445. I nvestigation of Thermo-Elastic Damping of
Vibrations of Rectangular and
Ring-Shaped MEM S Resonators

R. Barauskas'?, S. Kausinis'®, H. A. C. Tilmans?

! Kaunas University of Technology, Studentu 50-40I~51368, Kaunas, Lithuania

2 Interuniversity Microelectronics Center, Kapeldrggf B-3001, Leuven, Belgium,
e-mail: ®rimantas.barauskas@ktu.lt; bsaulius.kausinis@ktu.lt; ! Harrie.Tilmans@imec.be

(Received 10 January 2009; accepted 10 March 2009)

Abstract. The paper deals with finite element analysis of pldnmodal vibrations Q-factor
values determined by taking into account the théyredastic damping. Modal properties of
square- and ring-shaped MEMS resonators have heestigated by taking into account the
layered structure of MEMS and the influence of teometry of the clamping zone. The
calculations have been performed by employing ti@MSOL Multiphysics finite element
software. The solution method has been verified pamng numerically and analitically
obtained damped modal properties of cantilever ME®&Dnator. Experimental investigations
of Q-factor values have been performed. The comspariof calculated and experimentally
obtained resonant frequencies and Q-factor valogisated good agreement of tendencies of
change of the quantities against temperature.
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1. Introduction

The scope of MEMS is expanding rapidly. Besideditienal MEMS, many new frontiers of
practice were opened up in recent years, [1]. Thetradvanced solutions in terms of MEMS
sensors, actuators, mechanical filters or micrdituisystems can be identified in inertial
navigation systems, computer devices, industriat@ss control, electronics instrumentation,
telecommunications as well as in biological and iceldapplications. Advanced MEMS
applications are driven by processes that enabkatgr functionality and operational
capabilities through higher levels of electronicefmanical integration and greater numbers of
mechanical components working either alone or togretb enable a complex action.

To achieve these goals, the ways are being exploreceducing the power dissipation of
both mechanical microstructures and electronicailanents by using innovative combinations
of low-power circuits and micromechanical devide$, A number of scientific and engineering
challenges must be overcome in order to realizevisien for nano-micro-macro integration.
Along with the development of new technologies, mwice configurations and new applications
for micro-sensors, micro-actuators and micro-systeangrowing need for achievement of better
MEMS performance and for novel sensing capabilitis be observed.

In many applications, the benefits of using resonaticrostructures relate directly to small
size, high frequency and spectral purity. The tatpgantity is defined by high values of the

mechanical Q-factor. The damping rate of the vibret can be evaluated g, which is the
rate at which energy of resonant vibrations is ¢pédrst to various environments coupled to the
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model. The vibrations of real resonator structunes affected by several different energy loss
mechanisms, which predetermine the overall valuthefQ-factor. Unfortunately, the physical
mechanisms of dissipation affecting the Q-factolues of micro-resonators are still not
completely understood. It appears as very impott@astudy different energy loss mechanisms
and to perceive the dominating energy dissipatioocgsses. Several studies, [3-10], have
examined the different dissipation mechanisms, el as, the dependence of the Q-faator
various parameters in both flexural and longitutivibration modes of MEMS structures. In
particular, the Q-factor determined by thermal#tasiamping (TED) of micro-electro-
mechanical resonators structures is a very impbdgmamic characteristic since it provides the
upper limit of the Q-factor that is possible to ie¢le in a structure of a given geometry and
materials under an assumption that no internatidricand other sources of damping are
present.

In [4] the TED of the single-crystal 3C-SiC UHF mwamechanical rod resonators at
longitudinal vibration mode have been investigaaed Q-factor values caused by TED at the
thermal insulation boundary conditions, as well &w, the fixed temperature boundary
conditions determined. The results have been eradldgr development and verification of
FEM computational models in [3].

In [5] an extensive study of vibration energy lasschanisms, which limit the highest
achievable Q-factor values, has been presentedddim@ing mechanisms are predetermined by
material properties and are highly influenced by tiesign of the resonator structures. They
include energy losses mechanisms due to suppompalg, air damping, heating, TED
dissipation, anharmonic mode coupling, surface hoegs, extrinsic noise, dislocations and
dissipation due to two-level systems. Dependencalisdipation on the finite size of the
structure, temperature, surface-aggregated defeetgnetic field, hysteresis and other factors
has been analyzed. The data on dissipation measuotemave been presented for micron-sized
single crystal GaAs and Si resonators.

In [6] intrinsic and extrinsic energy loss mechamshave been discussed and dissipation
in polycrystalline diamond (poly-C) resonators lmesen explored by using electrostatic and
piezoelectric actuation methods. Due to materiahitdtions of poly-Si resonators,
polycrystalline diamond (poly-C) has been exploasda hew MEMS resonator material. The
poly-C resonators were designed, fabricated anddes

An effort to delineate the microscopic mechanism&dpminantly responsible for
dissipation in micromechanical resonators has h@mesented in [7]. Possible mechanisms
contributing to dissipation in a double-clamped rhealtra-high frequency (UHF) nano-
resonators have been analyzed in [8]. Estimationthef dissipation contributed by the
evaporated metallic layers (Al and Ti) with interfréiction has been presented in [9].

Although numerous approaches to the damping theworg experiments have been
systematically developed and reported over seveedades, advanced simulation and
modelling tools are still needed in order to previddvisory service" at early stages of MEMS
design. The numerical simulation is important feo reasons. First, it can be used to verify the
analytical results, which often are obtained on lihse of highly simplified models and then
further used in order to explain similar phenomenaore complex MEMS configurations as
well. The same model investigated numerically andlwically provides the base for the
verification of the numerical model. Second, fomgpdex geometry and multiple materials there
are no analytical approximations, therefore nuna¢sanulation is necessary.

This work presents the study of TED as a dissipatitiechanism in modal damping of
vibrations of rectangular- and ring-shaped MEMSonegors. Much of the work presented is
numerical experiments has been performed to det@rghiresonant frequencies and Q-factors
of MEMS and providing physical interpretations bétresults obtained. In addition, several real
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physical experiments have been carried out, whmahstrated the reasonable agreement of
computationally determined features to the reality.

2. FEM analysisof rectangular and ring-shaped resonators

A 3D computational model has been developed, whidvides an approximation of the
TED of structural vibrations of rectangular- andgishaped MEMS resonators. The model is
based on the theoretical consideration developg8]inThe layouts of two types of resonators
are presented in Fig. 1 and Fig. 3. The model iMSOL Multiphysics environment has been
created as a coupled two-field Multiphysics probhlem
Two application modes have been coupled:

e MEMS Module-> Structural Mechanics->Plane Stressiped eigenfrequency

analysis

e COMSOL Multiphysics->Heat Transfer ->Conduction-amsient analysis.

The thermal-mechanical coupling has been ensure@nbgring the body heat source,
which described the generation of the heat in tldumae at given strain rates as
_ ToKC (@+@+8_vv] and the thermal expansion strair(T —T,), which was taken into

1-29\ox oy oz

account in the mechanical equations of the modekeHi(x,y,z), v(x,y,z),w(x,y,z) are

displacements of the MEMS resonator structure (aattlon(x, Y, z), c- Young's modulus,9 -

Poisson's ratiox - thermal expansion coefficient, - ambient temperature.

The model is able to take into account the TEDctfémd the influence of the geometry of
the clamping zone. Symmetric modes of rectangwad ring-shaped resonators have been
calculated by using quarter-symmetry models, Figar@él Fig. 4. The mechanically free
surfaces of the resonator are assumed to be tHgrisalated basing on the fact that the heat
exchange rate through the surface is too slow toobgparable with quick internal processes of
acquiring and loosing heat caused by high rateglastic strain. On the contrary, fixed
temperature boundary conditions as=T, have been imposed on cut boundaries, which

represent the contact of the resonator with theadVRIEMS structure.
Several in-plane (Figs.3-6 and Figs.13-16) andodyttane (Figs.7-10 and Figs.17-20)
guarter-symmetry modal shapes are presented.

Fixed
boundary,
prescribed
temperature T,

Electrode

Electrode

Electrode

\
h \ Symmetry plane h
Fixed \\
\
boundary, N
prescribed al2
temperature T,

Electrode

Fig. 1. The layout of the rectangular resonatoFig. 2. The quarter symmetry model of the rectangular
resonator
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temperature T,

Electrode
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Fig. 3. The layout of the ring-shaped resonatorFig. 4. The quarter symmetry model of the ring-shaped
Resonator

The figures do depict the contours of the tempeeatlistribution over the vibrating
structure caused by the thermal-elastic coupling. (b; 7, 9, 11, 13, 15, 17, 19) as well as, the
contours of von-Misses stress (Fig 6, 8, 10, 12,16} 18, 20). It could be mentioned that
different modes of the investigated resonators pasgess very different values of the ratio Q/f
(Q-factor over modal frequency). The ratio (whidshhe time dimension) may be reasonably
employed for the evaluation of the level of TEDdifferently shaped modes of resonators of
different geometries, if the excitation frequenajue is predetermined.

8
4 4
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4
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1 4 1
-6
ZT_X . . . ZT_X : 0
4 3 2 1 0 8 | 7 3 2 1 (
Fig. 5. Distribution of temperature af'in-plane Fig. 6. Distribution of von Misses stress at
quarter-symmetry modal shape of the rectangular 1% in-plane quarter-symmetry mode vibration of
resonator presented in Fig. 2, teetangular resonator presentedfig 2,
f= 74 743 650 Hz; Q=17 466 420, Q/f=0.2337s. 74743 650 Hz; Q=17 466 42Q/f=0.2337s

The necessary value of modal frequency can be edsy selecting proper size of the
MEMS resonator, and the ratio Q/f is independenthef resonator size as the investigated
MEMS system is linear in the context of the invgated models.

The very different values of ratio Q/f of the medehich are quite “similar” at the first sight,
may be explained on the base of strained stategmonding to the modal shape. As a rule,
higher TED levels possess the modes with dominalimgitudinal strain components, for
example, see rectangular resonators presentedgm Bi and 4. Shear and bending strain
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dominated modes have considerably smaller TED dagngatios, see Figs.5 and 6, where the
“necks” supporting the rectangular resonator omtiaén body of the MEMS experience mainly

bending and shear strains, and the resonator idopii@antly sheared. Naturally, such

explanations do not pretend to be complete andustive, as volumetric strained state in a
solid always is quite complex and always possea$atrain components. The examples of two
in-plane modes of ring resonators do not exposk saticable differences in Q/f ratio values as
could be observed in the case of rectangular résma

Ao
-6

Fig. 7. Distribution of temperature at 2nd in-plane Fig. 8. Distribution of von Misses stress at 2nd
quarter-symmetry mode vibration of the rectangulain-plane quarter-symmetry mode vibration of the
resonator presented in Fig. 2, rectangulama®so presented in Fig. 2,

f=86 161 050 Hz; Q=219 606, Q/f=0.0025s. =88 050 Hz; Q=219 606, Q/f=0.0025s.

Out of plane modes are dominated by bending sti@isexhibit lower values of the Q/f
ratio. For the mode of the rectangular resonatesgmted in Figs. 9 and 10 we obtained the
value such low as Q/f=0.00034s .

x le-5

IR

-1,5
o fo
X X

-2

Fig. 9. Distribution of temperature at out-of-plane Fig. 10. Distribution of von Mises stress at
quarter-symmetry mode vibration of the rectangulasut-of-plane quarter-symmetry mode vibration of
resonator presented in Fig. 2, the rectangekonator presented in Fig. 2,
f=5 573 732 Hz; Q=154 149, Q/f=0.0277s. f=5 532 Hz; Q=154 149, Q/f=0.0277s.
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-2.5

Fig. 11. Distribution of temperature at out-of-plane Fig. 12. Distribution of von Mises stress at
quarter-symmetry mode vibration of the rectangulaout-of-plane quarter-symmetry mode vibration of

resonator presented in Fig. 2,
f= 29 312 490 Hz; Q= 9915, Q/f=0.00034s.

:10.5

[
-1 50. 0

Fig. 13. Distribution of temperature at 2nd in
plane quarter-symmetry mode vibration of the
ring resonator presented in Fig. 4,

f= 4 456 137 Hz; Q=75793, Q/f=0.017s.

05

- 0
-1 0.5 ) -2

Fig. 15. Distribution of temperature at 2nd
in-plane quarter-symmetry mode vibration of the
ring resonator presented in Fig. 4,

f= 17 078 160 Hz; Q=1 078 869, Q/f=0.0632s.
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the rectangekonator presented in Fig. 2,
f=3A2 490 Hz; Q= 9915, Q/f=0.00034s.

0.5

40

-1 -0.5
Fig. 14. Distribution of vonMisses stress at 1st
in-planequarter-symmetry mode vibration of the
rirgpreator presented in Fig. 4,
f= 4 499 Hz; Q=75793, Q/f=0.017s.

0.5

]

-1 -0.5

Fig. 16. Distribution of vonMisses stress at 2nd
in-plane quarter-symmetry mode vibration of the
ringnetor presented in Fig. 4,
17=078 160 Hz; Q=1 078 869, Q/f=0.0632s.
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Fig. 17. Distribution of temperature at out-of-planeFig. 18. Distribution of temperature at out-of-plane

quarter-symmetry mode vibration of the ring geasymmetry mode vibration of tiéng
resonator presented in Fig. 4, resonator presented fiyg. 4,
f=362 032 Hz; Q= 2582, Q/f=0.0071s. f= 362 032 B= 2582 Q/f=0.0071s

z
y\/X

Fig. 19. Distribution of temperature at out-of-plane Fig. 20. Distribution of vonMises stress at out-

quarter-symmetry mode vibration of thiag of-plane quarter-symmetry mode vibration of
resonator presented fiyg. 4, theing resonator presentedfiy. 4,
f= 6 610 465 Hz; Q= 4729&Q/f=0.0072s f= 6 610 465 Hz; Q= 47298Q/f=0.0072s

M odel verification and validation

A significant part of any simulation is the verditon and validation of the model. It is
necessary to be sure that the model design (ctralemodel) is transformed into a computer
model with sufficient level of adequacy and accyrac

In this study, a sample model of a cantilever beasonator (Fig. 21) has been investigated
numerically and experimentally. Three modificationé the sample cantilever resonator
numerical model have been explored:
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a. real clamping conditions and the presence of ti® Substrate taken into account as
in Fig. 21. Full clamping and prescribed tempemtgambient temperature )T
boundary conditions imposed for all cut-boundatiest separate the computational
model form the remaining body of the MEMS. The nlodeuses the resonating
structure and a part of the surrounding domain. fieehanically free surfaces of the
model are assumed to be thermally isolated;

b. the cantilever resonator presented without theosmding material. One end of the
resonator is fully clamped, and fixed temperatusaruary conditions imposed at this

end;
c. The same model as in (b), with the clamped endrthbly isolated.

Fixed
boundary,
prescribed
temperatura T,

Fixed
houndary,
prescribed
temperature T,

Fig. 21. Geometry and finite element discretization of shenple model of cantilever beam resonator,
b=1x10°m; h=1.5¢ 10°m ;H = 2.5 10m

Table 1 presents the first modal frequency and d@favalues of the three models of the
Poly-Si cantilever resonator at three differentuesl of its length. Model modification (a) is
close to the situations observed in a real MEMSweicer, analytical formulae are able to
evaluate the situations b and c only, thereforg tre used for comparisson of the results and

model verification.

Table 1. Modal frequency and Q-factor values of the sample cantilever resonator
Resonator length L (m) Model modification a  Modaddification b Model modification ¢

L=0.5x10° f =48.12MHz; f =54.3VHz; f =54.3VIHz;
Q=1.347% 10 Q=1.472 10 Q=1.074x 10

L=1x10° f =13MHz; f =13.8MHz; f =13.8VIHz;
Q=4.13«1d Q=4.6x10¢ Q=4.6x1d

L=2x10° f =3.358VHz; f =3.46VIHz; f =3.46MHz;
Q=1.612 10 Q=1.736x 16 Q=1.54% 16
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The thermal boundary conditions influence the THI2as (i.e., the Q-factor values).
Ideally clamped resonator models as in modificai¢im) and (c) produce increased natural
frequency values compared with more adequate n{ajlel

Fig. 22 demonstrates the comparisson of the fistiahfrequency and Q-factor values
obtained by using FE models against analyticaluatans. The model parameters have been
matched to the design data of poly-Si and poly£bmators given in [6]. The resonators were
fabricated and tested by using piezoelectric aadtedstatic actuation methods in low and high
vacuum.

Fig. 22, presents the dependencies of the Q-fachres determined by different vibration
energy loss mechanisms against the resonant fregsenf poly-Si and poly-C 1um thick
cantilever beam resonators.
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Fig. 22. Dependencies of Q-factor values determined byuifft vibration energy loss mechanisms againstethenant frequeiies
of poly-Si and poly-C cantilever resonators, [6]. Red dotficate the numerical results obtained in this woykFE

analysis for Poly-Si cantilever resonators of lengt10“m; 2-10°m, and6,5-10°m

The simulation results have been validated expenatly. Series of two types of structures
on the wafer — cantelivers and double-clamped beswonators square- and ring-shaped ones —
were designed and manufactured for experimentabctexisation. The resonator structure used
in this study was a cantilever beam of length 60 amd width 6 pum. The gap between
resonators and electrodes is around 700 nm (debighke excitation and readout mechanism
was capacitive.

The dependence of the numerically obtained valdidbeo Q-factor of 1st damped mode
against temperature is depicted in Fig. 23.

The measurements for the validation purposes weréonmed at the MEMS testing
laboratory at the Interuniversity MicroelectroniCenter (IMEC). The aim of the experiments
was obtaining information concerning the effecttehperature on both the modal frequency
and Q-factor. The resonator was tested in the wacsat-up over the range of reference
temperatures and bias voltages. The pressure inabeum chamber was kept constant at a
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pressure of 1.6-e-4 mbar. In the experiments cdadube temperature was varied between -
30°C and 120C in steps of 5 K.

The resonance frequency and the Q-factor valuee emiracted from the recorded data,
and the Q-factor/resonance frequency dependendgroperature was developed. The results
of the extraction procedure are presented in Hg.l2can be admitted that the qualitative
agreement of numerical and experimental resultgosd (about 2500 drop of the Q-factor
value over temperature range of 300n both cases). However, the experimentally oleihi
Q-factor value is about 2700 higher over all terapge range. It seems reasonable to conclude
that the difference of values is caused by othemmlag mechanisms not represented by purely
TED model. Simultaneously, the obtained values wedbe major signifficance of TED during
vibrations of MEMS resonators, as the value of@actor caused by TED is approximately
8000-10500 against 5500-8000, which is obtainesinfultaneously other energy dissipation

mechanisms are taken into account.

11000 T T T T T
10500
10000

9500

C-factor

4000

g500

sl N S S N
300 310 320 3300 3400 3|00 3BO 3P0 380
Termperature("C)
Fig. 23. The dependence of numerically obtained valueb@f3-factor of the 1st damped mode against
temperature

330 400

Q-factor & Frequency vs Temperature
: 2184

8000 ; : :
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I / = k]
— ., T
2 7000p 1218 =
3] H \.‘ ==
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L i 2
Z 6500+ | S {2178 &
3 1 e w
& i
i
gooof f N 2178
i
1 hY
T
H
55 i 1 1 L L
9005 40 60 80 100 20
Temperature (C)
Fig. 24. The experimentally obtained dependence of théaimped modal frequency and Q-factor against
temperature
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Experimental studies focusing on energy loss masha@nconcerned are under way and
will be the subject of subsequent publications.

Conclusion

The finite element modelling of thermoelastic modamping (TED) of MEMS vibrations
developed in [3] has been extended and appliedet@halysis of rectangular- and ring-shaped
resonators. The sample models have been verifiecpdrpforming comparissons against
analytical calculations and by corresponding experital investigations. The comparison of
calculated and experimentally obtained resonamuiacies and Q-factor values indicated a
good agreement of tendencies of change of the ijieanfigainst temperature. Both the
experimentsand calculations revealed an almostadirdecrease of the Q-factor against
temperature. However, all experimental Q- factdues were lower than theoretical ones. The
shift of the values could be explained by other ma@isms of damping, which are not included
into the thermal-elastic damping model. Their iafice can be quantitatively evaluated by the
said difference of the values.
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