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scattering dissipation, and losses due to impurities and
micro-cracking.® The Qgyp refers to the external dis-
sipation, which consists of surface effects, gas damp-
ing, anchor-loss mechanisms, and energy losses due to
environment and coupling of different vibration modes.
Qomuer  Tepresents all other dissipation mechanisms,
which are either not well understood or hard to model

The thermoelastic dissipation (TED) is a fundamental
energy dissipation mechanism in MEMS/NEMS flexural
mode resonators,® which arises from the local heat cur-
rent generated by the stress inhomogeneities in a vibrat-
ing body. That is, the local temperature of the body
increases under volume compression and decreases under
volume tension with a positive thermal expansion coeffi-
cient. Vibration in pure flexural or bending modes results
in a linear stress gradient being created within the res-
onator volume which in turn sets up a temperature gradi-
ent. This results in irreversible heat flow from the resonator
and an increase in system entropy. Under high vacuum
conditions, TED can play a dominant role. The period of
vibration relative to the thermal relaxation time for the res-
onator establishes the importance of TED relative to other
energy dissipation mechanisms, If the period of vibration
is much longer than the thermal relaxation time, a thermo-
dynamic equilibrium is established with the environment.
If the period of vibration is much shorter than the ther-
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’ Understanding the energy dissipation mechanisms in single-crysial silicon MEMS/NEMS resonators
are particularly important to maximizing an important figure of merit relevant for miniature sen-
sor and signal processing applications: the Quality factor (Q) of resonance. This paper dis-
cusses thermoelastic dissipdtion (TED) as the dominant internal-friction mechanism in flexural

mag- mode MEMS/NEMS resonators. Criteria for optimizing the geometrical design of flexural mode
MEMS/NEMS resonators are theoretically established with a view towards minimizing the TED for
| Fggs' single-crystal silicon MEMS/NEMS flexural mode resonators.
Ction.
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INTRODUCTION
136601 icrofabricated silicon resonators have been viewed as
jractive replacements for quartz crystal resonators as
(2005). tronic filters and reference oscillators for wireless com-
Len. 4, unication applications due to their small size and fab-
2. 3604 " ion compatibility with CMOS processing.! Recent
bork” has demonstrated the potential of silicon MEM res- . .
analytically.
J. Phys. ators in applications as timing references for reference
A seillators meeting the GSM phase noise specification at
‘ Iy output frequency of approximately 13 MHz, Under-
5, Phys. ganding the dominant energy dissipation mechanisms in
'l MS/NEMS resonators is relevant for both sensor and
Sci. 29, Penal processing applications. In signal processing appli-
137204 ons such as reference oscillators, enhancing the res-
: pator Quality factor in vacuum can lead to reduced power
7, 1629 nsumptlon enhanced stability of oscillator output fre-
ency and in lowered phase noise.>* In a mass sensor
“ondens. ) hcatlon enhancement of Quality factor for resonant
15, Rev SQTS.can lead to improvements in resolution andfor
Fsitivity,”
MEMS/NEMS resonators, the net Quality factor
D) of resonance is determined by a number of loss
iy Rev Bechanisms:
n. J.
7 Q' = O+ Orkr + ot (1)
: e the (Qr is the internal friction of the mate-
- 2007 Wwhich consists of thermoelasic dissipation, phonon

O 10 whom correspondence should be addressed.

- 0sci. Nanotechnol. 2009, Vol. 9, No. 2

[533-4880/2009/9/101 17004

mal relaxation time, thermal relaxation of the system is no
longer possible and an adiabatic regime is reached. TED
disappears at very low temperatures.®-% ¢
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2. DESIGN OPTIMIZATION FOR TED IN
FLEXURAL MODE RESONATORS

The quality factor of TED in a flexural mode vibrating
beam is given by!!

O (LAY

om= (5 +7) e
where C} is the heat capacity under constant pressure, p is
the density, E is the Young’s modulus, « is the thermal
expansion coefficient, f; and { are the resonant frequency
and the TED characteristic frequency of the flexural mode
vibrating beam.

When f, = {, Qpp is minimized to be @y, that rep-
resents the maximum TED in a flexural mode vibrating
beam. The TED characteristic frequency ¢ is deter-
mined by .

2Cpp

a’TE @

T, K
{= > Dt with D = oC, (3)
where D is the thermal diffusion (the spontaneous spread-
ing of the heat of certain material) and 7 is the thickness of
the beam in the vibration plane. Typical values of thermal
and mechanical properties of silicon oxide and silicon are
listed in Table 1.'%"

The theoretical model of Qg as a function of nor-
malized frequéncy for transverse vibration is shown in
Figure 1. Qpgp is a function of the flexural mode frequency
(Eq. (2)), while the frequency is related to the resonator
dimension. For the flexural vibration beam, the frequency
can be expressed as'

o E
= JZ 4
fU 4\/5‘17'\/101'2 ( )

where E is the Young’s Modulus, p is the material den-
sity, a,, is the boundary condition parameters, L and ¢ are
the length and thickness in the vibration plane of the reso-
nant beam, respectively. Values of o, for various boundary
conditions are listed in Table II.

Substituting Eqs. (3) and (4} into f, = £, we obtain the
maximum TED arises when

Table I Thermal and mechanicai properties of SiQ, and Si at  tem-
perature of 300 K.
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The ratio of the resonant frequency f; to the TED charac-
teristic frequency { of a flexural mode vibrating beam jg

given by
& _ @, Cp/Ep f_3 )
g—zﬁﬂ_gl{ It (6) ;
The maximum TED arises when the thickness r and the
length L of the resonator satisfies

‘st typical

o 237k )
L2 a,CofEp

For instance, for a flexural mode vibrating cantilever,
the maximum TED arises when the cantilever length are
3.5 pm, 110 pm and 3500 pwm with the thickness of | ym, ~
10 pm and 100 pwm, respectively.

A geometrical design guide to escape high TED for
single-crystal silicon MEMS/NEMS flexural mode res-
onators is shown in Figure 2. The figure describes the
comparison of the geometrical dimension, Qqzp and fre-
quencies of resonators with various beam lengths and
thicknesses in the vibration plane.

The area enclosed by the red dashed lines is the nor
mal dimension of MEMS/NEMS flexural mode resonators-
The resonant frequencies of the resonators are indicated
by the green lines. The maximum TED line, on which

Symbol Cha isti i Si . L . :
ymhe acteristic 510, ! the QOrpp is equal to @ is indicated in black bold Imf-
£ [GPa] Young’s modulus 70 (3] The shaded blue area is the TED forbidden region 1o
plkgm?] - Density 2200 2330 which Qygp, is less than 10 x @ and the TED is expec
Co [Tkg' K7 Heat capacity under 700 900
constant pressure
) [Wm' K] Thermal conductivity 1.4 148 Table I, Numerical values e, for flexural mode resenators.
D [m® 57! Thermal diffusi f 9.1 % 107 7.1x 1073
[ I the maleri:;m’l © * X Boundary conditions  1st mode  2nd mode  3rd ml‘%ﬂ_
a[K'] Thermal expansion 4x 1077 26%10°°  Clamped-clamped 22.373 61673  120.90 199.88
coefficient i Clamped-free 35160 22.034 61.697 129-86 ;
0, Minimum Oy, 926000 12500 Free—free 22.373 61.673 120.90 1993
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m 3. Comparison of the geometrical dimension, ., and frequencies
of the single-crystal silicon MEMS/NEMS flexural mode resonators.

i be the dominant cnergy loss mechanism. The area
;h(]ve the upper blue dashed line is the 'isothermal regime,
wd the area below the lower blue dashed line is the
isbatic regime. In both regimes, Qg 18 greater than
{00x @y and the TED can be neglected. The points 1-5
ist typical MEMS/NEMS flexural mode resonators found

(b) Clamped-clamped beam flexural mode resonator
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Table H1. Comparison between measured quality factor and calculated
quality factors of the fundamental mode CC and FF beam fiexural mode
resonators, ’

Q'I'IE[) QI;X'IE.RNAL QT(}TAL Q.\-IE-\S[FRFD
cc 20645 3419 2933 2765
FF 20966 33082 12833 10332

in Refs. [3, 13, 15, 16, 17]. The particular values indi-
cated in this plot are plotted for a cantilever (a beam
with clamped-free boundary conditions), and this general
geometrical design guide can be extended for other bound-
ary conditions as well.

3. EXPERIMENTAL VERIFICATION

Magnitude (dB)

Magnitude (dB)

Clamped—clamped (CC) and free—free (FF) MEMS res-
onators were designed and fabricated as shown in Figure 3
(left) in a silicon-on-insutator MEMS technology. The res-
onators have been electrically characterized in high vac-
uum and a network analyzer based setup is used to extract
S-parameters. Figure 3 (right) shows the S-parameters for
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Optical micrographs and S-parameter measurement results of in-plane flexural mode free—Iree beam resonator and clamped—clamped beam
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the electro-mechanical device under an operating pressure
of 1 x 107 mbar in a vacuum chamber with an applied
DC bias of 30 V. Table III compares the measured quality
factor with that obtained from calculations, which consists 2
of the calculated internal friction quality factor (TED qual-
ity factor) and the calculated external quality factor and
for the fundamental mode of the CC and FF beam res-

1.

onators. The external guality factor can be calculated by 4
employing analytical models for anchor loss dissipation® 5,
and surface loss dissipation'’ in the MEMS/NEMS

resonators, 6.

7
4. CONCLUSIONS

The mechanism of the thermo-elastic dissipation in the g
MEMS/NEMS resonators is described in this paper. A cri- 0.

teria for geometrical design for flexurdl mode beam res-
onators with clamped—clamped, clamped—free or free—free 11
boundary conditions is theoretically established with a 12.
view to minimizing the internal friction loss, 1.e., the TED
in MEMS/NEMS resonators. Current research is focused
on discovering the optimal geometrical designs involving
external dominant dissipation mechanisms including sur- 14,
face and anchor losses.

13.
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