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Thermoelastic loss in microscale oscillators
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A simple model of thermoelastic dissipation is proposed for general, free standing
microelectromechanicalMEMS) and nanoelectromechanic@NEMS) oscillators. The theory
defines a flexural modal participation factor, the fraction of potential energy stored in flexure, and
approximates the internal friction by assuming the energy loss to occur solely via classical
thermoelastic dissipation of this component of the motion. The theory is compared to the measured
internal friction of a highQ mode of a single-crystal silicon double paddle oscillator. The loss at
high temperaturéabove 150 Kis found to be in good agreement with the theoretical prediction.
The importance of this dissipation mechanism as a function of scale is briefly discussed. We find that
the relative importance of this mechanism scales with the size of the structure, and that for nanoscale
structures it is less important than intrinsic phonon—phonon scatterin0@ American Institute

of Physics. [DOI: 10.1063/1.1449534

Obtaining highQ performance in Si based oscillators in pressed and rarefied regions. In contrast, the compression
microelectromechanical systent®IEMS) and nanoelectro- associated with flexural vibration can give rise to TE dissi-
mechanical system§NEMS) is desirable for applications pation orders of magnitude larger, because the distance in-
that include charge detectorsradio-frequency filter§, Volved in the heat transfer, the sample thickness, is typically
magnetic resonance force microscopasg torque magneto- orders of magnitude smaller than the wavelength of longitu-
meters® Achieving this goal has proven to be difficult how- dinal waves, thus resulting in a much higher thermal phonon
ever, and to date, the achieve in MEMS/NEMS oscilla-  current and energy dissipation.

tors have been orders of magnitude smaller than expecte Our model of TE dissipation IS based on the observation
. . . that the resonant modes of elastic structures almost always
from considerations of fundamental loss mechanisrs-

. . ontain some flexural component. Provided the sample thick-
planations of the observed behavior include attachmen? P P

. i . ness is very small compared to the wavelength, the trans-
losse” bulk defects losses associated with the electrical Y P g

8 & i verse dimensions are unimportant, and the decay rate asso-
contacts, and surface effectsUnfortunately, untangling the  giateq with the TE dissipation of flexure will be given by

various potential mechanisms is not a straightforward exer-
cise because of the difficulty of controlling and measuring 1 dE 0
the properties of microscale and nanoscale devices. wdt b

The MEMS oscillators are typically free standing, planar 0. ) o ) )
samples vibrating predominantly either in flexure or torsion.""h_ere‘ﬁf is the internal friction assoc_lated with pure flexure,
E is the total modal energy, and; is the modal energy

In the case of a simple beam in flexure, thermoelaStk) . X ) . .
R L . associated with flexure. The assumption underlying(Exis
dissipation is known to be a significant loss mechanism neatr

room temperaturé® The loss mechanisms in other oscillators hat the loss rate in an arbitrary vibrational mode is simply
P ' given by the loss rate associated with the flexural energy of

involving torsional vibration, or in general possessing a NON1 e mode. The effective modal loss factor due to TE dissipa-
trivial mode shape, are however still unknown. We have defion is thus

veloped a simple model which predicts the internal friction
arising from TE dissipation in these types of oscillators. We o Et o
have found the internal friction can be quite significant even b= d’ffz P,
for nominally torsional vibration modes which one might
conclude have no TE loss. Analysis of the experimental re
sults for a macroscopic single-crystal silicon oscillator yields
good agreement with the prediction.

TE dissipation arises from thermal currents generated by Ed’T ot
compression/decompression in elastic media. Typically, the ¢?:T 1+ w22’ 3
TE dissipation arising from longitudinal waves in solids is
very smalt! owing to the large distance between the com-whereE is Young’s modulusg the thermal expansion coef-

ficient, c the specific heat per unit volum&, the tempera-

.ture, andr the thermal relaxation time. Note that the internal

€y

2

wherep;=E; /E is the modal participation factor for flexure.
The loss factor associated with pure flexure, first pre-
dicted by Zenet? is given by Nowick and Berr¥ as

dAuthor to whom correspondence should be addressed; electronic maif:. . . . . .
houston@nrl.navy.mil riction is a function of the dimensions of the structure only

YAlso at SFA, Inc., Largo, MD 20774. through the relaxation time given by
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a2 azc (4) 10-5 :' rTrrrry o T T Ty
T= 2" 2. b 4
™D 7K * dryclamped
with a the sample thicknesg, the thermal conductivity, and - ° epoxied

D = «/c the thermal diffusion constant. 10°
An estimate of the TE loss factor of a general free stand- i

ing oscillator can be obtained from Ed&) and(3) once the

flexural participation factop; is known for the particular o

7L
mode under consideration. This can be determined from the 10
modal displacements as follows.

The potential energy of the vibration is in general given
by 10°

1
UZEJdV(TiJ‘EiJ‘, (5) sl .
0 50 100 150 200 250 300
where o; and ¢;; are the stress and strain tensors and re- Temperature (K)
peatEd- indices ar-e to.be Summed'- The-ﬂexural part of thEIG 1. The measured internal friction of the double paddle oscillator
potential energy is prlmarllly'contalned in the,yex, and (points compared to theorysolid line), Eq. (2). The pronounced dip pre-
oyy€yy terms, where the axis is chosen to be normal to the gicted at 120 K is a result of a sign change dn This is only weakly
plane of the oscillator. The displacements may be Taylor exebserved experimentally due to contributions from yet unexplained sources
panded in the thickness direction owing to the smallness off damping.
this dimension. The displacement in tkelirection, for ex-
ample, may be expressed asi(X,y,zZ)=~U\(X,y,0) turein Fig. 1 along with the prediction based on E2). The
—z¢(X,y) whereg is the angle of the normal relative to the participation factor for this mode was determined from Eq.
z axis. Thexx component of the strain is thus (7) using a validated finite element model predictions of the
au 9 modal displacemerﬁs'and is given a}p'prm.(imately by
Exx™ X, (6) p;=0.0755. The material properties of Si in this temperature
2 X range were taken from the EMIS Datarevi€®operties of
with a similar expression fog,, . The flexural portion of the Silicon™® At low temperaturesT~10 K), the internal fric-
potential energy consists of the terms containing the derivalion lies approximately at 210" °. At 60 K, the loss begins

tives associated with bending, to increase rapidly with temperature and approaches 6
X108 at room temperature. The overall agreement of the
U 1 dv P d predicted TE dissipation with the measured internal friction
~— = Oy tOyy—— (7 :
2 X ay in temperature dependence as well as in absolute values sug-

L : . gests strongly that TE dissipation due to transverse strains
and the modal participation factor is thus given by . g . - .
plays a strong role in determining the internal friction for this

= Uf /U .
As the basis for this study, we use the double paddlemOde of the DPO at temperatures above 60 K. Indeed, the

. L . . felaxation frequency at room temperature associated with
oscillator(DPO), first introduced by Kleinmafh® The DPO is . ) . ;

. .( ) o y . ; this mechanism for the DPO is 1,803 Hz. The first seven

distinguished by exhibiting resonances with very high values

normal mode$ fall between 200 and 5500 Hz and are all

of Q. These modes are stable and repeatable, have a ve

r T L
small coupling to the environment, and have been previousI)I/r)(]pacuEd significantly k?y TE dissipation. .
AR 15\ f . The thermodynamic approach underlying the results
studied in significant detalf*'® Various properties of the . Lo o .
. . . o given above is limited to conditions under which thermal
DPO, including the dependence of the internal friction on® ~. " ; S o
I : equilibrium is maintained within the sample. We must cer-
temperature and the mode shapes, are krfo highQ tainly insist that the phonon mean free path be much smaller
modes of the DPO are thus particularly appropriate for th y b b

S L2 han the sample thickness at temperatlirea constraint
study of intrinsic sources of energy dissipation in single crys- . . . I )
. : which in the case of single-crystal Si limits the domain of
talline Si and serve as a useful test case.

The DPO is shown in the inset of Fig. 1. The oscillator¥ililgltzin?f I;hzsrgritz'[% d igoiiwgisi n;elgepifrag[]iszs‘%(:‘ol:tﬁ-
was fabricated from a 30Qum thick, float-zone refined, P P P

double-side polished(100) oriented, and N-doped silicon itously) with the fqllure of the model at low tempergtures.
) T . We now consider the scale dependence of this mecha-
wafer with ~2 kQ cm resistivity. We focus on the mode with

the highesiQ, the second antisymmetric torsion mdde nism as it would relate to micro- and nanoscale oscillators

. ) . n lanar ign. In general, resonance fr nci
which the head and wings rotate out of phase with one anlgased on a planar desig general, resonance frequencies

other. The vibration is primarily torsional with the restoring of linear elastic structures scale inversely with scale faictor
force being provided by the neck. The angular momentum is

nearly balanced between the head and the wings, and motion wrrl ®

in the foot of the oscillator, the source of loss to the external

environment, near|y vanishes. while from EC](4) the TE relaxation frequency scales as
The measured internal friction of the second antisym-

metric mode of the DPO is shown as a function of tempera- 7 oL ™2, (9)
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binations of length and thickness can be found even in these
MEMS and NEMS beam oscillators for which TE damping
would be quite small. Further, TE dissipation clearly be-
comes smaller relative to other fundamental dissipation
mechanisms as the scale is reduced, becoming smaller than
phonon—phonon scattering at the 50 nm scale. However, the
thermal equilibrium requirement is almost certainly violated
even at room temperature for this scale.
In conclusion, we have proposed a simple model to pre-
‘ dict the TE loss of general MEMS/NEMS oscillators. The
phonomptonon it tongtucinal TElimt 7 model successfully predicts the observed internal friction of
jpo 1(')4 pye 0 ot a high Q macroscopic oscillator similar to free standing
frequency (Hz) MEMS for temperatures above 150 K. For temperatures be-
low this, the observed internal friction is not explained by
FIG. 2. Internal friction of MEMS/NEMS cantilever beam oscillators. Each known loss mechanisms. Further, we have examined the

curve shows the damping at the fundamental for a beam of fixed thickness

and varying length. Also shown on the figure are the internal friction due toS.Cale dependence of this mechanism and found that the quan-

phonon—phonon scattering and TE dissipation of longitudinal waves. tity o, 7, which controls the amount of damping observed at
resonance, in general scales linearly with resonator size.

300 pm 50 um 1.5 am

v . LA

Hence, the quantityw,7, which controls the amount of This work was supported by the Office of Naval Re-
damping observed at resonance, scales as search.
w, Tl (10
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