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Abstract

Abstract

Film Bulk Acoustic Resonators (FBARs), with high operating frequency and
small size, have been widely used in duplexers and filters, allowing small filter
packages, low insertion losses, steep filter skirts as well as high power durability.
However, with the miniaturization of FBAR devices, the effect of lateral dimension
cannot be neglected. The most obvious is the presence of lateral acoustic waves.
Those lateral acoustic waves can cause energy losses, which lead to the increase of
insertion loss in FBAR filters and unwanted ripples in the filter passband. The
one-dimensional model of FBAR fails to analyze the influence of the lateral structure,
and the performance of FBAR simulated by one-dimensional model is different from
the actual devices. Thus, two-dimensional or three-dimensional FBAR models taking
the lateral effect into consideration are urgently needed.

In this paper, two-dimensional and three-dimensional FEM simulation models of
FBAR are established. The apodized shape of weakening the lateral spurious modes
and the frame structure of suppressing the lateral spurious modes are obtained.
Besides, how the apodized shape and the frame structure can weaken or suppress the
spurious lateral modes are discussed.

Based on the apodized method, three-dimensional FEM models of FBAR
consisting of Mo/ZnO/Mo and Mo/AIN/Mo are established, with lateral shapes being
rectangular, circular, and non-pentagon. The impedance characteristic curves, Smith
curves, vibration modes of TE waves and the "Non-circularity (NC)" of Smith curves
are calculated. The results show that the non-pentagon shape is able to weaken the
lateral spurious mods effectively, with its NC being 0.0151 which reduces 67.5% and
36% respectively compared with the square and circular shapes. The lateral spurious
modes decrease while the lateral area becomes larger. When the area size is
40000pm?, the value of NC is 0.0055, which reduces 63.6% compared with the area
size being 10000um? The model constructed of Mo/ZnO/Mo shows less spurious
modes, and its NC value is 14.6% less than the one consisted of Mo/AIN/Mo with
both their lateral shapes of non-pentagon and their resonance frequencies of 1.76GHz.
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Based on the energy-trap method, the FBARs, with lateral shape of rectangular
and longitudinal structure of Mo/ZnO/Mo or Mo/AIN/Mo, are simulated by
three-dimensional FEM. The obtained dispersion curves of these two models are
TYPE I and TYPE II, respectively. The reason why the spurious modes are
suppressed by the energy-trap method is discussed. According to the dispersion
curves, a raised frame or a recessed frame is applied to the FBAR model. The raised
frame is applied to the Mo/ZnO/Mo model and the values of "phase ripple" of the
phase response are calculated. The minimum "phase ripple" is at frame thickness
being 0.15um and width being 5um where it has the greatest improvement on the
suppression of lateral spurious modes. The value of "phase ripple" is 0.0886 which is
17.7% less than the model without frames. Finally, the reason why a raised frame is
able to suppress the lateral spurious modes is discussed. All what we have done will

provide guidance for improving band performance of FBAR devices.

Key Words: Film Bulk Acoustic Resonator, FBAR, Apodization Method, Spurious
Method, Energy Trapping Method, Dispersion Curve
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ERTAESERIES, HERMEFEREMAIMILTLSE, FREMITHSR
PR G RN, UL RS RS R BE ST AR EM AR
MFEAE: HUBE B BRSEN: VIMTCR AR, Vb E R I B
NSRBI T . fERTIHER, ATITEFE, FRNLRFAEERI
AR EZE, XHEREIINUEERTRE:

$F—RKERGE: YEBEFEEELS, WK, TEAEBRE, S
D ARZE, EBEFTEN,

S=s"T+dE
D=dT +£'E
SE RS B TR 5, TNE BN BRER, dAFE—RERES (EENEF

),

(2-10)



RS R RS ASHI SR

KRR WU A, IR, S E NEAE, TH
DNEEE, FEaAERA,
T=c"S—¢E
D=eS+&5E
TR SR, SN RS, ¢ NETREAEYN (EHN
HERD,
B MU R, R, T D NE AR, S
ENEER, FEAFEN,

(2-11

S=s"T+g,D

E=-gT+ﬂTD (2-12)

sP AFERERIEINRE R, T AAHNMREER, RAMMBETEH 7 0E ¢
NEZRERFH (ERBEEELH.

HVIRE TS PURIeRFM BT BR&4F, i, S D AEEE, TH
EARZE, EBTEN,

T=c’S—hD
E=-hS+ B°D

AT BBUIERE, SARFNBEEER, STRENMBEH SO A
NENRERFER (EEEFE.

2.2 TEEAERIERS TIEFRE

A RERIERSERIK. FERGE. LT BN E HHEREN K,
ZHREENE 2-2 () fin, AT EMB4NERESERBR T EE
K—BX#E, BEH KA SisNs B, SiO2. EEARE R IERS TI/EREREERE
TEPIEIRME, R AR _E T AR AR f = BVR S M R A TR EIR R
DERSY . R AEREIRTAERE R HE LT REREN XA REN, H
T[S B S 308 R R LK B 4y R B B YRR, TR = FR SR I BL
RIS EE T MARNEER, AEEERAIEERZHREMEN, BFK
B E S RN AR AN R R KB KN EF AN, e RERER.

10
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55 MR O R A E A

RSN,
’
f= 7 (2-14)

H v RIEHME QBN AR, dREREERERE. E2-2 (b) 41T FBAR
I SEFR ST ph 2k, il 2R Th B SR BRE R £ AR BRI SRR f, AHBEIRIE

(a) St EHE

\ 4

f, f
(b) TEEH
[ 02 SRR P AR S G B, T R

11



AT B R R B 1 4 S5 01
2.3 MR IERMBEHIRB SHRIEE

2.3.1 SRl

P VR P A 7 R R AR K AR R B R AT A, VIR A 7 R 0 o R
BRI SE N R A ZHREMAN, Fit, 7E LT ORI FLBILE &
ERIA RS A R A e 2 M SR FIZE =R S A A IR L7
HERERRANAE, SAFMOERAZRTS KA, ANSBERERRS,
DR G AE S B = YR A5 M B T AR S W B R B BT Y F EE 55 KRR BT
ASRILE PR . BEHEUAZE MR &4 LhEe k-2 SR S IR sE
W, FRAESKMEEIR/MNICETE; SRS KL R KM SEIBITIE
RAEAT R = HHIR SZ [B 6 & B BE BT TE 75 KA R AT /&, A his S o
BRHEE AN S Z —EK O E AR AR, &5ENERSERE H =
BRI AR T

R, KI\EARRK SRR TE, FEFEZFEHSEAN FBAR &%,
ARG RERTE (2-3) Fir. B2-3 (a) AETEE FBAR 41, E&
1B B = BRSNS A 2 f e A R AL R . BB RS FBAR #3f il #&%
¥H MEMS RN THA (bulk micromachining) , JoREREAK LIRS
WA E R, SER =R EMRIGIE, HI4E e @B IE Rt A% b
B EBRAREmMN— Mo, BRETHEBR=ZWREN. EXMEHT, &
FHEEANST SRR ERERE, ATREERNE, WHEXTER
BB —EXEE, REEHEEE=HEEM. BTXMENNHETE
R RBNEAKIZ. PR, 2 TE, ETZHETRERS, SR THN
— R . B 2-3 (b) FIRiit s S BB R0 FBAR, & SEIRAA 7S 4 SR Y
HiEEEEERMEMK FBAR —, #2FAMEEGE T Z 8028 A 3R 6
HEREBEHRENN . LS FBAR FAKE MEMS REMM TH A
(surface micromachining) , &L HIFHAEZEMER LT SBAEM . XMEH
[¥] FBAR 5 THs% FBAR #HEL, MURZERMIRS T, BRET R EZEM
KB LZR SRR IRETB/ESR. X—4H FBAR 53] Z LR
F, R, ZEZSAFAMN FBAR FERAHEETXMEW. B 2-3 (o) £
[ A BB R 5 H 0 FBAR , IXFRE5 M 11) FBAR BT AR Hia% s i1 2 SR SET S I I R
5. BHTAPAEREERFFENREIANEE-TRAEET, Fik, Xt

12



FoE HRESPOERGSERM

RIMEREB A MIPIALT . 540, BTN RNEEWSEEMFEESR, 55
i A SCIAE R EL R R e, (ER, XA FBAR MU [E TEBLT

TR

[ AR

(b) =EERA

E e 4%
N (w7
=

R R

(c) EAZEmAIAY
2-3 FBAR MI=FMZ#RAREE

SEIR U E=MEMK FBAR 74, HEHMGGHIELZLE, AEEZME

LTEZ&EH, SRR, BAERMEEESR: AL, BESERMENY
K] FBAR H O HEHEFRERM BB ALN FBAR ; A& kL,

B A F A FBAR HZEE ML, TRBAKKZ, B2ERE FBAR EE %

13



HIRA S PO RS R SRR ST &

X7 AEFERASE, HSERUNERR, HXETREE, ETBEMEN
] FBAR #I{E AR,

2.32 MRk

AR IR IRES I RE SR E MR A E R VIR R, A& BRM
BLAUE BT BRI M Re R B =, TEEEUM BN | EE S E BRI E
SR PE R R R

£ MEMS HEARKBERES, NMAR ZHEEMEAEEMNSE (Zn0) .
%%(AN)%#%&@(MT>,_WE%MMMMH%ﬁWﬁwW%zlﬁ
/j‘

F2-1 = AR B R RE S HO L

AIN Zn0 R
EHEBERH (% 6.5 7.8 8-15
N EEH 9.5 9.2 80-400
PP FEE (m/s) 10400 6350 4000-6000
B RE (ppm/CT) 25 -60 o
MEE (WmK) 280 60 1.8
CMOS FH&E M TR TR AR
EESEiES fik & =
H& T R R EL A

FBAR & 0 & AR SRS (ZnO) AIEALER (AIND , fEi%F FBAR
I EEM BN, FTEEMBVERG R M ERER. JBFEE. MRS
WEE. BIERH. ISR, ¥REMAF£T2%. EEMEHIERE R
B e 7 FBAR HINLEERE S ZEA FBAR JEIRSS M5, N EH S FBAR B
R (B B L RIYESE FBAR FIFHA A, &N HE LA LU/ FBAR
RSFs B FERZEE FBAR SBHMERE, £H{#FME—EBERLT, FiE
PRSI MR A HiFER2 " FBAR (95 5T F12L O DL X FBAR &
FRRFBATRE, BURKIE A BRI S E AT MEERE
REGCME R MEMERE AR, BE RPN, HIGA R G5 R84
SRR AR R R E LT ABEEZHPESGNIERE, IR

14



BT BRSPS IR EG

HIAPRE BT ISR IR AR BRI 238 R PR R R 25 12 WA R 34 5
Mg tE, MRMLFEREMRRET, SSAERRRI T B S .

FBAR % FI R FBARAT S Al. Mo W 1 Pt, FEGEFERRMEIR EEHIEH
MESEE BB R, BEEURFEEES, RN ORIIEE B T
DL7E Bl R . MR AR BEAR AN FAR L mT DAYRZD %o s FL AR B T 52 T
FEL P R AR AR L R R M BFE AR, 75 REBU A AP R AT UGRIERS 75 36 R4 O X
5. PtAI W HZ R Al B EBUEMR, MBS, Mo AAHNEIRA
HE. BEMEERAERNEE, ERESK AR,

2.4 BEAFERIERERN—E SRR

— IR R B B SR T FBAR 23R IHRF AR, B —% Mason 1%
RIS BVD RGN0 r MBVD #EAIRY, —4EREAYAT DL A Skt Se Rk
EHE RIS BT S B A RS M IR SR, BRI & B R B A
Rk TwK. AR Agilent AT BitHI ADS (Advanced Design System) %X
f, T LA ERIESE FBAR [) Mason S534 FLBR A ADS P, Bt 4 E AR
EARARRT, 5 BRI R LR FBAR SIS TREHERIRNT .

2.4.1 —HFEIEKER

Mason FE% 2 DB BI3E 3 Mason Rdr ), A HBZEMESHIERL
TR BANT FBAR SRR EFAT I E 04T, K HE ) Mason 552 FEEE ALY 4
2-4 F7w,

15



WG R RSEA SRS TR

WHFEN Jis Ry SRS

1
1
i
1
i
:
1
1
1
)
t
]
]
3
i
H
i
i
3
i
1
1
i
:
H
3
3

7o

& 2-4 [EHJE Mason RIS L

:,E\:EP; Ze =ij tan0 ’ Zc =‘ijCSC20 > Zp %EEE;%H‘%E(J%?EBHH, 6=kh 9 2h

N 3 2 o - s 'A s — s,
EEBEERE, k. %%E%q,:%h—, £ RIERAF T/ BB, 4
kloC,Z,

7= FBAR HLAREIf. ZEthn® =
f e 2 = R AR B AN 2-5 TR

E
1
]
]
€
H
£
£
3
§
3
4
i
]
i
¥
]
1
L3
b
k]
]
]
i
€
]
1
i1
4

, K ABNLEEE R, o AERE.

2-5 B E S E Mason 2530 L%
Ko, Z,=jZ tan6,, Z,=-jZ,csc26,, Z, NIEBEBERFERT, 6 =Fkh,

2mRERERE, kB
16



BE BRI AROIERASEA

2z |, WL T) A FBAR 22{:11) Mason Z535 HE IR A N1 2-6 i, %
MERIEHIERTEW, KK T FBAR ) ADS FERIE LI R

LaR ! ERERR T AR ZRE

ATHY

ATHY

™
I
I

-

PR T - -
P -
[ J—

[ & ]

& 2-6 FBAR F] Mason ££4§ B 5

HiEpurERE R (2-14) Frrl,

Z= 1 1
joC, +
— _1 +L2- —jZ,-csc20 + !
joC, n 1 N 1
JjZ, tanf+Z7, jZ, -tan0+Z,
__1 || jten@ (z,+2,)-cos’ @+ j-sin26
 joC, ‘0 (z,+z,)-c0820+ j(z,z,+1)-sin26

(2-14)

e, 2 =é%MEe@%ﬁ;@@ﬁ%ﬁmiﬁm—fﬁ#ﬁm, 2, =—§i%U\EEﬁ

EETEREE TENE— LB %ET . ST 28R E FBAR, REF
X (2-14) F8Y z=2z=0 B F],
BVD #£ %! 2 4 Butterworth 1 Van Dyke $2H 7, X—HE 5] N T 2840941

WAREE, O B FHAI FBAR 7R 18R A MR IBRMR, HEEBERAMEEE
B EALBERFER FBAR BY BVD B2 n & 2-7 B,

17



WIS PR RAS R SIS TR

L. L.
= ¢ % L. =G } Ly
R
o e
(a) HREEM (b) &k FHE BRI

& 2-7 FBAR ] BVD £ 3 i % &

Hrh CoNBEHEE, Cnv Lo Ra ARSI RE . SIARBBMPBERE.

MBVD # 7 2 i Larson 25 AIRH K, fALLT BVD A, X—ERK sk
(3] LR IAFEAHUAIRFE LK R R RN R IFE B RN, HX FBAR fIHE
PLEIOHERS, MBVD HEAYF R E i & 2-8 BT,

e i1
;
R,
L AAAS 1
H
Rm Lm Cm

& 2-8 FBAR ] MBVD 3 e &

Hoeh, Col Ro 4y BINERAS BN E AN R IEE, Coe Los Ru 23 BIAENE
2T, A RURFINURIREE, R, AR SRR EE.

2.4.2 Mason B ZIgY ADS B

HRYE 2.4.1 /N5 Mason %550 R BAY, W] LLJ5 (A0S FBAR HJ ADS E),
ACFEESLH ADS MEAET k. EREMRERSEE. TEEROTARM
kL CRIRFRAE BARD MARERS (EAEEEMERER) # FBAR
EIREFIE L. 7E ADS FREV MR AR RBIRIE 29 (a) Fian, P1. P2
NHEEEG O, P3. P4 RFEZEEOW LSS EEEFEENHEK. TEFFR (B



F_B ERAERIERSEEM

WE) 1 ADS i ERESE 2-9 (b) FisR, Pl P2 NEZusll, SLISEE
2 7S 2 1R 28K o

- e © - <=
Z1P_Egn Z1P_Eqn
21P1 21P2
2Z{1,1]=j*2_2ZnO*tan(k"d/2} Z[1,1]=j*Z2_ZnO*tan(k*d/2)
Z1P_Egn
+ 1Z21P3

2Z[1,1J=Z_ZnO/(j*sin(k*d))

VAR3 T=n
A=100um*100um .
d=2um
Z_ZnO=den*Va*A
k=2*pi*freq/Va
CO=eps_ZnO*Ald
n=sqri{k2"C33C0*Ald)

Lu‘ I
VAR z TF1
——]_f‘("(\_l
2
v

den=5680

ki2=0.078

C33=21.1e10

eps_Zn0=10.24"8.854E-12

Va=6350
Z1P_Egn
Z1P4

Z[1,11=-1/G*2*pi*freq*CO)

Z1P_Eqn
21P5
Z[1,1]=1/("2*pi*freq*C0)

(a) JEHE

Z1P_Eaqn Z1P_Eqn
Z1P11 Z1P10
Z[1,1]=j*Z_Mo*tan(k2*d2/2) Z[1,1]=j*Z_Mo*tan(k2*d2/2)
] Z1P_Egn
Vr VAR + Z1P9
VAR2 Z[1,1}=Z_Mol(j*sin(k2*d2))
k2=2*pi*freq/Va2 !

Z_Mo=den2*Va2*A2
den2=10200
Va2=6213
A2=100um*100um
d2=0.1um

(b) FESEEE

NI

29 EHERSEEZER ADS &

19



IR FERSE R SRR ST R

¥ HLUE 7 EAR A 5 7 2 2 B0 RO R TT LAAE B AR
[ LRI HAl = 2 457K FBAR K ADS B4R, & 2-10 fiox. FIAH
- ADS P EHE, AU E AR AR T EHXT FBAR EHREFE 1)
s, BRI EEREEFE=FE.

— - Jo L - . - Jo
= a— ‘ [ L f H L =
21P_Een 2F_Ean 21P_zen : Z1F_£3- 212 Ezr 2f Eqn
z1P1 | ZIPIC z1e” i 21P2 2196 zP?
Z(1,1]=)'Z_Mn’umk2'd?.’2)} ZMAHZ_ Mo ank2d2) ZN AR Z_Zn0tank di2; | ZASZ2nCanixcd2) 1712 MoTanik2'd22) 22 Meran iz d22)
Z17_Eor

717
g:gEun 21 =Z 200 eniked) 217 _Eer
. - ATy v 2178
2[1.1)=Z_Mai;"sini<2d2), . 201 1)=Z_MoG sin(k2 a2
‘ '

—i

-]

L\_A_;u-]_r =
I =
T=n
VAR
mvf&:
k2=2"p
2_Moxden2:Va2'A2 |
Gen2=1020C 715 Eer
Ve2=6213 219
A2=700um*10Cum 1 =112 "heq"CO)
ot , 21 1=-1'29"heq"CO)
s
VARS - —
A=100urm* 100um Ty
@=2um T Eer S-PARAMETERS
2_ZnO=den‘VatA ~ 2195
=20 egVa S 201 1)=14G°2"pi*req"CO) S _Farem
CO=eps_Zn0Aid S | Term SP1
EsqkE C23'CO“Ald) & | Nums= Start=500 MHz
den=5680 2n50 Oom Stop=1800 IAHz
2=0.078 = Step=400kHz
Ca3m2".00e70
eps_ZnO=10.24'8 864E2
\5=635C

K| 2-10 FBAR [ ADS fE
2.5 BB/

AERNBFETERNAT 5 FBAR H ki —EER AR,

AT IE R AR R AR N B PR AR SR R s AR T R FL SR SE B
TAEH, HPRALARIL T AR AN PR Fh B 220 & = R R B 7R At
47 FBAR MIEATERE, N4 7T FBAR H=FM4HEA, FBAR ¥HKE
R R A HL AR A B IR AR s BG/4B T FBAR B —4E(7 AL, .45 Mason
A, BVD #AUR MBVD #2481, JF# 577 Mason AV ADS F.

20



F=F ETUIRRERRAEUEN FBAR i EAHT

F=EF ETURPEMNRRAEIRN FBAR RS HT

FR R BB R AR R TR E R, MHNEREN M =477
ERAEALESR, FHEEESHNEREETEET RESAE -7
FR T (Finite Element Method, FEM) . B RIX— 5 A 4RIt KER A
FIRESEpIF, LR EMERNERTANRE Allik 1 Hughes 32 HiPY, 7EXZ
J&, BRI (FEM) ) ZEMNATERB[EHNGE. REFGRTE (FEM)
MTHEERK, EREETEVGERENAZEENAWES, ARTE
(FEM) BN AZGBREE®R. FRTE (FEM) &M TR ERE
AL, AEATARMEBMRA SRS RE, RAFRTE (FEM) , &
REAS . HEITEWR. RiG. EEASBIERSSINFIERMER IS
W FEERZISERTHEE, NMSFHNEERERENR, XTEEMEE
PR BB R, — R RN DIRSRX S MBI # TR, X FKREM
WL RIS R, SR B D AREITHE, B, WK
A TR AR B AT IR A R e R I HI SR R iz Fl =48R 3.

3.1 BEGARRIERF—HMESR

FIF 2.42 /NEEILA) FBAR A9 ADS BT, {EBE Mo/ZnO/Mo %5
B FBAR RUEIREFME RN 3-1 Fion. P ERE T HREE (FHEEE
2opum) MEEAEEE (BREEN 0.2um) X FBAR EREFEMEWEN.

120 : . 120
02pm~ . —0.15um

20 20
0 . 0 . :
400 600 800 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400 1600 1800
FRE/MHz SR MHz
(a) AEEHREE - (b)) AAEHEEE

E 3-1 AREMELREE§ FABR R EF 22

21



ERAE R RSEASAINLS IR

W5 AR K E RN, FBAR ATERIMZR KR RRA, A —4Er i,
UL PUERAR R — IR R R SRR E .

W2 AR AR UES], Ha&RFE-THEN, BET
AR NI, MESREZ TR+, FIH ANSYS A FBAR =4 K%
A, HEPURFERZ NIl T 2 FAEIR, KLEFEERER —SEATEN
HE2W,

3.2 BIRTHE
FIRTEM PR EEMEE %*Z*%LEIJ#%TILW%%D HEERKRERNERES
FEo JEEHM B ARG E B 7RI R,

_E T
T =Cor6561 — €sx3tisa

(3-1)
_ S
D, =€, Seq + &5

Hbh TRENARE, SENZME, ELBGBRE, BAN Vn, ¢ RIEHEEL

R, BAA Cm?, EREBEHATBNTHBEERER, B2 Nm?, S2

TR NI B BUERE, BALR Fm, LR T REBEENEE.
EMSZG TR ES5BEH ¢ XRARWMAG-2)R,

E=-V¢ (3-2)

#eh, vo(2 2 Oy
Ox; Ox, Ox,

N [A & S ] LBEAARALRE o THEAR], RERNKE-3)F7R,
S=Vu (3-3)

XEMV, 61T 3 FIRFER, BRI G-49FR,

22



F=F ETUHHENKIEEE FBAR /i 4T

V.=
§ i (3-4)

AR A, AR I EEA R R SRRV R R (3-5) TR

o*u
VT'T=,067 (3-5)

dlox, 0 0 0 0/ox,dlox,
XEv=| 0 o/ax, 0 dlox, 0 olox, |, p NEBEMBREE. EEMER®E
0 0 08/ox,o/ox,0/0x, 0

MRERE W HFH T RRR, BEAMBRAENE, BEEMEE AT E R,
A ASE,

V-D=0 (3-6)

NRBITERG-DIE, & FEELHIPML T &0 a5, 14
FEAMERG-D-G-6)FLFRE T EEIRNELL

EHAMRTE (FEM) KGR, FERYERBEERL, BANEAE
B TR At £ o el 20 D b AN B R B AL AR AR BN BT, B RN B
TUHI L AMEAR(E S B EANEE R B .

EH ] 3-2 77 v FEA 75 T R 2 A P B SR AR, P Y R S5 P i 3L
X9 ST NE TS, BERBRESESERIMLE w (=1, 2, 3) MHE
¢, FALLVEREE R BATA - ENEERWORG- )T,

23



RS R RS SHIR SR

3-2 FBAR R A H A& &1l 55

u,()=> a,N,@),i=123,

- (3-7)
p0)=3 b N @reV,

J=1

Ho, MBRErHN: r=(xi x2, x3), n2TEARMNML o RNEEHE, b &

HEHE, MEEEEMNEEEEMMEERME, EMNMEETREER TS

FRB3], Z£RG-7)F, N@)=Ni(x1, x2, x3)2 BRI RE, % 2 LT FIEERE,
N,()=N,(x,,x,,x;)=0,,j=1....n (3-8

He, ki WAE, S REF AR G=i8, BN 4N, R0, R

G-8) Ui A HEMES T SAEEHENE. RG-DEMERERDT,
U(t)3 =N, (13,3,

$r)=N (©),,b,, 39

Hep, N NAEREIERE, o M b 2R EVMEHEREEHE.
i UL E R TR A LA S (8 B8 AT AR BIRERE 2N

ARITTIE,
o ol -
o o|l4/Tk, K,/ o (3-10)

24



=8 ETURNERE 28R FBAR 15 B4

Heh, M ARGHIREEME, Kuw Ky Ko 5 HARGEPHRNIERERE. 8
MEREMN B REEERE, SENKMRSHSE, GRTMEERE, X
EERTEE—HE T FEBRAANE, 0 RERRERHERE.

3.3 MIRIEEIRIEREE ANSYS EiR

IR FBAR SSENTE RIEMILEH, BT EEIRSIEER, HHSRRI0%
BT T 4L, B S AR IRER Sy, BN TR BRI M B P AR = 99 A 5
Mo HEXHT ANSYS %44, #3 T =MHRA FBAR %, & 3-3 AR,
SR R AT AL, e ERR AL = R, TR AR Bk
HEHEA Mo, BTEREIRAT Solidds; JEHUEMELA AIN B# Zn0, HTHE
S SolidS, B TLRE 7 BAIEE TN, 45E PR T W™
BRINDTTE, RIS NTT, 5 E SRR RIRE , X
R I 5 240 3R 2 A ks 00 U B B =, A A e TR 45 4y b s 1V TR, e
BRI OV BLIE, 442780 0 L 43 A o

L o
4

-

e

» R
-/

4
/xl—
Uy =Wy, =U,=0 |

(a) HFIALFFAMF (b) =MRAERE

& 3-3 FBAR {i E A

JE M AIN F1 ZnO BB T/NTT R F 6mm <55, BRI RBERE.
JE EBREE . MRS GRS R T R
ZnO WFMEREERE. K ABFERE. XA B 5

[209.7 121.1 1051 0O 0 0

121.1 209.7 1051 0 0 0
e 105.1 1051 2109 0 0 0 (GPa) (3-112)

0 0 0 4247 0 0

0 0 0 0 4247 0

0 0 0 0 0 443
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EREAFERERSEREMILENR

0 0 0 0 -048 0
e=| 0 0 0 -048 0 oO|(C/mY (3-11
-0.573 -0.573 132 0 0 0
855 0 0
e=| 0 8.55 0 (3-11¢)
0 0 1024
AIN UM RBUSERE . EHESEM. MR BERE 25 R
(345 125 120 0 O O |
125 345 120 0 O 0O
e 120 120 395 0 0 O (GPa) (3-122)
0O 0 0 118 0 0
0O 0 0 0 118 0
0 0 0 0 0 110

0 0O 0 0 -048 0
e= 0 —048 0 0|(C/m*)  (3-12b)
~0.58 -0.58 1.55 0 0 0

(3-12¢)

FEUAME, LRGHMESESERE, HAT R S35 & EES 7
108 IEEE MRS R, B x, vy, 2z, yz, xz, xpy, MfE ANSYS #fEd, &
BT REESRENBMANIRTZx, v, 2z, xv, vz, xz, H, FEHA
MEHOFEFES T, ZEXT FARSERE S S BRSO B TR 2

ANSYS i B4 # Frik @i IR oo 7 72 AR(3-10), WM A TG, F
FAR(3-13)K 15 FBAR HIFEFLER I fh kY,

U
2 fO

H U BHeinfE LR ma i s rigE, o2 ERRmaEmE, o il
AT R T i E AL AR 2

(3-13)

Z=j
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$=8 ET VIR NEAMA FBAR (72417
3.4 iRER B

FANFREST T AFERR,. AEEFRE FBAR AU b i & AR R 7=
AN, PTEIFEAR T ER MRS th AN i AT ], J@iE FBAR (9
FH T 22 7T A B WL HL A H A8 ) B AR B S - AR A 0, i ik e 5 23 7 g 2R 3R 4T 0L
AN REAEE (Non-Circularity, NC) *HIEFT, NC HIBUE K /NAT LA 7]
FEUERRBRTFTHITEN . NEE NC BT R EE EfE—4F
D EC (xos yo) » fEFZPOSBIEEHME LGS —NEAREE r MHE o’ &
AN, KPR B - SEER I E o MIBME E, FELERN
AR BENCo NC BB R/ B S0 28 3 it SO, 7 A i ) B A A s D
3.41 FEFIRE FBAR (AEER SR

=R EARAT RN Mo, BN 0.2um, [EHEMEA AIN, BEA 2um,
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Hor v 2B ETT AR IB0E, d 2 FBAR R,
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HESRSCH B AR I, RIS A R B & E R E A R AL M
FeSEINEERE &Mt A ZE i E T Mo/ZnO/Mo Z5#H Mo/AIN/Mo 451 FBAR
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BBOSEH, SRR T R BEIRE £, VLA Mo/ZnO/Mo 451 B SEUE A
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SRR AL, B AR IE R —Mr & A 4 A tHILZE 1.768GHz .1.766GHz.
1.767GHz &b, B &4 S 5 HINE 1.775GHz. 1.798GHz. 1.775GHz 4t;
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. EERBH—FEEAHIE 1.759GHz &, . RFE. EERLFE
EM A AR HIAE 1.755GHz &,

4.2 BEPEERVER[FEIE

F R IBFELE R I H) FF A TUZ ). Kaitila 25 ATE 2003 SF A REICEFE D
K, X—JFVERIRHREET 1963 4 Shockley, Curran, F1 Koneval®ME L&
B RERE B IR A B X IR LA A ER 4 F A AR IR AR B R
BiERE, BRSSP ENRSGEER SR HIE RS, 108 XSt
R EEEHREER, BEERIFARERENRFENEEREERREE
T—MEENXEA. B 43 EEAH T EAREEANSMERRER,
4-3 A Bl TE1 B AR £8
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4-3 TR BEME S BB A M AR 28 (TE #50

FESY WTRERAVESEIL S ARSI 7T, 8 520 W oA 0 45 4 v 7 AR
AR L
[ e 24 808 LB & R BT R A (4-1),
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7 UeUd
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K Ue, Um, Us 735109388 LR G REA AR, BtERrwT,

_ E _
m_2IRJWV (4-2)
U, = % [ (rdE + EaT)av (4-3)
14
U, =+ [ E&" Eav (4-4)
d 2 J

R z T3 TR BRI A x J7 M R AL AR B, B 2 2(4-5),
u(x,z) =u,(x) u,(2) (4-5)

RIERE-DILBFEE RIE K, T8 x TREVLEBS RO
(4-6),

( j E_ u dx)’ w6
j Edx- j 2 dx
He BNz FHHESTE x TR E, ATECAEE 1.
RIEE 4-3, K x F RPN u(x) R ARE-T),
() = { a-cos(B,x) —-L<x<+L @7
b-exp(—p,x) x>L

S o0 o 53 B 2K BRI KR LU OB IR e, R4 a0 b TTLL
I RS0 T4 AR A8

B x=L i =-L A 4 P B e FOSE— W S48 due 75 L A0-L b
s, 8,

du, (x)| _ dux(x)l (4-8)
dx =L~ dx x=L*

{ (), = (),

B @- TR R @-8)BH,

a-cos(f,L) = b-exp(~p,L)
~a- B, sin(B,L) =—B, -b-exp(~B,L)

R(@4-9)FHARAHREBETRE R,
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BI0% FETHRERRABIE FBAR IR T
B, tan(B,L) = B, (4-10)

BT B fo IR fHIREL BY p=B(), PTEL(A-10)AITF SR fH X,
X RE B FVBOL R AR E T 2 B TR,

H @410 R WIS T AR = LB, AR R fooofl
Po=0 PIFHIE HLIR T -

1) Bo—oo, LS HMNERX A R I 5 3K o

¥ Bo—ootit NEIK(4-10)F] LLFF 2,

,BaL=(2n+1)-%, n=0,12,... (4-11)

H@E-7FR4-6)F KB x FHFIPLEFEE RE
2-sin*(B, L)

K= (4-12)
B [1 + ﬁiL -sin(3, L) cos(5, L)]
¥ (4-11) TN B R @-12)B 2] fo—oobT 1 x J7 M FINL S RECY,
: 8 ! n=0,1,2,... (4-13)

R@-13)EH, FEE » K, x FRAKEE REZERCDS, =0 BRI
RERETIEMEM, >0 HIERANTFEER, FEERNWZERBETHEY E
AT LRI R A I = AR 58-S, BN AR B B x A REE@-64 A

BRE-1DEANBIRE-DEBEFE X x FRPABEREER,

2n+1 &

u,(x) = a-cos( -Ex) n=0,1,2--- —L<x<+L (4-14)

HR (4-14) BEI n B0, 1. 2 B x HRAB Ly, 0E 4-4 7w, BAE
LT LLE N, % n=0 i, R@-6)7E-L<x<L WIS AE, Zn>0 K, 3 (4-6)
FE-L<x<L WA RE, HHBLR 7S AR
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2) Bo=0, LB AR X S AL 38 A 75 R B 4
1 Bo =0 NF|(4-10)1F 21,
BL=n-m, n=012,.. (4-15)

W AN EI(4-12) B 2] Bo =0 BT x 7 MIPLEFE G RECN,

5 1 n=0
@m={0n¢0 (4-16)
VLA LA R n=0 BT R HEI, >0 B KT EEANE.

LELEFTIR, 2 Bo—oolf, ARXIBAFLEETEMFLEEN: L L~00, F
MK RA FHEANFEAE AT AR

Rt Bo =0 MRS T 3AME R R LRA, MR TR
KRR, BTERAEBRRALARE, A ERAER, FHGEms
S FAEN . WTEERSTHERAERSERU, WREEIRENA DX
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R Re v SE L a7 AR A K I EEAR B AN ) OSBRI VT AN 8] A I AE 4544
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BRI T RIAAE, TR SRR a0 4-5(a) B R, JAE X IR 11
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R BRSNS R

x J7 FIRIRE R AL ux 39 7] RO (417 BT

a-cos(f,x) —L<x<+L
u (x)=<b-cos(fyx+y) +L<x<+(L+W) 4-17)
c-exp(—p,x) x>+(L+W)

Hrhy ARALEH
LEH TAEE RS IRIR AT,  SURTA R X RRE AI AL B0, B e R
—M S du/dx 7 L F-L AR E S R EHERARE-17)B R,
{ u ()| =u X)) _,.

u, (x)|x= L+W)™ =u, (x)|x= L+W)*
(L+W) (L+W)

du,() _du,(x) (4-18)
dx x=L" dx x=L'
du (x) _du,(x)
T |x=(L+W)' - dx lx=(L+W)+
BRE-1TRARE-18y15 2],
a=b-cos(B,L+y)
b-cos[ B, (L+W)+y]l=c-exp[-B,(L+W)] (4-19)

0=—p,-b-sin(B,L+y)
=Py -b-sin[B,(L+W)+yl==p, -c-exp[-B,(L+W)]
N@E-19)2RAE A TEAE R BOEIRMER, WERE W SHEBEH
Bos Bo Z[EHE R IR R,
Bytan(B W) =B, (4-20)
Xt b= (4-20)F1(4-10) T BLA I, F(4-20)F 1T po A1 W AR E T (4-10)H 1
Pa il Lo TAHE RS BYBCRE 55 TOAE X S5k A48 [ 2 50 Bo FANR X 35 0044 R 5 20 Bo AH
Ko
WEBHELEME, x THNEES 20T
£ x=tL fb, VR dux/de=0 WA FEM, BORZGFARG-1HE—
AT REE,
B.L=n-7,n=0,12,... 4-21)

R (@-2D)RAKE-12)F 2] x 7 HEPIEME RE09,
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SIS HTeMvE R 8 = FBAR (B 447

K ={1 n=0 (4-22)
’ 0 n=0
VLA R n=0 R B, 0 NHFEBEAANE.

W BIDESEN)G, -L<x<L BERAIRE w10 :

AHEZ 5, ¥RE2DHFABRE-1NE —ANEXFRBFRX A E
FALFE ux N,

ux(x)=a-cos(%x) n=0,1,2--- —L<x<+L (4-23)

B (4-23) BF) n B 0. 1. 2 B x HRMFE ML w. 0E 4-6 i, HAR
M UEE, M4 n=0nf, R (4-6) FE-L<x<L HIRHSANE, TH >0 B,
(4-6)fE-L<x<L W NE, HIAKNAFEESEE.
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i : n=2
1T\ 1V
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B 46 P R R P S
4.3 BEARFIERSEN COMSOL 1%

COMSOL Multiphysics & —F KA IR BEUED B, BRI DEERF.
Y. MRS, FRESFSHEAEE T ZHNA . COMSOL Multiphysics
DU BRI NERM, BERESYERSRNTESETRKERMSTE ()
TR (£3) R, LI EEEHNSERE. FIA COMSOL KL

i
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ERAE pOERFH A SIS R

H ARG (MEMS Module) 7] LASZI FBAR BTSRRI 4T,

A /NFEE COMSOL HTE37 T Mo/ZnO/Mo 45#)#] FBAR A K 4-7 (a)
fim, A& TRER. EEEMTERN -EEE. H 4.1 T EE R
LR ATENE, Mo/ZnO/Mo £E#IFJ FBAR SUFME AN TYPE 18, Ht, XHK
BT OBEMTERE, B 4-7 (b)) Bin. BERERE 509 0.05um. 0.1um.
0.15um, ILHER)TEE 53BN Lum- 2um. 3um. dum~ Spm~ 6um~ Tum~ 8um-~ Yum-
10um.

(a) ToIHE —4EHETY (b) I IHNAE — 4R Ty

A 4-7 FBAR 4R

FIF COMSOL #ff % 37 FBAR 2 TR 4 BAK S BN T -

1 BT YRR RO . 4F COMSOL = 5T, S a7 BE 8 ] 5 (Model Wizard )”
BB A4EE, ST R, WIEEREN IFSERRE, TTRAEE
PR

2. AIEJUAHEEL, AEEAIF &% (Model Builder) »FAy«JLfA"ARZER]
DL SRR E LR, A UTRENRER O UREESHIRT R
fir, EFEN/UTHEENRET AT ERENRTEIHNER: MEE
HEEFE P, LER. FEEE. TREIREES AN 0.1um. 1.41um. 0.1pm, TN
FERIE A R~ A 100um, EBRE. KBRS RIS 200um.
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ENE AT REMRERRARURK FBAR Ji AT

3. NIt AR R & 2% (Model Builder) » F <P B FREE, 114
INFA R ETHITHF COMSOL AT RE, 13 AR R Mo PR s AL ZnO.

4, [k ERERE. EEEFRE (Model Builder) “f«El{E /7%
R AEI A MMEIEE, ETHERMER Mo, EHREMEA Zn0; A
B 1N T R R AR AL 5B 52 LR AL “u=07

5. MBI E. EEAFKRE (Model Builder) “fJ«§H 5% R
A B AN EBERBERME 1V BE, ki,

6. MRS, FIFHBERIFF RIS (Model Builder) B« FREE HE R
R 3 PIKE o AR STHT AR A B XA R 43 o 1) RST R 0.2um, BT ARG RS
0.1um, JEFEMIEIR A 03525um (RIS T 4 4.

7. REE. AHEEF R (Model Builder) ”tFHI“BF T 17FRZE T % B
FYLHEA 1550MHz-1700MHz, £1A4 0.325MHz.

8. PHIFLHHZRANARLL BHR L% . A BT BB B 58 i B S48 R IR R 5]
FFEETHE, THETEREA AT K2 (Model Builder) A [« B Fr2E ik
Beo— Yo B 22 I B HUAF MR A 2R A BE BT RO AE O it 28, FEBUARME I R R R
A: 1abs(es.Y11), HALHEHIRZERA arg(l/es. Y11)

4.4 RERB S

& 4.1 NEHHHEB R Mo/ZnO/Mo 451K FBAR, HAMEUHFEA TYPE 1
B, M AR I KT 5 BOE IR £ BVE, A 7B E M LB AN ]
JB BEAN 58 1) T RY AR S5 A SRR X (R [, fo] PO AR BB SRS 00, = LT 4H
fr B 2R F s S bh 2R, tnfE 4-8 Fin. TEABGCARMERNER b, ) X ) 3% B
X\ L], X EER[0,1.6], THHEBBREHMER A, M TH—MEE
A EER TR, THEBREEXE, L EMSE 4., AT
“WOLL R BRI XN R=(4, - 4D/ A, , B RBIERLAEH R KIEB/NML
A AL B 2R B G876 S8 B IR TSR AN FEBE S 4R AR X 18] P 72 AR 0 B A A

A
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IR S PRSI SRR ST R

Frik e
15 f ' — :
1 | m
0.5}
i:_]
£ 0
g
B 05} .
=
-1t E
-15¢ .
2
1.55 1.6 1.65 1.7

M (GHz)
K 4-8 i L ZE R HInE E

FIFH 43 /NEBRIIHGEER, FESR TAREEMEEER T FBAR B
FEACAEAT M2k, B COMSOL #1453 fIRHHTAEAL 2k F 8 5\ MATLAB H,
S A — P B B AN 75 B B B AR AL B e RO I S L R 7R, R {E A4 I
K 4-9 BT

0121 s 015
—— EF0.1
o1t E§0£5

RIS ()
B 4-9 AR K{E R EAE AL i 26
St BRI G G0 H R T DR U, TS H03 UM IR B A
AL, SARE R 0.15um. TR Sum B, A MR- Be A L %R
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SEIE ETRERRIEAVIRAHUR X FBAR iR

B/NKN 0.0886, ELAINILMERR/D 17.7%, Vi B A1 M & AR RS B T BTt
. B 4-10 LR EBEEN 0.15um TEAN Sum FIIHAER {7 EASEIH
FEpTAE AL f 2R, BEMLRDIMUER RSB, BEME XA B
FEH, IGOAESG B BIEIRIE S IS IRIME 2 AL th AR E FEOLIE, FAE

L — B0.15 1

0.5 | msum

0r
05+

)

2 :
1.55 1.6 1.65 1.7

$# (GHz)
B 4-10 JEIHE S5 HNSARE 2 J5 AR AL th 2 X b ]

BRI

TIHES IUNEZ J&, B EGEIRAE £~1.603GHz 4L FBAR & KA 4k
RIE 5 R0 E 4-11(a)~ (B)FiR. X ELE 4-11@)F1 (b)) LUE H, TUER, B
X B AL B YRS IR RS A PR BB M EM — AN B E, BB XIS RIE
NIFER 2 FAERS), VLA RX B A BRI I — AR R TR T A X 4
Z45be MMMNIBEZ G, A RXEMIRNIEEEMRFE, BB RXIEUIMER
SHEEIRIERT , FEBINEE TIRIFHIMNG . LR B, @i ERE
FOIBHE 25 4 BT AR AT s 884 rh P AR BT AE IR, DA BIX AR B IREE
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BIRAEPOERSE A SRIL SR

freq(626)=1.6031E9 Hz

-100 -50 0 50 100
(a) JEIHERILIRE IR T I

freq(626)=1.6031E9 Hz
10 ' '

10

-100 -50
(b) FILEMF IR

B 4-11 JEIAES HAHEZ JE A IR AU X EL
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BINE T RERENREER FBAR (7R
4.5 RE/NG

AT N AFPHR T FI A ey R el g A B = A0 ) .

H4e, ET FBAR ¥ A P F & A8 AIN F ZnO, BALY 5 4H) FBAR
M=4ER, RASEERTTETHERZ/E T Mo/ZnO/Mo A Mo/AIN/Mo 4514
) FBAR RISMELHIZE. N8 7T REFRVEIHIE AN RE, RIEA R AL H
RR, WERNERILMESY, B TYPE I ZBUMERRIR B B0 4E, TYPEI
RUSREL R AN B < RINHE, 41T COMSOL ¥4 37 FBAR — 4RI (g 2
1B, A Mo/ZnO/Mo 45 (TYPE 1H!) §) FBAR Wit T MBI LHBTLE, +f
H TSN LR A bR R WE, A1 T IS ER E R KB IRE .
W ESER: YREMNEAEREERN 0.15um, FEN Sum b, JHEHEER
PR R AR RIS SR R, SRR PPN R ISR R ERDA
0.0886, ELANINILAER 1D 17.7%; HImUAE 5 A B X H A A B R AL B -F1g .
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HEAA SRR RS ASRIN SR
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BLE SR5RE

ERE FRSRE

AWM ATEBR T ERERREES S 11374327 RIEEL.

FBAR S RIL K B R LT LB S RA MRS LT LA, BEE S
RFHOARMRAS, BN FBAR SF MR MO A ERARE . (25— 4K
MBI HT 4t B S SR R AR R ER, ERBEN— 4B TTIERK A 4F
MRS MEREAN . Eith, 23 FBAR K48k = 4 RRXT 28447
BRAZEHNENL, BREStrEEEfiiEE. AXNFERNEFRBETYS
FBAR K 2 M = 5 RUBEAT 05 B0, T BB R 7 T LIRSS m & AR R
BRI Bk TR A i A 1) 2 A A S A AR 54, X U b vE R B B v i SR
BT T —EHIZ T .

AL EEKTERNBELRLEINT:

1. ETabEREAEBR, FAERITATTRYE ANSYS, #3L T FBAR
BHHXIE, (TRER-FEEE-RER) =40 B, b= A8 m 4544 4>
SHARMERARNIARRBRR 5. B, EERDE); NELRN=4
RARVHAT T8RO, B2 7 EPEstk g m e s g4k, M st E
B R FT LA RE NCHIE, B3 TIEERLMLEME) FBAR FHE RS
B FEERRD.

2. Z4H7 T FBAR ¥ PR E AT ZnO I AIN i [ B AR AR U 20 A
B, TTET R4 Ag NC {EF TE A M BIREE . @i BRI,
EMFERME T, ZnO R BRI P2 £ i & N> . ssh, FIA
TR E AR A FBAR 43 BIVE RS BLJR 28 1 SR K4y SR FFBR 4y 32, 158
T IERE GUR D IR AL IR AR S5

3 ETREMGVERIEABAR, B TR TT T YRI5 449 9 Mo/ZnO/Mo
F1 Mo/AIN/Mo fJ FBAR =455, 11515 B M 45 M AR ER SR B 43 71 9 TYPE I
TUFN TYPE I &Y, 404 7 RERGVEINGI A0 REE . EULER E, A TYPEI
¥ FBAR #ANRE T AREEMEE LB EWIZE, THEA T EIUH
P2 Pt S L EE R AR AL R IR I . 2B SR T 0.15um, FEN Sum
B, R BMER/NA 0.0886, HEARIILAERRA 17.7%, Shif A HRE Bt ¥
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EREA SRR RSB SEHIE R

SRR, AXEEQIZA: ST B BEIRSE A X AR
AR KN BRI, B3 TSR FERAY BB ST
A E AN A R PR AR A AR S W B F AR MBIER, B3I TR
AR A B AR A BDAESE ; XM AT . PN E RO 4
MR BRI IR B AT B IR T4, BRI Lk Bk SR 4 .
ARICH) TAER I B i A 75 VR TR B3 1 R A ER FH R B B R KA

AAh, EAXHANEME, S-S THAREME#—SHTEESHR:

B, AXFELMEAERTESERMTSRELEHE FBAR, T &
SEMAL I FBAR WHBITEBESHE, XTARIE2IMTIEEETE AGE
HHRBRNERSERALHN FBAR TR SFEBENTEEME— S0 HE
IIE; A ESBR TER TMEBUERM TYPE 1 200 BUIAES M, & T
BURFIE 9 TYPE 11 2 N BSOAE IR TR B — P FE ke

HZ, BE% FBAR MMk, Xt FBAR BHT=4ARTiEHEE 1tk
BEFRITVE, ERAMESNG BT ETNIEEREZ FER M40 I7,
IXFE A RS 507 BT B 0045 R ee 8 FE I 2R 1 S B oL o
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