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Abstract

Abstract

The ‘hierarchical cascading technique for finite element method (HCT-FEM)
realizes the rapid simulation of surface acoustic wave devices with complex structure
quickly using the caécade of basic units. It has promoted the development of simulation
theory about SAW devices and has strong research value and application prospect. At
present, HCT-FEM is not perfect in the calculation of the boundary matrix of the quasi-
three-dimensional (2.5-D) model and in the optimization of structural parameters. To
this end, this paper proposes a new method to calculating the boundary matrix of the
2.5-D model and a fast frequency conversion simulation method. At the same time,
HCT-FEM is applied to the analysis of piezoelectric phononic crystal.

First, the basic principles of HCT-FEM are introduced. According to the
advantages and limitations of the FEM, the core idea and algorithm flow of HCT-FEM
are explained. At the same time, technical advantages such as the speed of HCT-FEM
have been emphatically analyzed. Taking the two-dimensional element model as an
example, the derivation of the cascade and its inverse process are improved. Finally,
the resistance of IDT and the cascade of the absorption layer element are analyzed.

Then, the 2.5-D model cascade simulation of SAW devices is studied, and a new
method to calculating the boundary matrix of 2.5-D model is proposed. and the
advantages of 2.5-D model that can leak waves and other acoustic modes with
horizontal shear components are analyzed through the difference between two-
dimensional and 2.5-D model. Based on the characteristics of the 2.5-D model, the
system is matrixed into 6x6 sub-matrix, and the equations corresponding to the
degree of freedoms (DOFs) on the front and back sides of the model are combined.
Then eliminate the zero entries in the system matrix to obtain a quasi-three-unit B
matrix with very low dimensions. Finally, the B matrix is cascaded to realize the

simulation and analysis of the complete SAW device.
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Next, in view of the continuous optimization of the finger distance in the design
of SAW devices, a HCT-FEM fast frequency conversion method is proposed. Based on
the 2.5-D model, the influence of IDT period on the element mass matrix and stiffness
matrix is analyzed. The reference unif model and the wavelength change factor are
introduced to establish a simple function relationship between the matrix of the unit
system corresponding to different IDT periods. The FEM model of the reference unit
is used to quickly calculate the unit system matrix of any IDT period to realize the fast
frequency conversion.

Finally, HCT-FEM is applied to the actual SAW devices case. The first case is the
simulation and frequency conversion process of the leaky wave resonator, and the
reliability of the simulation results is verified by experimental methods. The second
case is to analyze the influence of electrode resistance and silicon dioxide layer
thickness on the performance of temperature compensated SAW resonators. As a
further application of HCT-FEM, three-dimensional model of element was cascaded to
simulate piezoelectric phononic crystal, and the displacement field of SAW was
calculated through the inverse cascade process, which is used to study the basic

characteristics of the transmission coefficient.

Key words: Surface acoustic wave devices, Hierarchical cascading technique,

Boundary matrix calculation, Frequency conversion method
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SHEAICE AT REE AR, 20 HH4 70 FANI5HAE (DT,
Interdigital Transducer) IR BRI T AREEHARNKEDY, FIFLSHE
FEMTTE, SAW SATUKMEER, FEAMRE,. RER. —BlkR
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Figure 1.1 SAW devices in cellular phone

1.1 B7R T BB F A AT m R o SAW S8R IR M. B, SAW
JRIER BN S T B AT R E T S B E MR L, EE S HiEmRE
FREIFERM S BEIRES . RTINS AE S RN, B8 Wi-Fi. &
F. ERESMEMBRREN, —EHHETFHIIEFEFTE 30~40 D SAW HF. 1571

1

e
it}
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RIT4ESR AGLTE @R ARNERE, £RTI-HY 40 METHB, X SAW
BT R EZRT. SRR, ETRBCEMSE, 5 EMEEmR, 8
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RUFHEENE SAW St RN, BRERHUTERHSERRAFRE
WA AFERRE, RITLARBORES .

BEE AR E R AR, SAW B4 41 L 2B SR BRI A RBS.
BHA R T (FEM, Finite Element Method ) X 2%/t 4514 B A5 BT AU
FtE, EEARZRTREMKLSEERMTERER. AFSHRXEFR-E,
BAEEA T ARK SAW 33 H K. B afT 26/ KA RIT-4 57 ek

(FEM-BEM) i #ufiR ik 7 FEM BHA PR3 S5 I TH B RSE FE, (B2
ST RGN SAW SR GEMERIMEARGRIY. AT R IR SAW SFRIHERET TS
BRIFER, Koskela HFHRMT —MEBA ML L (HCT-FEM , Hierarchical
Cascading Technique for Finite Element Method ) B i T SAW 254 i g il .,
ZAE— %K T FEM HERBEAYE, S8ER T RS DR AR
2. BN, BERBCAPLE e A RS A B 2 A R 5 B 15 Bt R .
HCT-FEM BFHER T SAW S AHERIHZER, MENEEHnRREER 17—
EMESER, BAERBRHNEANESTHREN.
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G Aot HBUR (5 SR IDT MENZE B s ARl aR I, F A AT E F RN
KPR . 5 RER ML RETRE TSPl . SR REE S4BT
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Figure 1.2 The basic diagram of SAW device
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Figure 1.3 Schematic diagram of IHP SAW device with three layers structure
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BIGO S R . BRyhm AR, MIRBFCEBREE, KRIMEH (COM
Coupling of Modes) #&, HFF A AAEHR SIS M AT EE S THEREER
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SAW SRR, BR, B SAW SMEHERAREBS, COME
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Figure 1.4 Schematic diagram of unit cascading for a simple SAW resonator
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28 BHRABRRGE

5 TR B IR 7 P (HCT-FEMYRE ] SAW S0 i 2k U 5 s
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BEALRI 49N\ HCT-FEM [ SAW S8Rz, FNBRIER BITRBTTIE.

2.1 BRTEMTE
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[ROTEWERMEFREIE, MTETEMRERRE, ERETEEMEAS
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2.1.1 BRETERRE
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¥ A E & 5 HE(DOFs, Degree Of Freedoms) B @ T 1A 5 B E|. FEM F|
FXFEHT RIE— TR 8 B E N RAE A AE RSB ITH SR, ATk
25 (8] P B 5 R AL R A 2k e FR AR AT 20, Ja 3 AT L@ I 46 R T kAT 77
g8, EBIARTFENGRRWIZE Y], EWRERE. Wl 2.1 s, €
— AP = E AR E T SEOE M = A 8T, &8 s =/
fT R, BIER T mAE B .
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Figure 2.1 Meshing of the elliptical area using triangular elements
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a=l ...(2.4)

#(x, 3,2)= D N, (%, 9, 2)8,(X, Var 2)
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Figure 2.3 The geometry and mesh of IDT in FEM
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Figure 2.5 The admittance curve calculated by FEM frequency domain analysis
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PR AT R FRTE LT B 7T

PAEAMHTATBAE . ARELTAE4H FEM J5¥%, HCT-FEM MLLFJLANTTTH
SEIL T W PR K SAW SRARRIHUEARETL: 1), SRAZEA SR ITRE T B A
L 4ER] FEM B, RS JIAINR SH BT T AR, B S B AR S M A
S pRE E R, FIRRE T FEM IR SEm i, 2). WEEAR
TR AR TR, MR AR R4 . TR A E B SR
K, MEIEI A BTUE KA T 5 RRA RN, 1RF R TsERE R GRS ; 3).
ELCHFE SR, IDT AR HRE K. %5 N B AR BTG, REY RE
KEIENE, FEHRKEHNPEREIR YT 6.

222 BBREANES

AR HCT-FEM ROEEAREE, I SAW 23/F B (AL 1y vh 40 88 3 TIRSL iy 3
REIT, FENTEABTTES FEM R, mBERMRESMSE M. NIEHER K. E
REEKE M, MEBEREA BT ARG EE, XE.S).#—F 4 4=(K+ioD-0’M),
(2.5)F AT AN

AX=F .27
Hef, AR RGHE P,

Eiﬂ% xL

& 2.8, ARIE A A EAHERY 8§ B EERI A Al ER o

Figure 2.8 Dividing DOFs into four parts according to the node position

TR R T R 5 B SPAEIRAS, ST R RS Ts, KRR
SeiHEAE, ERGHEPZES A BERNERE. mE 28 fr, RE

16



H2E FHARITLE

BT AL B S B R B R X RN R [, 3 %o V] TUANERSY . SR,
X, 45 X S MR A TSR A A MR L B, AR AR S R,
VR AR S A A R B S B . RIEZ S, MERIRRNE MESET
PR E SRR x, . BEAHTTH RGEITAE A AR B R HE 5 4 R AL RS,

A, 4, 0 A4,1(x)\ (7,

A4, 4, Ap A4, x 0

= ...(2.8
0 Ay Ape Apy || % Tph @8

4, 4, 4p 4, \v q
He, 7,1, SRIRARE WAL HWILLE ERT RN EBEEAERE, ¢AH
WX R R AR .

Bt R HER S 5Pk B, KR EITRA T EHEHTERQ)FTHEZD
FiERd. g, AR O EREBERENF R, S TRATREV
RN BHEN qEN TEBRFEMERE. AARQI)PHE-INTEF
XAFERF R, [/ '

x,=-4," (A,Lx,‘ + Apx, + A”,,v) ...(2.9)

¥ x, 1 iR RXRARANNER.8), HEHBRATHEI, REEAFLITHIUR

R
X1, 7,
X |=| Tr
v q

HABOERERROY BAEER, Hp, ZIERETRFRN:

B2l BZZ B23
B3] B32 B33

I:BH BIZ B]3
..(2.10)

By =Ay, —A Al A,, By=—A, Al A, By=A,—4, 44,
By, =—4y Au‘ Ays By = Apy = Ay Au] Apps By = Ay — Ay Aul 4, -(2.11)
B,=4,-4, 4,4, By = Ay~ 4, A Ay By =4, — 4, A, 4y

B EIREEERATHE RN, BT ERRTRAEETIIR.
FAYEFE BN B SERE IR S A BT HRPIRS . ARLE TREBM R RIERE 4, BAERER
R T EARTLEAUTR LRSS HBREA . £ -4 FEM g, SAW &4
RS TTS IDT BoTEER . X I7E RSl b AR AR S A = A K FR
r, RBBREERIER. BEdh ATEAE IDT EA85T B BEEMLE, K

17



7 R i A% R BR TR AT BT AL

FE AR B AT B B T TR A A TS S T M R T B Rk
FEREFA BT B MM S, ZEmE 2.9 FiRimE M4 ET 4 58
B. ,\EP$75A RIIL T FEH N
Bllll Bll; Blg xf Tf
BY B BAillxi|=|zp .(2.12)
B B By v q"
Hi RAEMEACHE B4 . BT B RS 5 R Q2.12) RE RS EA XA, 181E
B®. T84, BZAFEAIDLR, FARIREMTAE HERL:

A _ B _ A _ B _
Xp =X, =Xo, Tp=-T, =7 ...(2.13)

B 2.9 MLBEITH B EFERE

Figure 2.9 B matrix cascade of adjacent Unit

FIFER(2.13), &3F B4 BEX A TR, BRI
Bl/‘: Bl; 0 B],; xf z’f
BzAl B?.Az +Bﬁ Blg BZ/; +B]§ Yo | 0 (214
0 BZB, sz BZB3 xff T,’f
B} BAL+BY B Bi+B, || v 0
HpQ=qg"+q", XRMITT A 5850 B ARAFENRM. BXMA LT
TAHRERERNERR S, AL

o =—CB+ BEY [ Bix; + Bhx) + (B + BA)v | ...(2.15)
¥ ik xo FERARARQ.14), HEx WHRMHER, B2 2R IDT XM
MR FEE, TR—IRETEBERE. AT iZ B EREARERE, K

18



%28 FHEARTHIE

IDT AR . BRI AMRIRN TR, GIFRAMETH B REEULES
Pl PML B7GH) B 56/, R4, BEIBAM BT RARMRTE SAW &5

oI TS SRR
B, B, B;|(x (73
B, B, B, || x |=|r .(2.16)
B, B, B;|\v 0

R FIMA PML R T ARG B, BB SMUTR2 B Hia 7251
7, =7, =0. [N, BIARFIESMTLLANIE, SAW a8 H [ r RN ™= A2 ) 1
RS ERGRAE: e0=0. EF, e RIRIxNyon KBELFERE, N0 MO
Bl ¥ ERFMAN:

xL
B, B, B,|x|= 217

Bll B12 Bl3
eB, eB,, eB,;

S © O

1%

CATFEIZE SAW 284 AR & FIERRERAY , FIF kS B %
R, S ESET R RRER v ESEaRBME, B, AV=v-v,, H
v, NSBB8, By [ LR FERMRANFIREQR17), BHEES:

B, B, Bs|l x B,
B, B, B, || x |=—| By |AV ...(2.18)
eB, eB,, eBy; Vier eBy,

ERrp, FREANRBUER SENAHRNERTYACHME. FMAEREHET
Sk, WOERM EREHEFRA. HEREREE X, xe, vy IRABIBEEH
MR FRAN(2.16), THE SAW SRR BRAEN

Q=|:B31xL +Byxp + By (A7 +v, ?,)] (2.19)

R, ARK SAW BH4HLRERATRRAI=iWoQ . W8 IDT KfLE

KA. FIH

I .
Y(w)= NG ...(2.20)

K13 SAW BAFLEZITIAE S I B RNE Y (0) - FFE TR E A B F LR
BLT SAW SRR, AT SAW BRI BERR PR AR .

19



PR E A PR IR TR T AT

223 HWERERTEE ,

JUEE T iR, FICT-FEM it GBI B 75h0 B AGHE, BT
W R TR LIS S R . AR I S MR R R AR,
B T S R S . BRSBTS, SAW B R A o
55752 B DL PRI M P S T A SR M, VR ATAR IS I R
BT,

A 2,10 REOCT WA= RIS R E 1 TC-SAW RS, R
SRR, FEIIL A T R R B A R, s i K R
Sl R A . WS EET S BB, 41T E@), Eb)5HE
(O TDT 384K BB B K b b T P R BT, RAT IS
FTEU LRI IDT AR, TR SAW S4E SR B KHAEE
BRI B B T S A P R T A AT, 31 AR A M BT B 38
(PR A EN L A SR L

(a)EBiE, TER (b)EBRiE OFZR
B 210 =FrRAhENERES IR A % 2 Bl

Figure 2.10 The SAW amplitude field image on top of three kinds of TC-SAW resonators

HCT-FEM i3 i B 72 v AR s e 3 it 8, R4 TR 315
EAMT SAW SEVERERI T IERS, B 2.11 A H TR EE R RS E, HERE
BN, NBTRESE SAW SBEERET R, FIAXQ 15RBHETRT LI
WHRXeyo Yo 5 X, X, HHMBRTERE N TEBBRE, FBRAMARQ215),
WET—FMAIBR X, . PAILEHE, FTLARBEM P ITE EA Buria iR
SRRE.BE, N TFERTFHE—MERRTT, FIARQORHNHEHE Y, .

20



F28 FHARTAE

E2.11 FHEBRMEZITE
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Figure 2.12 Effect of electrode resistance on induced current
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Y.\L'x

35 R R — KRB S E
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Table 3.1 Geometric parameter setting in reference unit
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Figure 4.1 Schematic diagram of one-port SAW resonator
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Table 4.1 Structure parameters of single electrode model
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Figure 4.2 Calculation result of SAW resonator admittance
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Figure 4.3 Comparison between the direct modeling and fast frequency change at IDT

wavelength of 4.01um
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Table 4.2 Time calculation of single frequency analysis by HCT-FEM
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Figure 4.4 Illustration of the basic electrode unit of the TC-SAW resonator
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Table 4.3 Structure of the test TC-SAW resonator
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Figure 4.5 Calculation result of TC-SAW resonator admittance
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Figure 4.6 Admittance amplitude of TC-SAW resonator at different temperature

compensation layer heights
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Figure 4.7 The relative bandwidth change of TC-SAW resonator with the increase of the

temperature compensation layer thickness
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Figure 4.8 The general flow chart of SAW device fabrication by semiconductor process
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Figure 4.9 The bare chip before package
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Figure 4.10 SAW device after packaging
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Figure 4.11 Test platform of SAW resonator test platform
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Figure 4.12 The diagram of SAW devices testing
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Figure 4.13 Circuit topology considering parasitic effects of SAW devices
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Figure 4.15 Comparison of simulation results and test results in linear coordinates
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Figure 4.17 Analytical structure of phononic crystals arranged on the delay line
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Figure 4.18 Schematic diagram of single scatterer element model
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Figure 4.20 Admittance response of a pair of IDT under periodic boundary
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Figure 4.22 Single electrode model and node position in delay line
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Figure 4.23 Displacement distribution of IDT substrate surface in transmitting area
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Figure 4.24 Displacement distribution of IDT substrate surface in receiving area
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Figure 4.26 Transmission coefficient of SAW in piezoelectric phononic crystal
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