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=P~L Introduction

= Concept of Quality Factor
= Viscous damping

= Anchor losses

* |[nternal losses

= Damping in stressed beams
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=P

What is the Quality Factor?




=P~L What is a resonator?

= System which response to an external force is amplified at given frequencies

= Enhancement determined by the quality factor

[EEY

¢ = But..whatis the quality factor? -
> = Measure of how good/bad a resonator is =
E = Establishes level of interaction with the “outside” S
'G\I) - Q — Zn.Estored E
é Elost E
§ R — Or é: ;
| FWHM S
§ = Q — SZl(wr) =
= 521 (w=0) O O'D

Frequrency



=PFL Is it better to have high or low quality factor?

= |t depends on the application

= [rade-off

= | ess influence from external noise

= [Ime required to settle down the transients 7 ~ 22

Wy
= Every mechanical structure has resonances

= |f your application “resonates” - Q as high as possible response o a stepped stimulus
$ | A -
Resonator t> 1 [High 0

“’:'/F \/\\/ -

05HI Low(Q
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Transfer Function

Transfer function (A.U.)

Time

Frequrency



=PFL Damping

= Simple lumped model:

F(t)

1] n

= But where is “c” coming from?
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=PFL Possible damping sources in resonators
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=PFL Damping

= A bit more extensive lumped model:

| F(t

E stored me ff Wy-
E lost ¢

immmi
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Viscous Damping




=PFL Viscous damping

= Caused by the interaction of the solid with the surrounding fluid

= Two regimes, depending on the Knudsen numlber

VISCOUS

K, <1

" K, = L= NEETS : intrinsic molecular
8 ol K,>1
i PP
2 = Room temperature, Py Aprp = 70 nm -
) -
G O10° E
N , : : : : : = = =
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=PFL Two different types of interaction with the gas

= Sgueeze film damping

plate moving direction

|
late phfr
air flow ——— Il = ir flow Qsrk,<1 = gg
S S S S S S SS pb?
A Ap
§ '/ \_ X
= 7
= = Drag force damping
g VY Y ARY; N h
OO0 - X0 b Qurkycr = 22T b
’ 5 - fKn 811




=PFL Two different types of interaction with the gas

= Sgueeze film damping

; gol | RT
‘I~ . periphery L P= 9%
- = Drag force damping
g 1 | RT
N VN TNV N
= (XX ) (XXX AL b Qaskn>1~ Phfr 5 |
- 2L > gas
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=P~L How do you optimize the design in order to
minimize gas damping?

» Reducing dimensions, increases Knudsen number M| s—s-ssump oo
5 0l ¢
: _
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c—g | | P re (torr) |
d
;
% = [ncreasing mode number, increases frequency @ wls - .
:B 5 ot
. o
% -E’ 3: «.7.2 MHz
R s
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=PrL What if we are in liquid?

= Always In viscous regime
= Viscosity is so large that Q < 20 In most cases

= \What if we put the liquid inside, instead of around the resonator?

S
C% [ —————————— Y ey
L 14 900 p-— w(air filled) | V g =3um ]
= O hqyig = 8 pm
= v — solid cantilever
© . v (theory)
O —
Q
g = v
) %’ 9 200 p— o (airfiled)| V v‘?v
> 5
+— O u
8 O oH O
1 o v
< 5000f ~ “om O
N
ﬂ_
% 16 Esclid cantilever (theory, h =12 pm, Qair = 1908)
3 "solid cantilever (theory, h =7 um, Qgj = 841) 4’
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=P

Clamping losses




'

P~L Clamping losses

= |n the boundary with the frame, the resonator sends acoustic energy away
= [his energy Is lost

= This damping mechanism is difficult to model in general, since many different
options for clamping exist

: L
= As athumb rule, I hsubstrate > hdevice - champ X Z
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=P~L FEM with Perfectly Matched Layers (PMLSs)
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= |nstead of perform analytical models, it is more effective to simulate our structure

= To do this, we need to input into the model Perfectly Matched Layers (PMLSs)
which albsorb all energy that arrives to themr

-h

x 10 }(10_5

0_

5 -6 -4 -2 0 2 4 6
¥ 10 5
X 10

= This can be used to minimize clamping losses:
= Via anchor design
= Via phononic crystals




=PFL Phononic crystals
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= Use of scattering & interference to create band gaps
thin which waves cannot propagate

= Range of wavelengths wi
= Repetitive structure in artif
= Density and/or elastic constants change periodically

icially structured material

= Unit cell dimension comparable to (acoustic) wavelengths to stop

b

wa/21tcT

Moldovan, Nature 2013
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=P

Internal damping




=PFL Internal material damping

= Anelastic solid (recoverable) %

%T
l
= Viscoelastic solid (hon-recoverable) é H
\%I -[.P

21 (b)
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=PFL Internal material damping

= Strain and stress do not go in-phase 10 |
= &(t) = gy cos(wt) = R(eye/®t) |

= o(t) = oy cos(wt + ) = ER(aMef(“’”‘”) S

a(t) — O'Mej(wt+6) — El 4 -E//
2(0) £y eIt J -05 |

" Ecomplex = E'+ iE"

~10 |

= g(t) = ey E' cos(wt) + ey E" sin(wt)

= Energy lost per cycle:
Au = jade = foé dt = f(we,zv,E’ cos(wt) sin(wt) + we5 E" sin? (wt)) dt
T T T
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weyE'" 2 .
Au = = ey E
2 w
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=PFL Internal material damping

= Energy Stored
2 I

WE
Upax = f ode = Mf E' sin(2wt) (1 — cos(2wt)) | dt
T/4 2 Jrsa 2

~ N !/
umax ~ v — E
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=P~L Thermal activation

= [he anelastic relaxation stems from thermally activated motion of various defects

E activation

= This motion can be described by Arrhenius’ law « e kBT
= This means that cooling down will “freeze” defects and thus improve Q

% = Fach material has a different “§”
= = Which one do you think is best?
G = Single crystalline

> . S

s - Diamond

. « Poly-crystalline

S « Ceramics

= = Metals

= Polymers
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=PrL Material comparison
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=PrL Surface effects

= Quality factor drops as a function of thickness
= this Is a clear consequence of a surface loss mechanism

&
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=PFL Thermoelastic damping

= This is a particular case of internal damping that happens in every material

= Expansion during movement will have an associated change in temperature
E=a- AT
= AT Is local and will create a temperature gradient inside the device

O
@ = [his temperature gradient causes a heat flow which implies energy being lost
=) e smm——
= Thermoelastically  \
&) Forbidden Region
. S
© =
> & K00
O 2 -
3 E 10° o @Gﬁer
| - O o3
© o T ! :
N g Zs
= § ©
= .-cé g +/-10% in cantilever
3 material properties
=
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=P

Pre-stressed beams




=P~L What happens if we put Tension in the beam?

e(t) = gy + &y cos(wt)

o(t) = g, + oy cos(wt +8) = 0, + ey E' cos(wt) + ey E" sin(wt)

= Energy lost per cycle:

| weyE" 21 .
Au=f0d£=faedt= = ey E
7 7 2 W

= Energy storeq:

82
— ~ | M /
T/4
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= Remember - this is energy density, per unit volume

29



=P~L What happens if we put Tension in the beam?

= WWe can use:
1 (*t 2
(,0) = 0+ 57 | (WD) dx + (= 3w ()
0

= Energy lost per cycle: )
AU = f AudV = E" j e2 dV ~ mIE" w J b’ (x) dx
V V 0

= Energy storeq:
2 1 . 72 E’ 2 . 112
1% 0 0

= And then:
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Um ax

o oA L¢P dx +E'T[L "2 () dx  E' gy A fy ¢ (x) dx
— 4 = L = o T o T L
AU IE" f() ¢//2(x) dx E E 1 fO ¢”2(X) dx
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=P~L Damping Dilution

) =2m = | —

L L ,,
Unas | F' 00 A ly$"@dx (1 oA S0 dx)
AU E! ' E ] L 4,2 — Yo=0 |

f, " (x) dx

= For Long, Thin, Stressed structures:

1 ,,2 d
Q = Q4 O“_(jéLz f(i ’ 2(6) -
ERD g2 (&) dx

Dilution factor
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