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We have fabricated large (<400 um diameter) high tensile stress SiN membrane mechanical
resonators and measured the resonant frequency and quality factors (Q) of different modes of
oscillation using optical interferometric detection. We observe that the dissipation (Q ") is limited
by clamping loss for pure radial modes, but higher order azimuthal modes are limited by a
mechanism which appears to be intrinsic to the material. The observed dissipation is strongly
dependent on size of the membrane and mode type. Appropriate choice of size and operating mode
allows the selection of optimum resonator designs for applications in mass sensing and

optomechanical experiments. © 2011 American Institute of Physics. [doi:10.1063/1.3671150]

Nanomechanical resonators are well-suited to use as
sensors, oscillators, and filters.! The high resonant frequen-
cies of these devices® together with their low dissipation and
mass are also useful for fundamental investigations of the
boundary between classical and quantum mechanics. In this
regard, stoichiometric high stress (>1GPa) SiN resonators
have been the target of wide interest due to their extremely
high quality factors (Q).>° Recently, quality factors of over
a million have been observed on fully clamped silicon nitride
beams®® and membranes.*>*'® These thin silicon nitride
membranes are also used in high finesse optical cavities
where their low mass and high mechanical quality factors
prove ideal for optomechanical experiments.*

High tensile stress silicon nitride membranes have Qs
two orders of magnitude higher than stress free silicon
nitride and other amorphous materials at low temperature.'®
This is a departure from the universality observed in glasses
and has been primarily attributed to the enhancement of the
stored energy relative to the losses induced in the high ten-
sile stress oscillator.® Recently, it has been reported that the
Q of these membrane resonators strongly depends on the
mode shapes due to the nature of the clamping losses associ-
ated with the different modes.”!' In this article, we report
the limits of observed dissipation (Q7Y of circular mem-
brane resonators and its dependence on frequency, mode
type, and diameter. For large circular membranes resonating
with no radial nodes (cake-like-modes), the dissipation falls
off as the number of azimuthal nodes increases. However, at
some point, the resonators’ Q seems to be limited by a dissi-
pation floor whose origin is other than clamping loss; further
addition of cake like nodes result in an increased dissipation.
This dissipation floor seems to be both frequency and size
dependent. At higher frequencies, the modal dependency of
dissipation vanishes and the dissipation seems to be domi-
nated by the dissipation floor. These results provide insights
into the optimum resonator designs for achieving high Qs.

®Author to whom correspondence should be addressed. Electronic mail:
vpa8@-cornell.edu.
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Stoichiometric tensile (~1.0 GPa) silicon nitride films
(110 nm-thick) are grown on top of 660 nm of thermal oxide
on a silicon substrate. We fabricated optically defined silicon
nitride circular resonators (50 um to 400 um in diameter)
with etch release holes (1 um diameter) that are 5 um apart
on silicon oxide/silicon. Releasing the resonators in buffered
hydrofluoric acid (6:1) resulted in the honeycomb structure
visible in the resonator back plane while producing a device
with an average thickness of 27 nm (Figure 1). Thicknesses
were measured after peeling off the resonator from the sup-
porting nitride using polydimethylsiloxane (PDMS) as an ad-
hesive supporting layer. Subsequently, we image the back
plane with atomic force microscopy (AFM), as shown in
Figure 1(b). Resonance frequencies and Q factors of the res-
onators are measured using interferometric means'? with a
piezo actuation under vacuum (3 x 1077 Torr).

The resonant frequency wy,=2nf,,, of the taut
membranes with tensile stress (o) is given by'?

C,
O = 2én,mg. (1)

FIG. 1. (Color online) (a) Optical micrograph of a 400 um diameter high
stress silicon nitride membrane. Inset is a zoomed-in optical image of the
central region illustrating radial symmetry of the circular perforations. Scale
bar corresponds to 100 um. (b) AFM image (14.1 um x 14.1 um, color scale,
0 to 100nm) of the backside of the released membrane showing a honey-
comb structure (average thickness 27 nm) resulting from the isotropic etch-
ing of the membranes via circular etch holes. Released membranes were
peeled off using a PDMS support layer and subsequently AFM imaged to
determine, both, uniformity and thickness of the nitride membranes.

© 2011 American Institute of Physics
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Modes of these resonators are indicated by indices (n, m).
The mode number n=0, 1, 2,... corresponds to azimuthal
nodes and m=1, 2, 3,... indicates the number of radial
nodes with n=0, m =1 being the fundamental mode which
has no azimuthal node, hence it a pure radial mode. Here D
is the diameter of the resonator, ck = \/a/p is the phase ve-
locity. &, is the mth zero of the Bessel function J;, (x). The
resonant frequencies and dissipation of different modes are
shown in Figure 2 for a 400 um resonator. Resonant frequen-
cies of the different modes of the membranes follows
Eq. (1), clearly indicating the stress dominated resonance
characteristics (phase velocity ~540m/s). Circularly sym-
metric etch release holes (Figure 1(a), inset) result in predict-
able mode positions in frequency space. Dissipation among
individual “family” members (n=0, 1, 2, 3,...,
m = constant, i.e., azimuthal harmonics for low radial mode
numbers, m <2) of large resonators consistently show a
reduction in dissipation which then reaches a dissipation
floor for the higher azimuthal harmonics (Figure 2). Simi-
larly, when we examine the Q' of higher order pure radial
modes (m =3, 4,...) and their azimuthal harmonics (n=0, 1,
2,...), these modes also show a drop in dissipation; however,
their mode dependence gets progressively weaker, as shown
in Figure 2.

We examined the Q! of resonators of various diameters
to explore whether this dissipation is frequency or mode de-
pendent. As expected from Eq. (1), the resonant frequencies
of the respective fundamental modes (n =0, m = 1) show an
inverse relationship with diameter. The dissipation of the
observed fundamental modes (n=0, m = 1) of resonators of
different diameters are shown in Figure 3 which seem to be
independent of the diameter. In the same figure, we plot
modes with n=0, 1, 2,..., m=1 (as in Fig. 2) connected by
thin solid lines. The observed dissipation of several resona-
tors appears to suggest a dissipation floor which depends on
the size and frequency of the resonator with fQ and
0D = constant. This relationship (fQ = constant) is plotted
in the figure as a solid straight line (fQ =10 THz). The fre-
quency dependence of the dissipation floor is more pro-
nounced in the smaller resonators with high resonant
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FIG. 2. (Color online) Modal dependence of dissipation for optically
defined membranes (400 pum, 27 nm average thickness) showing a reduction
in the dissipation with increasing azimuthal harmonics (n=0, 1, 2,..., for a
given m < 2). For modes with higher azimuthal harmonic numbers, dissipa-
tion gradually starts to increase indicating a frequency dependent dissipation
floor. Lines (splined fits) are drawn between the points to guide the eye to
follow the dissipation trend within an individual family of modes.
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FIG. 3. (Color online) Dissipation and resonant frequency as a function of
diameter and vibrational modes of the resonator. Filled data points con-
nected by solid lines denote the pure radial mode along with its azimuthal
harmonics (n=0, 1, 2, 3,..., m=1). Open triangles connected by dashed
lines show the series starting from the fundamental mode and purely radial
harmonics (n=0, m=1, 2, 3), i.e., no azimuthal harmonics. Resonators
show dissipation dominated by clamping losses for the fundamental mode
and low order azimuthal modes whereas higher azimuthal harmonics more
closely follow the dissipation floor. The solid line delineates a dissipation
floor corresponding to a fQ product of 10 THz.

frequencies where the dissipation is nearly mode independ-
ent. Also seen in Figure 3 is the ascending radial harmonics
(n=0, m > 1, connected by dashed lines) for resonators of
two different sizes. Pure radial modes for large resonators
(D > 200 um) show a reduction in dissipation as the number
of radial nodes increases (n=0, m=1, 2, 3,...). However,
smaller resonators (D < 100 um) show an increase in dissi-
pation with higher radial mode numbers (n=0, m=1, 2,
3,...).

Dissipation in high stress resonators has been discussed
in earlier articles.*®'%!'* In general, the observed dissipation
of these taut membranes and strings is strongly dependent on
the size and mode numbers of the resonator.®®*'* Clamping
losses are identified as a significant fraction of the overall
dissipation for pure radial modes (n = 0) in taut membranes.’
In general, the clamping loss contribution is predicted to
have following dependence:

1 ¢

0 o D 2)
Here, t is the thickness of the resonator and the prefactor has
a strong mode dependence. For higher order azimuthal
modes of the high stress drums, an exponential drop in dissi-
pation within the individual radial mode “family
(Wn=0.12..... m)” 1s predicted. This can be understood in terms
of destructive interference between the acoustic waves radi-
ated by different equivalent segments of the resonator’s pe-
riphery.” This reduction in dissipation by an order of
magnitude within an individual family has been observed for
large resonators. However, the observed behavior of the dis-
sipation in our nitride membranes is not entirely consistent
with current clamping loss models. In Figure 3, we note the
following discrepancies: (1) All resonators’ dissipation
should decrease as the diameter increases (Eq. (2)). For large
resonators, the dissipation of the fundamental mode is nearly
constant. (2) Consider modes where n>0, m=1. With
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increasing azimuthal mode number, the largest resonators
show a decreased Q' with larger n. However, in the smaller
resonators, Q7l only decreases for n=0, n=1. Modes with
n>2 show a constant or increasing Q' (e.g., 150 um devi-
ces). (3) If we examine the pure radial modes of the largest
and one of the smallest resonators (n=0, m=1, 2, 3,...), the
largest resonator shows a decrease in dissipation with
increased radial node number, while the smaller resonator
shows an increased dissipation for the same mode variation
(Figure 3, triangles). We conclude that resonators reach a
dissipation floor for higher azimuthal harmonic numbers.
This dissipation floor is strongly dependent on resonator di-
ameter. The aggregate behavior where frequency/Q '
appears to reach a limiting value argues that clamping loss
alone cannot be responsible for the observed behavior.

Recently, Unterreithmeier et al® developed a model for
the influence of pre-stress on the internal dissipation of sili-
con nitride strings. They observed that the quality factor of
these essentially one-dimensional resonators decreased for
higher harmonics. This has been attributed to the enhance-
ment of local strain in the resonator associated with the
increased local curvature as mode number increases. The
fundamental mode of shorter strings had much lower quality
factor compared to the higher harmonic of the larger strings
of similar frequencies, attributed to the additional curvature
at the clamping points of the smaller resonators. It is possible
that the observed behavior in our resonators results from a
combination of clamping losses and internal losses. Clamp-
ing losses appear to be dominant for the observed fundamen-
tal modes of large resonators, but for higher azimuthal
harmonics, the observed floor and subsequent increase in dis-
sipation could be due to the internal losses (which is modi-
fied by pre-stress, in a manner similar to the strings®). Recent
investigation on low stress silicon nitride membranes has
shown that quality factor can be strongly frequency depend-
ent due to the mode-coupling between the membrane modes
and matching resonances of partly suspended support.'’
However for the high stress nitride membranes reported in
this article, the support does not present well-defined
resonances in the relevant frequency range given the mount-
ing of the chip containing the membrane resonator which is
fully attached on its whole back plane onto the piezoelectric
oscillator. We can surmise that a finite fQ limit (10 THz)
arises due to some intrinsic dissipation mechanism in the
amorphous material.

In conclusion, we have measured the dissipation in high
stress silicon nitride membranes as a function of frequency,
size, and mode shape of the resonator. The observed Q’s of

Appl. Phys. Lett. 99, 253103 (2011)

the resonators are strongly mode dependent for large drums
(D>200um) where dissipation decreases for increasing
aziumthal harmonic numbers (for low radial harmonic num-
bers, m <2). However, higher frequency modes of larger
resonators (D > 200 um) and all the modes of smaller drums
(D <200 um) seem to be significantly dominated by a dissi-
pation floor which reduces the modal dependence of the dis-
sipation. We measured high Q factors (=2 million) for
ultrathin membranes (average thickness 27 nm) with high
surface to volume ratio. This offers unique potential for sur-
face activated sensors and optomechanical experiments. Sili-
con nitride resonators are actively pursued for use in
optomechanical experiments with the possibility of using
ultra-thin nitride membrane resonators in high finesse cav-
ities,> where high mechanical Q, low mass, and low spring
constants are desirable. In this regard, large ultrathin resona-
tors that can exhibit high quality factors as fabricated here
should provide a useful means to achieve and explore the
interaction between optical and mechanical fields.

We would like to thank support from Cornell Nanofabri-
cation Facility and we also acknowledge financial support
from NSF grants DMR-0908634, ECCS-1001742, and DMR
1120296. .LW.R. acknowledges financial support from the
Nanosystems Initiative Munich.

'H. G. Craighead, Science 290, 1532 (2000).

’X. M. Henry Huang, C. A. Zorman, M. Mehregany, and M. L. Roukes,
Nature 421, 496 (2003).

1. D. Thompson, B. M. Zwickl, A. M. Jayich, F. Marquardt, S. M. Girvin,
and J. G. E. Harris, Nature 452, 72 (2008).

“D. J. Wilson, C. A. Regal, S. B. Papp, and H. J. Kimble, Phys. Rev. Lett.
103, 207204 (2009).

B. M. Zwickl, W. E. Shanks, A. M. Jayich, C. Yang, A. C. Bleszynski Jayich,
J. D. Thompson, and J. G. E. Harris, Appl. Phys. Lett. 92, 103125 (2008).
5s.S. Verbridge, J. M. Parpia, R. B. Reichenbach, L. M. Bellan, and H. G.
Craighead, J. Appl. Phys. 99, 124304 (2006).

’S. S. Verbridge, H. G. Craighead, and J. M. Parpia, Appl. Phys. Lett. 92,
013112 (2008).

8Q. P. Unterreithmeier, T. Faust, and J. P. Kotthaus, Phys. Rev. Lett. 105,
027205 (2010).

L Wilson-Rae, R. A. Barton, S. S. Verbridge, D. R. Southworth, B. Ilic, H.
G. Craighead, and J. M. Parpia, Phys. Rev. Lett. 106, 047205 (2011).

oD R. Southworth, R. A. Barton, S. S. Verbridge, B. Ilic, A. D. Fefferman,
H. G. Craighead, and J. M. Parpia, Phys. Rev. Lett. 102, 225503 (2009).

. Wilson-Rae, Phys. Rev. B 77, 245418 (2008).

125, Ilic, S. Krylov, K. Aubin, R. Reichenbach, and H. G. Craighead, Appl.
Phys. Lett. 86, 193114 (2005).

BK.F. Graff, Wave Motion in Elastic Solids (Dover, Mineola, New York,
1991).

1458, Verbridge, D. F. Shapiro, H. G. Craighead, and J. M. Parpia, Nano
Lett. 7, 1728 (2007).

SA. Jockel, M. T. Rakher, M. Korppi, S. Camerer, D. Hunger, M. Mader,
and P. Treutlein, Appl. Phys. Lett. 99, 143109 (2011).

Downloaded 31 Jul 2012 to 128.253.115.18. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1126/science.290.5496.1532
http://dx.doi.org/10.1038/421496a
http://dx.doi.org/10.1038/nature06715
http://dx.doi.org/10.1103/PhysRevLett.103.207204
http://dx.doi.org/10.1063/1.2884191
http://dx.doi.org/10.1063/1.2204829
http://dx.doi.org/10.1063/1.2822406
http://dx.doi.org/10.1103/PhysRevLett.105.027205
http://dx.doi.org/10.1103/PhysRevLett.106.047205
http://dx.doi.org/10.1103/PhysRevLett.102.225503
http://dx.doi.org/10.1103/PhysRevB.77.245418
http://dx.doi.org/10.1063/1.1919395
http://dx.doi.org/10.1063/1.1919395
http://dx.doi.org/10.1021/nl070716t
http://dx.doi.org/10.1021/nl070716t
http://dx.doi.org/10.1063/1.3646914

