Supplementary Material

S.1. Derivations of ye and ys

The Transfer Matrix of each layer in the stack is as follows:

cos(_ [ I NG))
Caamo
My, = 0
0
: Pyo
—@ -\ PrioCas o *SIN( lyp - )
Casmo
cos( | L.t . )
Caa,ain
0
M, =
0
: Py
—0\| PayCaa ary ~SIN( |51y, - @)
Caa aiv

cos( Puto N ANG))
CaaMo

0

0

[ : Puto
—@- pMoc44,Ma : Sm( .
Caa o

COS( & 'tUx . a))
Ca4.0x

: Pox
—@ [ PoxCas,0x -sin( o @)
Caa.0x

sin( /@-tw-a))
Cys) o
0 0 44, M
w'\/ Pro *Cas Mo

sin( pMu 'tBE . w)
CliMo 0

(2 \/ Puro *Crimo

[ : P P
—@ | PrioCii o -sin( ~tpp @) COS( Ly - @)
S Mo S Mo
0 0 cos( [ Lo Ly @)
Caa Mo

sin( Paw_ )
Caa Mo

0 0
@\ P *Caaav

(1)

0

, sin(2=?2)
cos(-Z=—) 0
@ pay-C (2)
O Cy3 uy ~sin(t”z?'a)) w-e,; -sin( ~a)) p
- cos(-Z=—) 0
&,-C

C

C
0 cos( [ . @)
Caa,aIN
sin( [2¥e- 1 @)
Ca4Mo

0 0
@\ Puo *Caamto

(=]

3)

cos( P by @) _t
CiinMo D \[Puo " Ci1M0

~O | PuoCr1.m0 -sin( Pise ‘@) cos( Pu by - @)
CiiMo Climo
t @) 0 0 cos( Puo_ by @)
Caa o
sin( [£ex )
0 0 Caa.0x
@[ Pox *Cas.0c
sin( Po: NARY0O)]
Pox Ci1,0x
cos( Lo @) _— 0
Ci10x @[ Poyx " Ci1,0x
. Pox Pox
—0 | Po,C110x - SIN( - 2t @) cos( ; )] 0
11,0x 11,0x

cos( Pox_ L, @)
Ca4,00

0

“4)



Micromachines 2015, 6 S2

sin( Pro )}
c 0
cos( Puo Ly @) 0 0 S R
Caa Mo @ | Pro " Caamo

Sil’l( pMu

Iy ‘@)
11,Mo

Puto

M, = 0 cos( [ -ty - @) _— 0
m Sl Mo @\ Pro * Crimo (5)
0 —0+ | PrsoCirage - SI( Puto by @) cos( Puto )] 0

Ci1mo Ciimo

—w . Puo ¢ 0 0 Pumo b
“\ PuoCaapto -sin( by @) cos( 1 @)
Caa Mo Caa Mo

where t8k, tr-, trE, tox, and tri are the thicknesses of the bottom electrode layer, the piezoelectric layer,

the top electrode layer, the silicon oxide (SiOz2) reflection layer, and the top molybdenum reflection layer,
respectively; o is the angular frequency; pmo and cumo are the density and the stiffness of the molybdenum;
pox and cox are the density and the stiffness of the SiOz2; pav and cav are the density and the stiffness of
the aluminum nitride (AIN). In equation (2), C is expressed in the form:
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where e and € are the piezoelectric coupling coefficient and the relative dielectric constant of AIN,
respectively.
The 4 x 4 Transfer Matrix of the whole stack can be obtained:

M=My,-M, -My-M, -Mp, (7)

where M is a 4 x 4 Transfer Matrix, which condenses a multilayered system into a set of four equations
correlating the boundary conditions at the first interface to that at the last interface.
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where u, v, o, and t are the normal displacement, the tangential displacement, the normal stress, and the
tangential stress, respectively; The subscripts fop and bot represent the top and the bottom surface. Since
both the upper and the lower surfaces of the device are exposed to air, the stresses on them are zero.
Hence, the determination of the 2 x 2 bottom left sub-matrix of M is zero:

My -My,-M, -My, =0 9)

The determination can be rewritten in the form of a product of two factors, which are named as ye and
ys, respectively:
ye-ys=0 (10)

The expressions of ys and ye are as follows:
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where m1, ma, ms, n1, n2, n3 are the expressions of the material parameters with the following elements:
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Here, ai—ai6 and b1—b16 are expressions of material parameters.
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