of the frame, it is difficult

to model them quantitatively.

For stoichiometric Si3N4 “high-stress” membranes

(S0¼ 980 MPa), we observe a much weaker dependence of

the mode frequencies on P. The measurements indicate that

absorption of 780 nm light is lower by two orders of magni-

tude compared to the “low-stress” membranes. This is of im-

portance for experiments coupling such membranes to atomic

systems.3 Using the limited tuning range of the resistive

heater, we also observe a change of Q with frequency in high-

stress membranes. This shows that coupling to frame modes is

also important in this case. The highest measured Q is 4� 106

for a high-stress membrane with l¼ 1.5 mm and t¼ 50 nm.

Besides coupling to frame modes, the frequency depend-

ence of other dissipation mechanisms is of interest. Fig. 5

shows the dissipation spectrum of another low-stress mem-

brane. Away from the resonances, we observe a constant

baseline Qmax, indicating that other dissipation mechanisms

are independent of f(S) and T within our tuning range. This is

in contrast to what has been observed in SiN strings.6,9 For

membranes where a constant baseline was observed, Qmax

increases with l, see Table I. We also studied higher order

modes up to (2,2) and find approximately the same Qmax, in

contrast to other membrane experiments.10 This could be due

to the different frame geometry and mounting. In our case,

the frame is a relatively small resonant structure with

eigenmodes at distinct frequencies. This can be exploited to

reduce clamping loss by tuning the membrane frequency to a

gap between frame modes, analogous to the recently demon-

strated phononic bandgap shielding.16

In conclusion, we presented a precise method for laser-

tuning of micro-mechanical membrane oscillators and used

it for spectroscopy of mechanical dissipation. Resonances in

the dissipation were observed and explained as coupling to

localized frame modes. Other dissipation mechanisms were

found to be independent of membrane frequency and temper-

ature in the measured range. Our laser tuning technique

could be extended to stoichiometric Si3N4 membranes by

using a laser with smaller wavelength and, thus, higher

absorption.17 This would allow further investigation of

the differences between low-stress and stoichiometric

membranes. Moreover, it could be useful in finding optimal

frame geometry and mounting conditions to circumvent

clamping loss.
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lein, e-print arXiv:1107.3650.
4D. Friedrich, H. Kaufer, T. Westphal, K. Yamamoto, A. Sawadsky, F. Y.

Khalili, S. Danilishin, S. Goßler, K. Danzmann, and R. Schnabel, New J.

Phys. 13, 093017 (2011)
5T. J. Kippenberg and K. J. Vahala, Science 321, 1172 (2008);

I. Favero and K. Karrai, Nat. Photonics 3, 201 (2009); D. Hunger,
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FIG. 5. (Color online) Spectrum of membrane dissipation Q�1(f1,1) for

another membrane (l¼ 250lm, t¼ 50 nm).
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