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Abstract

Abstract

As an indispensable part of the RF front-end for mobile communications, RF
acoustic filters have formed a pattern of double monopoly in technology and market.
Unfortunately, Chinese companies and institutions are not shortlisted. The development
of 5G communication technology imposes higher requirements on the performance of
RF acdustic filters, which is a challenge and an opportunity. It is called a challenge
because 5G communication has continuously increasing requirements for filter
performance such as operating frequency, squareness, out-of-band rejection, bandwidth,
size, power handling, and temperature stability; it is called an opportunity because of
existing acoustic filtering technology, including surface acoustic wave filter technology
and bulk acoustic wave filter technology, can not fully meet the high frequency and
large bandwidth requirements of 5G communication, so a new round of technology and
market competition will be launched.

In addition, compared to the developing RF acoustic filter technology for 5G
communications, the filter technology for 4G communications is more mature.
However, high-performance 4G RF acoustic filters are still monopolized by foreign
giants. Domestic mobile communication manufacturers including Huawei and other
companies rely on giants such as Murata of Japan and Broadcom of the United States.
Foreign companies have achieved a comprehensive blockade of my country from
design to manufacturing through mergers and acquisitions. Therefore, it is very
important to break the monopoly of international giants on 4G communication RF
acoustic filters and at the same time realize the self-sufficiency of 5G communication
acoustic filters.

Compared with the bulk acoustic wave filter technology with mature technology
and extremely high patent barriers, the high-performance surface acoustic wave filter
technology is still evolving, and it is more hopeful to form a Chinese-made high-
performance RF acoustic filter device technology with independent intellectual
property rights. In response to the demand for high-performance acoustic filters for
mobile radio frequency communications, this paper conducts research on high-
frequency, large-bandwidth acoustic resonators and filters based on piezoelectric
heterogeneous integrated substrates, including:

(1) Research and preparation of high-sonic piezoelectric heterogeneous integrated
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substrate. In response to the needs of high-frequency and large-bandwidth RF acoustic
filters for 4G and 5G communications, the most suitable piezoelectric single crystal
material LiNbO; was analyzed and selected. By analyzing the transmission
characteristics of bulk waves in the anisotropic support substrate and combining the
transmission characteristics of the target acoustic mode, the high-sonic support
substrate 4H-SiC matched with the single crystal LINbO3 was selected. The analysis
shows that the Lamb wave resonators (filters) based on the X-cut LiNbO3/4H-SiC
heterogeneous integrated substrate can meet the high frequency and large bandwidth
requirements of RF acoustic filters for 5G communication. In addition, based on ion-
slicing and wafer bonding processes, wafer-scale X-cut LiNbO3/4H-SiC substrates
were successfully prepared.

(2) Design and simulation of RF acoustic resonators and filters based on X-cut

LiNbOs/4H-SiC heterogeneous integrated substrates. This paper combines a finite
element simulation software and a numerical calculation software to establish a set of
practical analysis and design solutions for surface acoustic wave resonators. Based on
the finite element simulation software, a general acoustic analysis model of
piezoelectric heterogeneous integrated substrates with different crystallographic
orientations is established in order to quickly and accurately obtain the information of
its acoustic characteristics, and to screen out the target acoustic mode that meets the
requirements. For supporting substrates with different crystal structures, a general mode
conversion (energy leakage) model and supporting Fourier image analysis method are
established to study the mechanism of the leakage of resonance enérgy in the
piezoelectric film to the substrate and the corresponding suppression scheme. Based on
the finite element model, the energy scattering caused by the electrical discontinuity
between the IDTs and the reflectors and the suppression effect of the non-standard
reflectors on the leakage wave are analyzed. In addition, based on numerical calculation
software, the influence of the electrical loss of the IDTs on the O value of the resonator
is analyzed.

(3) Preparation and measurements of RF acoustic resonators and filters based on
X-cut LiNbO3/4H-SiC heterogeneous integrated substrate. The SHO-SAW resonator
with an electromechanical coupling coefficient kZ of up to 27.8%, a maximum Bode-
Q value of 1920, and a corresponding FoM value of up to 530 was designed and

prepared. At the same time, the SO-SAW resonator with a resonance frequency greater
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Abstract

than 3.4 GHz and an electromechanical coupling coefficient k? greater than 20% was
realized. In addition, based on the X-cut LiNbO3/4H-SiC substrate, the acoustic filter
with the center frequency of 2.29 GHz, the insertion loss of 1.38 dB, the out-of-band
rejection of 41.6 dB, the 3-dB relative bandwidth of up to 9.9%, and the frequency
temperature coefficient of about -48.2 ppm/k was designed and fabricated.

In addition, this article also carried out preliminary research on flexible acoustic
resonators, including: |

The preparation of flexible and self-supporting single crystal LiNbO;3 thin film
based on ion-slicing and wafer bonding processes was studied and its application in
acoustic resonators was preliminarily verified. The stress introduced by the ion beam
in the single crystal LiNbOs and the residual stress distribution in the single crystal
LiNbOs film after ion-slicing were studied. A stress balance model was established and
the flexible and self-supporting single crystal LiNbO3 composite film was prepared
based on the above model. Then based on the flexible and self-supporting single Crystal
LiNbO3 composite thin film, acoustic resonators were designed and prepared. Finally,

the flexible acoustic resonators were measured and analyzed.

Key Words: Surface acoustic wave resonator, RF acoustic filter, Hetero-integrated

piezoelectric substrate, Flexible single crystal piezoelectric film, LiNbO3, 4H-SiC, 5G
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(Surface Acoustic Wave, SAW) JEJE 23 FAE I (Bulk Acoustic Wave, BAW) I
Wdk. S SAW F1 BAW JEM SR B TIBABREM (< 2dB). BHMHIE. mA
AR AL T RO 5h B S SRR E A B T 88 k. B AT, SHuEdas
CAEBBEAFTIHERIRR . 7€ SAW IR 248, B4 Murata. TDK FAKRH
HHEEHE T 85%MHAH A BAW I 2R 11 E A E 4 Broadcom M Qorvo,
AR 95% UL LTI M4, B BAW MBI SR LR E . RER SRS
R E AR, REERMARSE. THIFEANT TEES, BEBREE
5 hmE R ESES FAEERKERE. |
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7 5 F P B 57 2 R A P A R, S A YRR B AR AL
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1.2 SPAEFIEREERA

ST e 28R 8 T SIS ) 5 450 7 2 R 38 B 0 ST AR 9 A T BBk Y
B4y, THUHIFE SRS H P S RA R . R, R LA S RSB
BB e ARG . RS . RLRRY MU 2 R A E R
2] 2 e ) ) 7 SR R R SR AV B RS kb, B S TR PR 6 T
SHAWIRE, REIEIRSHREIE T ZRE.

12.1 EHEAEXE

75 22 4R BRI B AR REBEATHUMRBE A R BRI A LR . 1B ALK R TR T B
FHRHL 3 — 7 12 ST A S R A TR AR, 1E. A BRI R, A
e E R RSB IE. ARFARIER; @E%&D‘(FE%T‘&EE@M BHR
W5 A bR IgE, MORR AT . TR AR, =B R A TR
REGHEGHEERR, ATRFN:

T = CES — eE (LD

D = eS + &5E ..(12)
Heh, TRHRAKE, SHNEKE, ERNRGKE, D ARABEKE. CE R
B RIS R, e NIRRT HE, eSANRIREN RS, BRI,
B AR T FEAM R A R BRI RR T 75 S R SR B 4 R

122 BEREHIEIR:S ,
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hRBSHAER 1.1 P T 3R ERN RIS RSE O EEER
fn B S R T T B R =AY X $5 BB (Interdigital Transducers, IDTs), 1E
1.3) T RIEE B AR, BT IDT B L P im i) 8 M %% (Reflectors ),
1.3 (a) PEIEAESK. K, IDT Biks VX EEN P &R KMk,
Hixees B e & IAE R 2 A4V 4% (Busbars); ST N, X3 A #19 P,
HIEBIRFMAR, 8 1.3 Frar i ihiERES +, XL RN SRIa&RE (%
BHHD.

Rl BT RS EBRRE R DRSS H U

Table 1.1 Key parameters of an one-port resonator

5 2 75 ¥

Tpiezo JE B R E W, IDT #8455
T. R AR R W, SR 5% 58 B
P; IDT A Wa AREE
P, SRR 3R Wy TRAPATEE
N; IDT %% Wi ral 118793

N, ST L DHE Ws LT

®

B3 FEREEERSEHAREE

Figure 1.3 Schematic diagram of a surface acoustic wave resonator.
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—RTS, RETWOER P 5 IDT AH Pise e —B, XH IDT Fr#ckiNs
PR 5 RS TR —B, T SEEUETF VU EE AP, IDT Mk
4B & HANCRAKERIEL, M IDT B B PR 22 AR P S R AR MR
W, SICHSKERIERY; R IDT & #5804 Q HETMR, Ehrikit
58 S g g A S b D) it A 5 ) IDT $8 4603 W4t IDT S5 M ALR SRR (W)
EosE RS (W) FIEHEEE M 4HAHE (Transverse Spurious Mode) b
. IR O EAMED, FNIGES IDT ARSI, Eit DT &
BB T EITHERE. '

PR A SR B R RE S BRI (f). ROEIRIE (f). S

( Admittance ratio). BENEB SRR (k2. BERET (@) %. ¥TFRME
PR HORIR R £ i B AR R A v AN R X FE LR (IDT) # A P (1
1.3 i) LR, EURRA: |

f, = v/2P; . (13)
Hrh, BRERN RS EEMERORE. VIR, BAMERZE R R P I
(T ERMEER (b 5EREREK OO IHE WA SR,

LB A8 2 B B0 3 P T IR R 25 A UBR RS A B B MO BE B0, BAE IR LM
B AEAL BB A RS GEE KRR MRS NA S BAE R GERH
K2RR) . k2 FT B R RES RS S FR JER BT F (Fractional
Bandwidth, FBW) IEH T isIRBIAEMILERE REkZ. ERNAT, HFZ
FE it E s RS, &SRR LEOVERREUAR, KRN

k2= — 22— = .. (1.4)

Hob, £ EFERIRERAE, C,RERBN MBVD %25 BB A )
HASHEE, Co MBVD SR BB IR SRR,
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Figure 1.4 Attenuation characteristics of an acoustic RF filter with different resonator Q

values.
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PRSI R R F O KK M S8 A ik ge, WA 1.4 Fiox:

© FEERRAFH T, #R#E (nsertionLoss, IL) FF, EHEEMRERE
THAEM/S, FE LA AR,

@ FEERAETFHRENTRE, BHULEEMEE, B5ERTs, 528+
BT ERERSENAEFES Z TSRS,

@ B IA LG FERG R T AT o 18] B 4FE o I3 A7 28 (R 1 1 B, [RAY
LB ) B XA 1T 2B L%

PSR AE AL R S | SR, A R E % @it MBVD #ERREL S
FIERBOEBRSH, HRARNNSHIE RS IR S R, s mE
BBt 5. WRTTE R T AT A SR80 O [HL BRI 5
e, WRMBERESRF, R FEEERS 0 MNEmRERT EE.
Bl BONE F I 64 Bode-Q VM1 3-dB #553:, Hh, 3-dB #HREELE
AT BRI SO ROERIR A O 1, TTHRRA:

0, ~ f./Af, . (L5)
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Qp = fa/Bfa ... (1.6)

HR, ALRIAL S R LU | 2| 26 W R A f, R R MR A, -3 dB 4
B o AT 58 ORI 2 R R A A AR A MO (RO Y
TR R R I £ 3 B R PR IR I 4 TS SR8t , B33 dB
WA, HMEEAR 1.5 1.6 1HEK 0 El<mK. Bk, 3-dB i wIEE
& F EHFRBAR T 1%, TR B B R

HAh, TS, B30 MR B A A
TR 2% R B L SFEERI AR, BRI DU SRS R A2 R AT SRR K00 O 18
BRI, BLZA A BARIRE O MHHTHIRI LMEAER R TRIE R 57 H
RSB HORRIAR . Bode-Q BTSN RS 2 FIT B4 BARFIBN O (H3RH, 2
RIERIT |

_ w|S11|group_delay(S11)
(@)~ 1—[S11]2

Hi, oRAME, S11 ZESEMESH.

FAREMPEREBOMEZRZMHRERNEW, FlIapmsREERNA. S8
MR B IDT BARS SEHIHR T AR A BRI R B 3 45 .
WRilT, EFTEEHRES, HRNEEERE e R, EHAMUNREZ M
SAW ZFRTREBERMEFERN, BERART 0. ARV EHEE R, =X
AE. AREHSE T HREEEMEM.

SRR ERE R RS, FEAAE (Quartz) U9, {HERME (LiTaOs,
LT) U, 4BFERE (LiNbOs, LN) U245k it @/ N E AR, HiEFHmAK
(Rayleigh wave) {ENEIREEHER, HibRGEEFEEPENRRE. AW,
HRE A AR BAR L HUEEAE & REUEXT /D, BI85 B R RS R RK,
Rk, HTFAGSEEBRTENEREEZERSEUATHREM. KHHR.
KINRFERFIE F IR . BAZM/KFEIVIK (Zero-order shear-horizontal
wave, SHO) FIZM I FREIZL I8 (Zero-order symmetrical lamb wave, S0) EHE
E IR E KRV R A R, (BHEERAEERS M R R, MR
Ae R BAT R EE AR A R W T ARBRFEEER . HLEEE REERH
A S A I A A R R, RN RS R SIRENRAE, IRAR
R T ET RFAERE BRI AR BERED2,

(L7
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Figure 1.5 The cross-sectional schematic diagram of a single crystal piezoelectric substrate

and a heterogeneous integrated piezoelectric substrate.

(a) EEREAEIIE; (b) KEFRERE

B 1.5 (a) 1 (b) A B/R T ET HREEBRIRKES SAW B4MET R
JREAR R A R A P R SAW S B R B B AR SCITIe R T8 S ke
B s P TR RRATT G, LA S PR L LN B LT i, STHG R
AR E R (i Si ARPD, WA MRE &S (AR RIS Sift
MBI ESHEMD . BT RBITE, BATEFREREEHFELEHRN POI

(Piezoelectric-on-Insulator) #1J&. POI #fEE A T48 LT-Si02-Si 41, 4R
FBERARPIARRRE, RS i 8 5 S RS A S R £ 98, PO 4HEIX
— MR R, A UTRAT b B B A S A R R B A4 POIL
FHEA TR LR F I 55, B K7 BE A e R = 75 B S A R A Ko
Rk, 2T POI MR 2R BB RSB L SR, BRI

(Rayleigh wave), LREBUKINIK . =2 (Lamb wave). ZETF ERER, A4
FIRHERET S, RAVEE POl HEREBK B EREER K E HERXGHR
NREPFEER.
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Figure 1.6 The structures of IHP-SAW and standard SAW.
(a) ZEME POLAE: (b) FIEHE POLHE; (¢ AR LT BRAMK

ST POL MR VLS SAW S-S ALRZENE R 48 B AR (Murata) 2
F13E ) THP-SAW (Incredible High Performance SAW) 15161, IHP-SAW FH 52 5
LT WM. R EADEHE R B & A R AL SHRLA POT Aot YRS T
FEREWNE 1.6 (a) F (b) fin, ALTFE 1.6 (o) FinifEs SAW S4%H
HIARHE LT B R EERER. BEER, IHP-SAW B &+ RIKESIERTEAN
R S, HIBEYIfkk A s AT IHP-SAW BARER (SHO) MIFE, FHILKRE
B0 Si dH R AT M A R .

REEEENE. KEEEME, POLIKAKRER&E REBRMUA RIS
FE R EIF AR POI W ERE, WS, WM ERaEH 0 .
mE 1.7 (2) PR, ALETASRE LT 28RN SAW 84 (29 20%75 K
GeB T RS, ETF M POIAEM IHP-SAW S FH A AL & JLF 100%4
MHTE POL HERE. WA 1.7 (0 i, FAMGKEREEREES, 2
EHIRTE 1.9 GHz MHER, T POI #1EH THP-SAW [ Bode-Q =ik 4000; 1M
TR LT HIEH SAW 19 Bode-0 BB {1 1000,
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Figure 1.7 Calculated surface concentration ratio of SAW energy and the measured Bode-Q
of 1.9 GHz one-port resonators.
(a) PHEEFFARIAILH SAW MRTRER S5LL; (b) T RFXHHEN 1.9 GHz B350
WEIRE Bode-Q MR R . A ElhiZ: PIEHE POLMIR; SREML: =E#% POl #
Ji&; IREERER: ARV LT 4R

R SCHTIR, FEEEIRESEY O X SRR AVINEE . . WS H
MR, Ei, BT POL RN RARS O EI IHP-SAW B R T ) w7 %1
FISIEL, B0 Band 25. IR, KA ARl Si0, B4 I M3 15 B 2 % (Temperature
Coefficient of Elasticity, TCE) N IEHHEEIRE R4 (Temperature Coefficient of
Velocity, TCV), # M T EFZEIREE KR E R4 (Temperature Coefficient of
Frequency, TCF) #ME21, mE 1.7 (a) WIEEFT/R, HTF IHP-SAW AY POI #f
JREM BA ERE R SO (ERNRERE, FIAME LT S EREENRERE
RBUEE, INTI{E [HP-SAW {1 TCF 133|253, 213455 % 1% IHP-SAW £ TCF
I 0. b4, LT RIS RED, AN 4.6 W/(mK), FHETERE LT #
JEH) SAW BB Z . T THP-SAW [ POI AfJEE 1% 88 5 Si fE NS A
XEMR, EENEEFRSHHASE, 48 142W/(mK), Fit, IHP-SAW A
BILEBLS SAW KINFEBAREE, ITTH S0 % AR IR 25, tn e Aol
VRS, WMRERAHTIEAE.

SR THP-SAW EEREH O E. B/ TCF B KMIThEAE, HITH
Ar T IR EUR /9 SHO AU (THP-SAW [ B ARAE 2O B B BHK, — AR 1K T 3900 m/sl,
MIMAE THP-SAW HITERIIFA X BAK . BAG /D BIR A LIRS THP-SAW i
WA, BERIERGERANTERK. B4k EEE TEELZRE DT
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AR SEAR IR ) BORTIR T, IHP-SAW HIERME — MK T 2.7 GHz. FHMABE3)
B (5G) EFHE 4G EEMBEMFRIEHE T 3~5 GHz HH UM 20 GHz
LR SUREL, W L1 FrR. B, UATAESENRE, THP-SAW BiAREE
DARIFF 5G BEP. BB . At, 5GBEHMMBAT R, Wl 1.1 AT
SHI Bandn77, HASEiE 900 MHz, FM, SZER. 7 5 E K S IR AR
£ 5G BfEH HEIRD .

MR 13 TR, SERAEERRK (2P) BEER, FEEE AR
7 [0 8 5 S 4 B 1 T RS 2R 50U R R B A IR FAS At (PR F S0
weE. B, ATWHESGBENEM. K RIS IR RN HR, B
FE H R o7 EL A e K O Pl LR B B ARAE SN B BRI Pl . B4, BT
eI JE BRI B R B/NKIFS AR R . SR A XTEL, LiNbOs HEMRLR
H AT BAR 4, LU 0 SHO BERAS AT 4000 s, AR & REUK T 30%,
ot IR (O SR SEARRT A T TR T 15%; MR SO A H AT 6000 mys, HLHLHE
& BZHKT 20%, S RLFIEER AR AR B AIKT 10%.
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s 8

()
510 c.; 400 1
& £
£ o g

3
100 0 : 18

4 5 6 4 5 6

Frequency (GHz) Frequency (GHz) .
G (®) (©)

E1.8 ETFAhH RHER S0-SAW K4 Bode-0 7
Figure 1.8 The measured admittance curve and the Bode-Q of a 5 GHz S0-SAW.
(a) ETFAHRAEREER S0-SAW BEAFE; (b) 5 GHz SO-SAW KIS 41 A4S
B, (¢) 5GHz S0-SAW 1] Bode-Q AP EEER

ST POL TR, ZikF LN AREBEERNEBRE, BAFELRT 6000m/s i
SO, B LAERNEIRMZE Sk 5 GHz MFEFIEIREE . POL #HEA T L2

—FE R SN, AT RARARK SN (POINERE) BinEFRAN
He%r, Fe ST RS 10 7 T L % T R o A R 2R S P B S A R A
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MU S e L AR P B G PR U R . B R S AR AR BT YA A 40 A 5800 my/s,
RT LN 5 R B0k B0 SO A E®E, FILTBEMUKEE Si 498 56 A F
WHIREARELAR. ZT ERIFER, HFRA QR AR RS -5 R )2 T

(I Si A &6, BREARRERNBERNE SR, HEAREE
Nk 1.8 (a) fras. £ T & POI AP, BFA A R FHEHI& TIEIRINEL 5 GHz
HY SO BEGIEHRERET, fETFR SO-SAW, HALEFEE RELN 24%, XA S0
R 22k 1.8 (b) Aim, WK CEEZ) e (LUEELR) 1Y Bode-Q 1
1.8 (¢) Fiom.

1.8 (b) Fl (c) ML REK I SO-SAW (IR AEUE I A 5G 813 TH 4T
Bk, AR, ZT S0-SAW Nl EME RE (24%) TNET S0-SAW 5+
PR IR I A HXT T 5 T KT 10%, #4362 5GBS HAREE n77. n78 Al n79 4
W 7oK, BT E R E 5G B E RSB/ T 10%B9ARXT T 58 755K . 4R T
1.8 (a) FIRKIE T AR RS POI A REI & LE 484, TMUERRE
ARSI B, X TR B S R R S b R Z R SR TE S
Ko WA, MHERFETHESEE (B MEZEAZEER KNS EME, o
B (PO X THME ZEHRE, SRBERENMASIIAFTIINIFESE, W
RSN S EREEZ RS T ERE, HRAR 1.4 PFRESBEAECHE K,
MRS IRV EAES R kZ . AT RIKERETEREERENEW, T2
X 1.8 (a) Frni POI AR HEAT EISRA 2 AR ZE I, BRAR 25 A 35

B BRI, RATRI TEAERE SAW 224, WERERTFAS
ARG SAW BF, EREROAMEE (nERER. hEEES)
55X RMERSY (WA EEE. RERE) WRAFLEFRE T SAW 2
RIS, B LN EEPEUR D SO BaRAIAE BN & R B S 56 KA
ZOR, {H SO AW EKREBARBARM, FELRWA 1.8 (a) PRIt
R ST IR -

123 FEHKIEIRSS
MR F (TR REENEAD AR E R IERE, ZETAAE AN

IR P BERAREMR T HA B RIS, HBRNERRFERRERFRET
Bt B iR FE Ll L. Fe, SERRE ST O B, ks
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A T e 5 B B M OSRE . BRI AR AT E R . Rk, 1E
POL-SAW SLfH3E th > BT, EEVERSSTINS SURis B O HEE AR T AIN R
PR ST . PP PR SR B B . SRR PR IR AR, TR B
PR3 L B N B RS (Film Bulk Acoustic Resonator, FBAR) HIEZ&%
Fip R A4 P 4R 28 (Bulk Acoustic Wave-Solidly Mounted Resonator, BAW-SMR)
Fk., E19 (a) A (b) 4FRER T M5 FBAR S{HFI 7 BAW-SMR 21
BREREE, HROG Ry b AR TE B - T B AR AR = R 4.
it F. R RIS B Y, TR = B G ORI R BT FREN 5
PRSI (B

FBAR 5 BAW-SMR & EMRX AT FBAR M=BIREM T I RESK

(B8, T BAW-SMR [ =Hlia45H T BA R R E. BRESHHFE
W, SERERRERSERNAERREARLE, FHX=REaarRkig
W BT (0 0 TRFE = BT YA 4519 19 38 . BAW-SMR U] F A oA SR S JE 46 I 1 52
B IS IR L B R, TS KB4 P I B R R AE = IR S . AHELT
BAW-SMR, ETF 2525 FBAR B EIFMaEERTRE, AdERN
R LE T 48 FBAR HUNURRS & M RIEAGR 5 T BAW-SMR,

stress field of

acoustic wave -3 top electrade
~» plezo layer
. ttom electrode
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I,

~2um
@2GHz

(@)
stress field of
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®

E1.9 FBAR fl BAW-SMR £ 5 E
Figure 1.9 Schematic diagrams of FBAR and BAW-SMR.
(a) FBAR £#77%H; (b) BAW-SMR ##R A
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P FE I TR 38 2 3 PR UTARIN C R RE M AL SR (AIN) JEREAE R i
B2, B AIN EREABRMARFEIRK, BASLI 3~5 GHz TIEMZR, B
AIN R s REOR/N, SRR A R B AN R AR & Rk — N T 7%,
KM% T FBAR 8t BAW-SMR RS AR KA T 58— R/ T 4%, 7E 5G @57
T FRRBAKHER T ARMS . shbh, A SRS MRS = HiBEH
BKEERRL, BEIEMERRR, S RIEIRSN =86 S MR,
R PR PR R, X R R R AIN TEBEAPRI 0 IR T AR )
B, SR RMERN EME TR 280, X FBAR 4
AR e VB B BE KB AR

AT BERARTFE BB PR M 58, RO KA 7 S IR A% (ML A H & R k2, DA
B 5GBSR TR TR, FEFEA RGBT R AIN 8RS 26 DU o LR s 48
P, MARE MRBH(Se). BN, T 541 AIN K HERB (AIN-Sc) 1 FBAR,
HALHAE RERZTTIREE 12%2). R, BRERTHEREVABE ZHKN
RN &—ERERIK O . th4h, BEE Sc BRIKERIIRME, AIN-Sc HIER 2%
SR R SR R R A

7 / yoe
b, fEECTRODE

£

C porrom
" HLECTROUE
© Thinned Substrate

E1.10 XBAW StgnEL
Figure 1.10 Schematic diagram of XBAW.

XtF AIN-Sc HERAFE KIEIRSS, BV RAE RERZMIRAR 0 HIZH
RN TR B A IE RS O ESVIRMBE REKZBRR L, SHERERRRE
AR . B, A AN BERME (B R ST DURFHER BRI O &
RETHXMER. FRARBITIEE AN EROARIEHEASENTE,
Hl&H T X 5T AT8 (X-ray diffraction, XRD) #EIZZL 3145 (Full width at
half maximum, FWHM) ¥ 0.025°f 5 & AIN HERY, mEADESHIRLE
BRR AIN R XRD FIEFEL N 2°0~3°, CHRALRRARETEZET
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DL 7 7 T OE AT A O PR B R B (T KA BB & RO 50D B BT R
B AIN VI A 7 VR SR A i 42 XBAWD 320, e R ) 5 MR I Bl an ) 1.10
B, MUEHRSE Y 3.71 GHz B, HALERBAREN 7.63% (FT FBAR), &
* 0 K 1572, B3 10 W B AT MR s HaH N BB K3 0.15 dB, &
BEAESRANTRAR. S, ETHE AN BRE XBAW Bk
IR E R 5 GHz UL 1B, i@idBae, 7E(RFFS GHz UL E TR K FN,
XBAW ML E3E & REATIREE 10.24%, 8K O {57 14792,

B DR FTRATRILE T AIN W A P B R B AREL SAW S$FH E =
W TAES=E, TTS2IR 5 GHz R UL BRI TR, e 56 BEXNRMMER, H
T AIN SRR S SRS AR A AR, —IRIRT 7%, S RLK RS IR
S RN . RARET B EIRF AR A RIE 10%0L £, HET LN
R AL A S REGE A (FIE 40%), EEEMARA, HBRW
sk 0 EMEAIN THEAESAFIEW. @it AN HERREIER —ERERE
PRFEPEIRDE O 1, (BIRRIRE MBEA LRI RS REEN R .

124 HUHIEIRER

BB R LINbOs REHI & T oM, BT8R LN EEARR RS
kL R AR AP R R NS, HEAEHINE 111 R, £ LN
W IR B R IDT Bk, B, R IR IS M 0 1 BUnh B 37 B
B EREEER, AEENESERSHARS, B, RERES XFRER
3R 51435 2 (Laterally vibrating resonator, LVR) B3], JREVE R, K74 POI-SAW
HEEH, 22883 (Lamb wave) ANERARFIEIRENERE B IFHEA.

FHLT POI-SAW, LVR HEHEFM LTS RE B inAFHAEREET
FIEE, T LR R E A R, T AL A3 %%, T BB IR A IRINE,
ER, FAREEES, HARER R FE IR R B R R A, T
U ES NN EES RSG5, LVR B EENERE RS BRE
e TR P ) B AR R I E B A G, B AE R R, AR IR %
#F, LVR {9 IDT HiRZLEEE R GRET POI-SAW).
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Figure 1.11 Schematic diagram of a plate wave resonator.

FRERE RS, LVR #8%T POI-SAW BHZ HHMMLHE; R, KIHEST
9 LVR W RAMN K 5%, KR ERAE LVR FHREEZMR. LVR BF K
REM. KYLEAES R (AR A O, FM LA LN 38 MEE N
e EEEE. AT, LN #RORFERK, AN LVR KHES, +o ET
REMAERE, FHik, LVR BIERFE POI-SAW BIK, MERKMZARE
SCRE, HMELIASZE 10 dBm B\ ThZB9 40,

25 v
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: <ol
5 -80F T
<L . ] <L
Device B 454
A1 Mode
3.25GHz
-11Q e By -50 : :
20 25 30 35 40 45 590 3.15 3.20 3.25 3.30 335
F;'equem:}; (GHz) Frequency {GHz)
(a

(b)
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Figure 1.12 Measured admittance curves of an A1 mode resonator at different power levels.

(a) FEHH ML (b) FBIHCK TG4 oL

1.12 (a) BoR TiEIRMZEN 3.25 GHz 1) Al B LVR IS4 f LR
REO @S TTRECENL IR S B E, 45 43.3%, i Em TR S iR 528 POL-
SAW, AT, B 1.12 (b) EAEM R R KRR SHI R KHATIZ /N
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F 10 dBm, TP THEE R IEIRSEA SAW BRI REE— 30 dBm.
Fit, B4R LVR EREBOERIRE. Y aEs RS R, BbRRA
AR EENRA RN ARE. Fit, A BREH LVR SRR ANE
BEERE, BEMRIRERNE, VR EHREAESH.

(b

El1.13 XBAR &igRaEe
Figure 1.13 Schematic diagram of XBAR.

(a) 3D ZHmEE; (b) BEEHFER

& 1.13 & RESONANT A& KK XBAR B4 MrnEE, HAHENKR
BoERES, B A B B TR A AR R R B DR . IR E M S E R
LVR B§EAF: XIF LVR ##REE, @HEAE LN EERRMET ICP-RIE 2T
BE D, MEEAAENZMTZEE LN Rl MR E DX LN f303# e
J&E, ff LN B2 (B2); 1 XBAR UET 2 sCIl LN #ERHS
B, MTIHERE LN £ SEEEE, Fi XBAR NG EEERRBHEEN
SAW (4, X FHREEEZIMTZM LVR, LL LiNbOs/Si 4K A%, @i ICP-
RIE T#7E LN #EXREHRZIME D, MEELELTR (XeF) SEEREME
%k Si FTE, MG IDT R K IDT HARER K884 ; T XBAR £
fRIERR LN 28 (RIT 54O KRB O IDT BT H LN #E, R
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E TR oA FERA R E E GRS 5T

ERZ0 IDT iH RIFHSCHE CARIFHHEY, Fik, g XBAR WTSEHE X
MIERE.

X AR IEIRES . M IR B AR IR AN R

O EEFERFRE SRR BIRME > 5 GHz), BHNBBEE BHEK
AN, 3R BCER T SEARXT BN, MBI B A B B AIN PR R, HohLE
Mo AP T /N T2 T LiNbOs B RN POI-SAW SR IF 1R ES, 7F 5G @13
KT R THAR GRS

@ WMPOEIRBEAE 2 LR RERMEM AN RIS R, HEIZEEES
RTFBEBCIRGM, T/ T POI-SAW Biibi ikIRaE, MBI LA S SR
R, AR IR B AR B 55 4 75

® 1648 SAW EIRABAELIEI B, KYLBEBE RE; ET LiINbO; 8 5%
JEH POI-SAW (S0-SAW) W] SEHLE = SRR (~5 GHz) A KRN IR S
R (>20%), (BETMHAERFEN POL FEEHME L, $I&HME, BEE4H
WKL ZRER TSR,

AT KIER K POL A RANFE RIS 1 T2 Se B, KM & B30
POI-SAW.

125 FMEFIEIREE

SR, TN E A WL T 2SR — e T 2 B MR _E Tk
MR TR B R, TG, THA. SV S I s
FIRIR, GBS SR K REIT, BT F— (LB A BB R A0 AT
B 7AERE, P T M 3h Kk R SR A B BB TS RS2 DA SR S T
BB EMRRED), RMARR. BHET . AHLEER OLED) B,
TR, AP STEE. TSI .

fob, AITHMEBRAIORNE MEMS 2T . R, ek
SEAR 3R TRORI S IOSRTE . MORIRBRBHAN MEMS B42 —, AT
HEURYE | RSN FIES 4, IR SR TR s, (LR B I L
th, EFRUHENS LSRR SRR L 05T, MET ZnOP T &
1 75 52 T VA SRS AN LA P IR 221, 35T LiNDO/PL T R 22 0
EIREEY), E 1.14 FoR, HATSSH 162%MIN S R, Bk 1268 [R5
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B1E Fid

BT

PI substrate

El114 FT LiNbOy/PI FRHEA R =M RN
Figure 1.14 Flexible lamb wave resonator based on the LiNbO3/PI substrate.

ERBIABRERE, ETRMERG AT AR & B R R B RIERES . 18
HTF 407 S R8s, SR B B IRBIE T . AT AT LA IF HO3E NPT R A7
TR AIVAZ B, AR FEAEERREERTT MRS . BrelE
BASHE. B REEWERTERNBRE . FRCBREVIPRRETRIER
XA LN B EE SHERNF FEIRES

13 ERFRERFARNH &

POT B B0 E T 26 3 I P FE LA R B B SO R, LT IUB R R
SOI (Silicon-on-insulator) #ERMFAER. B FRIBZSREGEARRBOVERK
SO M EHIZHA, WIHEUMIAE, BTRAESRELABITERT PoLH
RHHIE. Boh, BT R BE RN 8GR RN SRR, T
B AR R AR (POLMIE) &1, SRKRLIHW T 20 XK
TR B AR I A e R, LT RS TR PO SRR AR L T A i SRS St
A8 SO — R L A 4 M PR T 1 4% R 1 S 8 TS P T

131 ESRERERERRESFE (POD FIFIZ

ETEFRIESRe TZHESRER AR ERER (POIHE) #&T
ZWE 115 fin. BN TEFERBEEITEFEN, ARERSEITSE
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BT E R TR R R RS E IR

FRHARR, 3T RMESGK, KHBOEEERETE, FiES TR
BN R BTN SRUE N H AR R R T2 1S B R AT BT O
WG, TR 4 BB S AT RIS, WOSJE TR, RSB
& RIS AN YR I B AR R RSO R TR S RS RS S
LTS B X R A HORE R ATAR K, 1B ST e A T B S MBS T AR A
REE AT (B, MTTR POI #JK. BJF, X POL M EHHT R AL EE,
— T UL E R R, 57— 0 o A R TR 9,
BFIEA #e

B exas | Bzl
BEaE

e

E1.15 POl EHIZ T EZHER

Figure 1.15 The fabrication process of POI substrate.

BBIER, SOURRH B &MMRAHNIEITN Si IR, JIFFAERKR
MIARL, T PO MIEH R MK b RS B R IR RIS, 10 .5
AR RSB RBOE REOK, BRI o T AR S 5 5| ALK
A8, SETERK. B, HT POLMHEHE, BARHEMEHEE.

132 ZMEXEERRAERERIIEIZ

FEEXERESRRERERENGETZWE 1.16 Fin. 555 BArER S
BHATETEN, RERFMEMRAENEREENEERR, SE5ENSE
TR, BEBAAE. A AEARKEESHEEN EFERRE, SHELET
ENHRIRTER G EMEL R THE (BCB). XWORRFEREENH
K EFSESTRANNTLE EAEMNTATERR, MERitTie
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F1E &g

SREEE, FEEENRE TRARE. BIERTHA BinEB RS NE
THEANRGREESR (RE, AR« HGEBERE- TR G RE-BaRER
WS RNE B SRR SRR SR ER.

BFEA

& £ 4o

E116 RiEATHASEERRGETZREE

Figure 1.16 The fabrication process of flexible and self-supporting single crytal piezoelectric
film.

RIS TEROTE TR A 5 R SR e & B 3 5 R e v =
BVEEE M, G LLPE B TRREREEATKERRN S, FAAL T
s b R o R R R AR AR B T SE B B SR ﬂ%ﬁﬂéﬁiﬁ%ﬁtﬁﬂﬁi&ﬁ#éﬂl%% .
BhAh, @B TSR T LU B R A R s B SRR A T LA
ER=HREEPEHNREREERE.

1.4 RYMIFEMRARREN

Fe AT SIS AT R AT SRR T4, SIS S P 5 B AU AR
G E MR R, AN RRE S WAHHERAE. 56 BERANRREN
SIS R AR T ERER, R, ERFHLE. 2k
W, RN 5GBS RN R T SRR, M. #5. &
B TR AR S IR RWORE, 2 NLIE, RENIUE IR B
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TR A ER S F RSP A

A, BIE SAW JEEBH AT BAW M BHEA, BWLETLEFHLE 5G BEME
. KWERFR, EERIFFT —RNBAN TS,

BT AN BAW JEIE B H0R, mTheE SAW S #H AR, W POI-SAW
RICERWR RS, EAAERREA B FRHRH P EH)E =R s
HAR.

AFEBSERNH

EHSAEEERE NSRS
. (POESAW)

T e

POLSAWIFSHE
PORYIEHIE SHIE
POL-SAW & Filter&l %
POI-SAW & Filter Uit
POI-SAW & Filterthidl,

lo v & © v &

E1.17 WIXHRERE

Figure 1.17 Framework of the dissertation.

B 1.17 FioR, AWSCHIBTAR AR, K 58 5 R i R S R s
R B, @i B A RIS RE A TR E S, RET 4G,
5G 5B TERE POI-SAW BRI, BIEAMEEIR4EI T SHERE.

(D) B, K vE R i R Es

MAEK: AMEEISME, BREHEZMEEREEEEE 4G, 56 @

15 FIST AT SR 75 S IR SR TR

AN FEESE PO AR, AR POL-SAW M. #its

WEFER, TEAE. SHBRLAREASNEMARNEHEE. Birs

R EEL. AR POL AR EE FIMLE . FE AR F 22 RFE R 881 O 18

QRN FRARNESE TR RS BRI AR R ST B XTI A H0 B 1R

Hl & H WA= PEAE POI-SAW 1 POI-Filter, X E/IE: &5 & POL #1)&
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F1E %L

fa% % 5FE. POI-SAW FlI POI-Filter {1 & 5= iR S Z#Uik. POI-Filter

AR S %R K& TCF $#2EX. POI-Filter ZIRFEARA.

(0) Rt IR | |

FRER: FRETETFRIABBARNTRE B S0 G K R &
FEHIS AT AR B F R A T R A
DI NZE: B 908 FORAE IR A Akl BN L) B 3 B8 U A T

WO AL 40 s BESERL PR, BT DRGSR A EES

B 5 PR I, T e O SO R T R R P RS R

{7 R B A A

WX F BT

o — 2 E B A R STHFUS FIR S BRI E B 5 AR AU R I A

55— L EA 0 B R AR AE T B TS S B R 7 B
PR R S iR

= R E AR T T F R A R B A A AR AR A IR AR
TSR,

50U 2 3 A R T B 5 T G T 1) 0k AT 7S 2 VA iR AR A D 45 48 )
& M55

RS EEA AT R B 30 5 IR sV IR Y A AR AR S A

BAERNAESRYE.
Hoh, F=BNENEARBRCHROET.
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HT A RERA RIS FIERSTA

2R RmERMERIESEERERG

AR FLA B RS B G SRR (PO MR MHl%, MEmETHG
JE B R S IR AR RSO BTE . BIE SIR. ik, BRI
e VR AR AT RAL, B B G 2 SR AT WA

2.1 BREREREMARIES AR

AXEBFHBETRIESRADTAHZ R EELEE, B FRIAFEE
Kb BER T AHUE AN BRI A B AT R, N TR G 1 2 7E 58 R T P BN BRI
CEEFM FIRKAABMAHEE), AMEENAREERERG™E, FHit,
A B R R R BT PR AR AE, WRAIER IS X AT B
TEME. BETAHEWE. ERARME. e TFE.

2.1.1 S9¥ X §EITEEAR (HRXRD)

X B4 A74F (X-ray Diffraction, XRD) FA R MBI Fl 5 0] LLEH L BT 5
HEMMA RN —MEEFR. S0 HE X HEATHTER (High resolution XRD,
HRXRD) 55— XRD XHIET ANHF X HGid 2 k&5 R ok 5 il el s 2
BT, NTTREESRAPREE. W 2.1 (2) Fir, BT &ER &%
SHEIRERE, Fib, ANEFXAE5ERREE 0 A#ENGRE, E&FT
AR YR LR SR, B X EE NS X SBHIR AN 20, B TABARHI SR )
Kbt X G2 R ZEA, BB EAREK L BHE, HRE N R
XGHEMARR, ERTFBIEGE, PR fATE eBE . R R0 &%
RABAE ERE (Bragg Law):

2dsing = ni .. 2D
Her, d S EARRTEREIRE, n AATSTREL, 0 NAHARA, A9 X SFE a0
<, AL, HAMEAKR Cull Ko 2, K5 0.154056 nm.
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28 HREAERRESHEFSHANRTE

XSEE

@ )

Bi2.1 X §12% Bragg AT R XRD {5t Gt 2B
Figure 2.1 Schematic diagram of X-ray Bragg diffraction and the core structures of a XRD

diffractometer.

(a) X 4§14k Bragg fiT51R&EE; (b) XRD s LEinEE

XRD FHH R O &R IE 2.1 (0 Fim, EESA=ZMBS: X HLHE.
RER & RIS A1 A XRD Ff T Ahw — 20 A#iFo T (R HZ,
Rocking Curve) ;

@ w — 20833, RIWFER KoM BN K20 fTEG), TSR —H
Y BT e, ELARTN AT — AR BN b akss. XA RS T SURT DU T R
B AR B, S A ATRT R P RR A LA s

©® width, BHIRZEMANR, BTHREN R AR, RIS
B E7E20 0L E , M FEw f IR KA B TS 3838, It B 3R 2% [ AT
$esg, MTFFIORE. XFERTRTLE—KERHL, XHEBE (G
) BXETofiE AR BAKERS, HPEE FWHM HRNZEEN
8 B Y LT
212 EFHEHRE (AFM)

1981 4E, Gerd Binnig 5 Heinrich Rohrer 3£ A% 8] T 34 B4 18 254 #2 (Scanning
Tunneling Microscope, STM), A E AT RE 5 0 5 7R4 2 [0 RS 2 FRUR 5K
W E FREEEAVERG, B STM MRREE T RERMELS A, EikE
R I, Gerd Binnig 5 Calvin Quate A1E, T 1985 &8 T )R T /1 £ (Atomic
Force Microscope, AFM), BT Bl I RET TR 5 AR T Z A Y
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ETE R RE RN R A A RS R

S AT R, AZFEMBHEREM TERBE RS fesh, FFHEMEEE
LA IBE Jy . REARRT . BEEE. ik, WAMEDLR R A%,

RN =R

™
L~
FERE mgaem

E22 AFM GHrEE
Figure 2.2 Schematic diagram of an AFM

WA 2.2 Bras, RTS8 MEE DA A A R 400,

O =AM EER LR, @R ELEM R

@ = G i % F) 2 B (BO LA FE I 38

© HIEMIEHlRE R RB RS

@ FEHIRE AR ANRE BAEXT RS B AU R 4

® BBRERARS;

ELPMERERES, REAREGE. BSESHAR, BT HEMS
B TARRE A AR JRR A R R . BT /5 s R TR T
EIRERERER BUORRW, B POI AR & 2T AFM EAE.

213 EHEAHERE (PFM)

JEH ST E MR (Piezoelectric Force Microscope, PEM) £ —F7F AFM F !
ERBERNMFHEAMRE BE . TEKR, FEERMEE. EH. BA4WHE
VIR R AR (5 B A RSk 2 =R .
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28 PRERERRESSESFNRTE

E23 PFM LiEREREE
Figure 2.3 The working principle of PFM.

0P 2.3 R, PEM PR BB 3 0 S B R 5 T 20 2k L o
BRI AL, JEER SRR 2 MM TR R, 7685 )M A
1. Tk U HLBDRH B AR R ST, B L A T
RIS, OB R TR BT AT ORI,
ST AL TR BIRE R s i FIESCREAT o IR (5 B,

eI R, SREHE TR (Contactmode) 7ERF MhARTEHHT FIH, 15
BRELRIRE R 2 IR 5, S — MR ERA &, AT =AM
g, MR, DR — BN R, ATHREIRIER S HAD, R
SRR R D L R B

2.14 BTFEHE EM)

T AT G PR, Y62 BB I/ R R AEIA R4 200 nm, XERT
T R TAEE A R FRRE MM R IR E . 1932 45, Ruska BINAM 156
—é%%ﬁw%,m%%%%%%&%%ﬂﬁ&ﬁ:%ﬁdﬁﬁz=;jﬁ#u
ENETFEE. RATLL 100keV BIRRTRE, HEK L 25 4pm (0.004nm), &
ETFEANBETFHERZ. B, BTFEMEETERNAPE (~02m), TAT
SRS HMRE R L, EETHTRERTHA.

BT S T E ) NP B F B8 (Scanning Electron Microscope, SEM)
F3E 5T B F 51948 (Transmission Electron Microscope, TEM). & 2.4 FiR, &
B NS TR SR BN, £FEET S RES, FIM-KET. §
BT RECR TS, Y63 B TR A RE S b M RSO B B A
ASALHEAT AR, T B T B 2 R PR A X B T OB D I A T B P B R 2
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BT EHRRRERN RIS F SRS R

HEAT AR,
NHBF

FRHET,

BT ’//’:&%¥
QO

/ \\ N g

SEUERSTET Jesg S T
HIEESE

B2.4 BTSHERHEEERRRE

Figure 2.4 Signals generated by electron-matter interaction.

7 5 S R I WO R 43 T S T SRR RS AR ) P AR S A A Ak
FER. BHATEMERETRFEFHE: W EREAATHRE, ERE
R SIRBE N B P RE RS B, BT RNE S B T E A0 A6 (Spatial
distribution) HEAT AR I, 74T BUAR R SR 40T A1 [ B B T 1 4R B 43 A (Angular
distribution) BH/TRAEHI. B2, TEM SRR ERRS, HREE—KE
KAET 100 nm, FEBTE FRUESCHETHE. X THIE R TEM W, 072
B REE TR (FIB) RFKEER . AfME T EMEENS B FRAMHRE
HATER, RBRANERSFERFBEN KES, BB RS
R R e, T B B T S A T 3R AL 45 L (Atomic number contrast)
B, —RHEFESHTRERTHUR (Surface-sensitive) BRI, E{1R SEM
M FE BT

2.1.5 BHFH (WLD

TG Xt FREMN, R—FMIEERMK 3D RHEHMNERE, 7T
ATMERERFEE. HEE. SHEE. ERRESSHNRTNE.
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#2028 BEEREERESSEEHNRTE

e

E25 ARTBHEERRE

Figure 2.5 Schematic diagram of white light interferometer.

M 2.5 B, AXRTERUEETEEANEE, SRR HIETT
AR S 4 OGRS, 4 RIS AR R ST IR, ARG KRR AL
W R R AR

m+1
AL = ——2—1 ...2.2)

Heh, 0, mOVER. 2 m REEE, RRERK L MR, K
A TR, m OB, RAETIEN, RARBBIMRMEKTYEE. CCD
FNAT S T T 2o, RN — 5 R T LR/ R B 3D BHiRs
. BT B LN EREETLUABIGRE, £ 3D 8 GURRE & il
BERL

20 EFIEREMNREMLESEEN

WY AT AL ERT LW EHFTFE, Bt Il & HEHHRE F RS
SEE R R, ET LR RO TIRT & WA R, WRTFE
FEHEENPRA S . EXETREHGE. REMKSH (Virtual Network
Analyzer, VNA). BhEZMRBTA K- MRHNBEFECHEFE S UK. BiE
S ZHPR. TRATE S SHWR.

iR S 2 B T LB S IR A B R A e R S R P S B
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HT L SR RS I 5 S IR IR SR T AT

fiE, AN FIEPREF AV IRIAE () RIETRMZE (). FHL (Admittance ratio)+
VLR S RE (kP MBEEF (0. WHIMRRNAFES, 75y H o
E (f). FHATFE (Insertion loss, IL). [BEIyk#i#E (Return loss, RL). %%
(Bandwidth). 4N, % REL (Shape factor) %; JEIFAFIE S 2 KT
A2 RRE RE (TCH); B THMAIIR S S5 LIRS
HHIThEE A & (Power handling).

22.1 S BHEMA

Xt ¥ AR AL SRR 6 B 20 3 1 D 4%, b R T R 0 VR TP o S 0 TR 5
HL R R A T SEBR U E B R T, B L R R A B B IR
77 AR SR AT I BRI AONB 2 AR AL SbAh, s R R R A S AR 18 B e 5 £ o
D4R EREA ocI, THRAMAMAHE (S NS H. TEsakE
(Scattering matrix), XFX S ZHUERE, &P ol DLE AL ft &40l % i
AW REEEE OB20, FEBRLZmOMETREEMANG . RSB,
Rl XFRfigg, s SHHMEE T FEHER . WEZ5H MK KHTE
PEEFANIERE, S SHGEMRAL T X S0k DM 1 e HA; MM SR S
b LV P S AR G, T BRI AE RS S50 NS U I8 (Voltage waves) FiIR
STRERARR. 0T REEAMEl, AL ERETNEMTEARITE s &
8 T AREETERN, TRTREMESITN (VNA) HENE. —B%E
T 2O REI SHERE, T LURE BES R AR S YRR
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#2E AREREERERESHEFJFNETE

E2.6 N % OB MR EE

Figure 2.6 Schematic of a N-port microwave network.

SN 2.6 FTRK N 3 OB L, FLAv, R M O n NS A AL R
16, VR n RS I R ER IR, XTRLH S SHAERETRRA:

V1_ S11 Si2 SlN V1+
Vil _ Sz v
: Syy o sunll .. (2.3)
Vn : Vi
A
' v-1=I[S1[V*] o (2.8
Hrp, S SHEMEPHTRITERRA:
/8
Sij = v | .. (2.5

Vi =0k#j

SERRIR A, IS O j M R RS AV RSB RI BSR O § AR R
FEVEEAT/SRS, . WRrp, BT O j 5 HAHH R OB R ER 0,
WBE PR O § 41, B4 3 D AR R LTI RS A #, DLBE S it - IRLUE,
SRR | SR AT B O B IR SR R B i D 1 AR ST REG TSy
BRI § AMEAFTE Sh O3EILmA M MR BN D j B0 i B R
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ETEHRFERHRNE ZERET A

Bl2.7 XU OHMEMEREE

Figure 2.7 Schematic of a two-port microwave network.

X 128 6 P T S 9070 S R B R S I SR 4047, LS MR e 2.7
Fim, RERI S Z80E LN F |
@ Sy1 =V /v, w02 BECI AR, 301 KRS R E
@ S =V7 /vy, BRI EELERAERE, WO 2 B0 1 BIERER R
® Sp1 = V5 /ViH, 2 BEUUECSUERAT, 101 B3k 0 2 IE SR ERL
@ Sy, = V5 /V55, WO 1 BIUE AN, 302 MRS R
FEAEIRSS B AR BRI R R, WHRESE S . Z 28 (AHD)
MY ZH (89D, HTImOMLE, SSEMZ SH 2 a0ERLERLNT:
o (4 5)(1 = S23) + 5135,

Zi1 =7 ...(2.6
1= S, A = 5 = S50 26
Zy, =12 22 2.7)
12 0 (1 - 511)(1 - 522) - 512521 S
Zy =2 £ 2.8)
21 (1-511)1A=5p) - $12521 B
(1 =510)@ + S522) + 512521
Loy =1 ...(29
2 (1= 5,01 = S22) = $1252 29
SSHMY S AERFLARNT:
—y (1 =51)(1 + S52) + S12554 (2.10)
" °(1+ S11) (X + 832) — 51252, T
=25
Yi, =Y, - . (2.11)
(14 S10) A+ 552) — 125,
—28.
Y0 =Y, 2 . (2.12)
(1+ 5101 + S22) — 512551
1+S 1-5,,)+S5,,S
Y, ( 1) ( 22) + 812521 L (213)

S+ S11) (X + 833) — 51252,
R, ZoREEES, Y, =1/Z,.
SERRRH, B =E S SR T & ARt S S5, it ERnTA
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2% PRERERRESHEESFNETE

FINR Y S Z 8. Bl Y SHEK Z 250000, TR ERES R
BIE (f). REIHRIIE (f). B9%; @dx S 2800, AHRERUH ISR
SR (£). FEAREE (IL). EIEAUE (RL). %90 (Bandwidth). #5h
%] (OoB). WA, Wat, ATET MBVD g Multi-resonance MBVD [
sy B IR R AR HREE] Y 238 REUERBOVBRES R (k2. MEE
F (O %.

grpbc Probge Station : IS230A

E28 iR SSHEURTFE
Figure 2.8 The test platform for S-parameter measurement at room temperature.
(a) HESFIREFS; (b) Agilent N5249A BHIRBRLEHH{L:; () Agilent N5230A UK
BME ST

AXERAKEER S 2HNRTFEWAE 28 fin, TEEEERMNARE G
(Semiprobe). Agilent N5249A BIREMZ I HTX. Agilent N5230A B RE M4
ST SRS (GGB 40A). SRS KR (CS-5) %. ZiR
EHRRAT &R RORER BT BIVE X H. Y #F0 Z #%3), R iTEes: Z Mk,
NS5249A 74 4 P4 [ 871 22 ) B 75 B 4 10 MHz~8.5 GHz, SR S AT 1% 100001 4>,
W T ATEA 13 dBms N5230A BRI E T % 10 MHz~40 GHz,
SERE S HOATIA 20001 4, BT ATGE 15 dBm; AT GGB 40A SH5RIREH, 407
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BT E d 5 R E R R IR A

NEEHFRESE (BeCu) £HRME (Tungsten) £H4M4RE, HFRNEIEHEY
9 DC~40 GHz.

222 SREEBEZR# (TCF) MR

PR (JEIES) BRREREN, BRRHMREE ZH (TCH, —H
WAL E L. TCF ¥R E T BAr S A AR E BRI SR A AL 24
PRSI B AR, MY RS S IR AR 5 SRR O B AS M  R AE AN AR A, B
AR R B R A, EREHL MBS BESESMEE ST, I
W B AR AR, R R M. IR TCF M—RiER
SESCNETRIR fIXHRE T IS4, BRIE BARE SR emi r L EE%
RN T B Coq (M AN BLp (T) I B —BHRLE T 454, WAL —Br TCF 7] LA S 40590,

1 df(T)

— - E a o4 ...
TCF F(To) dT TCF* + TCF* + TCF?° + ... (2.14)
Hrp
1 1 acC,,(T) 1
E__ €q =
TCFE = 2[ oy oT ] 5 TCEeq ... (2.15)
1{ 1 ap(T) 1 A(M] 1
a — __ __ — = —
TCF% = 2[p(TO) aT] [A(TO) == 5 0eq ... (2.16)

HTCFERMTCF* 5 5 2 5% B B BURE RE(TCE, ) A SRR R (a,)
HRE TCF &, A(NE BERMEK, ToREMHE (3%) BEA. ki, K
2,12 PTCFo R SHBN H AV SMARKN TCF 48, UEFEXE IS
O T AT CARY B, (BN R 2 S5 M B A VAR 28 7T R 2 7= A R i s i 56,
HILEEME, BRAZE (Quartz) 7). LiTaOs B8R —Luks gk i 5 B4R A4S 2
Z [RIEUAITFAE —F TCF 9 0 M8 0040, KER M sabtil, B (AIN) B9,
FEREREE (PZT) %, LiNbOs; B 381558 B A5 I -20 2-70 ppmvK 1.8 2 951 —
TCF. AL, FEFREEENHAS, AT HREEBHIEEIMESEEE TCF MR, A
EEHEE ETETASIANRE R TCF RN, 0 Sio s,
KRR, FOARERIEAZBRET,, WABMGN S S, REUSES
W fo: MEETRREHBEIARASHERNEERT, FESEREERSE
RIS 24, REULR BRHE SRS B RESENRESK
MimFEENTEE, MRS FEEE SRR S 2. BIRER (S5 &

34
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AE, FERSERMERAEZEHITHE AR EIRE BB ERER
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(@) @

E29 ZRESSHARTE

Figure 2.9 The test platform for S-parameter measurement at different temperatures.

() AEZRHGFIRET G (0) BEZEE; (o) HFEFR4A; () ZiEEHHE

AXFERKEE S SHINRFEWE 29 fin, FEGREESITRMTRS
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N5230A ZURMAXFIECE ST IIREE . SRR MR % . EXTRSHIIR
SEPRERAEEARS, FEBRBERET B X B, Y HH Z MRS
#; EEREAESRATEI 100 Tor MESTE,; DEEH SHEhESETE
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BRI B R B R IR R R AR R R IR R, ARSI E S

(BINEEEE . AR ATRE S8R (AD BT, MR X oN«HEIT
(Acoustomigration ) 7, MT7EXFgHK (IDT) FEE/DAERMEHE, XKEE
FEACES AR B B A AN P8 (3R], [RIRT, IDT AR 32 B R 77 5 88 TR
KRIEARSS; TIREE SAW JE & LIAESERMGHE (>3.5GHz), IDT BARKAR
kR, BoREAE, FULSEMESS. Wik, X SAW B4H#TIHRER
e B T HEh H LR A o
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o1 o o Amplifier Isolator
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— +\
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1 A
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E2.10 ThEAENRAER

Figure 2.10 The circuit for power handling measurement.

(a) PUREIERAEKE; (b) ZR#: (o) BAHRMmES

SERRMR A, A Agilent N5249A F1 Agilent N5230A [ E %) H ThE )N F
ZF 15dBm, LEHERMERMRER, FHEROE2.10 (@) FRRIRRE
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23.1 %4)FEi7 FEM {HEREE

A3 F R 2 M H% A BR 7T 5 44 COMSOL Multiphysics % 75 22 18R 45 BUT
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HEE#EE, MNERTESERAFERIRENRIT SR o, FFEERSS
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@ ®

E2.11 FEREFERSERITEER

Figure 2.11 The FEM model of a surface acoustic wave resonator.

(a) E%E3D-FEM #AURERE; (b) IDT B FEHHAREE

2.11 (@) M (b) HHIERTET POI #JEM SAW 224E(158% 3D-FEM
AR EEARE IDT BARRFR AR ZE. 588 3D-FEM HRL B8R M 1 75 i
REEESAERE A0 M, B EREENSHRLHTHRELFAERNER, &
BTRARTERNEIE, BAFTRIHTEFES A HEML . TRt
bR, BAINTEER) 3D-FEM HA B 3 AN FAEEL, 452 Bt s o B

( Unit-cell model ), 211 (b) PEETEGEEEERE; AR HFER
( Longitudinal model), 211 (a) B EEAERERE; BT EE
(Transverse model), K& 2.11 (a) FBIFEELERT. Lk =FFRAE 455
EHT AR BB ERE AR E, T2 5000 L.

W 2.12 fron, 2T POLAMRE A B /i B A E RIS Mk, M
ESITRYCH IDT dfl (). ERmE (Rl . TR ke
) 53R IKEMFRMEELEE (Perfectly Matched Layer, PML). H7E
X MY #H AR BRI R &M, BTHR IDT RS 5 b R
SKPRER A T R I S B AR R R RO, T B AR 1 ik B AR R
AAEM R . FE HAME O RL R B AR ELAR L, TR T4 & B HEA POL 44
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JEREE A S Xt B AR R -

XMY 5 E R R &G

E2.12 FERTESEGRAS A R TRE

Figure 2.12 The Unit-cell model of a surface acoustic resonator.
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E2.13 FEREBERBA TR

Figure 2.13 The longitudinal FEM model of a surface acoustic wave resonator.

(2) AEVIHHEEREE; (b) REEAREE

mE 2.13 Fim, ARVITEENE Y My R E AR R, ATH

%Y S A B AR S MR SE R B X BAME RO W X T, B EARA
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IDT HHR 5 R S e BE & J LT 2 300 B AR RO R AR AR i, A
YRR RE e IDT HAR S SO M 2 1) H T B S AN 2 5 A 1 75 e B 1
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(@) (b

E2.14 PFEREFHERBERER

Figure 2.14 The transverse FEM model of a surface acoustic wave resonator.

(a) ARTIABEEREE; (b)) BEEORER

0k 2.14 Fron, BEVIAEEE X SR E AR, BT
Br X Bh 77 17 R AR S A R SE PR BRI 0t B ARBE RO Bo M, 5 Y v, ENEE
T HARFE AERRER T8, WEE&—NEHN SR IDT BT, WA
DathfliaiE. SAREEN BEREm, FEAFERER 0 E5H
RS RYPEA AR ERREN . BB (Transverse modes) MK IS
Ut FIREEIN Y M7 RRMEERE. BRY) R R A — Ty B AR
HEEA, TEATRAZET B E5H07 M LTS s 3o B irsE R

o
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Figure 2.15 The simulated admittance curves of a SAW resonator based on different FEM
models.
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P BB B S0 B AR FE SR IRATR A MEE IR S R, B 2.15 (d) AT
FHIREESHT AN THER 215 (b) FAAREBERERREANAZE
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AARRIZE, BT E 2.15 () FURKIEIRSIEAT AT HER 2.15 (o) W
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BT A M. Fik, BRTHIRES, BER, AHHEREREE
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2.3.2 MBVD K MR-MBVD &3 iR HY

S Sl R AR o] LLE N —4E =i AR (Mason mode) 4REAE, #%
BB DMEMA T AR RO, UETIFE. HE, X FSERmmEititit, £
24 Butterworth-Van Dyke (BVD) RIS N5 H . 4Ri, BVD HERITE 5%
HrlF b7 A R BT, T S5 RS e A5 1 S S 1 IR BB LB R B T R
IR, 2 RN R FE T ), @I TR RS AR C B E R B — N
EARMMHEE, A TAEMEMA Bk, TTHAMEESH BVD #A, %A
REEF LA s S5 2, #9 RN Modified Butterworth-Van Dyke (MBVD) %!
[7)

E2.16 MBVD &3y s B

Figure 2.16 Modified Butterworth-Van Dyke Circuit for acoustic resonators.

11k 2.16 Fras/2 MBVD SREBEAURE R, A5 6 Nk, 2Bl RIT
E IR EL T N R Bh &S B FER,,, (Motional resistor), FNASEZAC,, (Motional
capacitor), ZNZHEKL,, (Motional inductor); A& B REA B/ B (8 A
B 25 Coo B BYE 5 R B BB FAE AR KB FE A BB R, I 58
PHTEEE, ZSPEARETI RN BEEI: RIEERARAN BRI BEIER, .
i B{E R, X T FBAR 2%, RyCEIENMIRSITFES, StT SAW 2344, R, it
BFERGEM R AR LB ELIELH PO IS i B iR S R MNARIRE,
R BRAE S BRI FO R B TR B SR S RIS P Bode-Q M8 ALH .

AMA MBVD HAHRAUERESNERL SR, @HET SRR EFE
RIEIREE Y SHE, AT HRIRIGESHEEC, Y SHMAITN OET S
BRI ER 7. FIA MBVD BAREUE S SE0IREF, BETET Y 230t
LERHL,, FEAR 14 1THBEZ, FHABACTEBTITEEFEHNG Y &
HthLk it HB R, BRI 0 HUELET Y SHMLE S AR 1.7 B85, HF 34
DERBBH, EEf kP COFQ, BETHEAARSBHE:
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8 ... (220
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E2.17 MR-MBVD &3 i B iRl

Figure 2.17 Multi-resonance MBVD model for acoustic resonators.

BEE B 5 LiNDOs SEERIMAN, SR RS LRI S REUE NIl T
i, GOBFSHBERET 0 SFAZERENFANE (Figure of Merit,
FoM) R TR 717 LK. KBRS NRE, BB TFREENEE,
PR AR A SRR I R A 22 B, BRI 2% YK (Transverse mode).
SHO R ISR ML K Rayleigh B BEFWIR. RIEIRIAR mxE LU B
HF MBVD BB Nl EEAE & R HERIRIVBCA RS, — SR
O AMKRK. BF ERER, ARAARIREET ZERENK MBVD &
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AEREE (BAAER MERSH, WTEERNREREERKWRE, J/EEY
(AR S SR RRISS. |
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E2.18 T MBVD fl MR-MBVD BRI FH MR ALER
Figure 2.18 Comparison of the measured and the fitted admittance responses based on
MBVD and MR-MBVD models.
() JWXFH vs MBVD HEEIEF39; (b)) WKFS) vs MR-MBVD HAEHLA S48
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Figure 3.1 The rectangular coordinate system for analysis and the propagation direction 7
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[nz "'n]_ O]T’ h = ;[—n1n3 _n2n3 n% + n%]T’ w = TL-‘I‘ + n%o J—H:&]\’ &ﬂ]

g~

EOLE M B M=2[(RR)+ G D] -3[(RE) — (§ 9)] cos 24 -
(G, h)sin2y, H=Cyy — Cyy—2Csee

D. X T =77 f R Ak

O BB (B30 FTLAEEx, BAE 3%, Hhy iR 7 tan 2y = (2C,)/
(Cog — Caa)> HYR ERTIEMME, W (Y+n/2) WEERFEMME. A =
[1 0 0], @a=[0 cosy siny]", XRIHIBEBEEIIANM/p.

@ BEWUNEMERE, HPy=0. kifa=[0 1 0]", a=
[0 1 017, STRLAIBESE N Coo/p-
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35 ETERRAERARNGHEERERIT

® B (FX) WUAEEx e, Py RS, MBERKMWMIRT
LR AR A RIERIEE . A =[0 0 117, XRRREEESA

@ ¥ (T TGEY, =0 (n, = 0) AT H A, Hn,H
Ny B R FTFR(Ca3 — y)M3 + 3C14mgn? — (Coq —¥IN3Ng — Ci4n3 =0, Y =m/2,
X\Tmﬁﬁﬂiféﬁi@?y[(ﬁ, h)/pl 12,

® BRI LAEE X, = 0 (n, = 0) P PRFE 7 fEH, HhokTn Ming i
7 FBE 2(C3s—y1)*nt — [(C33 — ¥1)(Ciy — ¥1 — 3Cas + 3Ce) + 186124]n$n§ -
[(Cry = y1)(Ciy — V1 + 3Caa —3Cee) —9CHINt = OTMEA ER, Y HWHLE T
(A, §) cosyp = (A, h) sinyp, X RLHIHESE A/ M /p.

® M OB B, = 0 (ny = 0) I WA FIAEH:

() n2 = 3/4, n2=1/4, P =0, XTRHIBEBFIEN Coo/p:

(i) n2 = 3n2, YFHEFEtan 29 = [2C;,59n(n1)]/(Ce6 — Caa)» HPRL
BAREMR, W Y +/2) B2 ERFRNME, SRR (P30 FEEN
JM/p.

@ BEF A AT AR # Al AR S B 7E AR AR T THD A 15 4% -

() n2=3nZ, Hn,Mng T iHEHE(Cz —yIni — 6Cianyni —4(Cyy —
yoning +8Cyun =0, ¢ =n/2, MR (B30 EEHAR[(R,R)/p] V%

(i) T B A AFRHE A A bR T A B, REANTIERN
g4k, BAASEE,

SHF = f R A, BT ER B I R 77 R BUR B, D-@%F LAY
TSR LEREE A-DH KIS, D -©-(i)X R SR IR A-Q@ e =
/3% LI A AL, D-O-()X BLI P I FEBEE A-@ @ = m/6XF BRI
5.

E. XtFoN77 8 amik:

@ BFEATLIMEE T EERE Bdhy =0, a=1-nd) V?n, -n, 0],
ot BRI RV P 3 90 [Cop (02 + 13) + Cuqnil/p B4,

@ M (WX TUBEMEE, EhyhERESs, KHA=
[0 0 1I"a=I[cosyp siny O, XMBHIBBEFEYNCuulpe
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@ HE (B AILlE#Exs = OCFEABER T A&, Hoy =0y =
/2. Ty =00—3%, @a=[n, —ny 07, MRKBEEENCex/p: T
Y=n/200—3, @=[0 0 117, XHRIAIMEH A E N Canl/po

@ M (B30 "JLUEERE ERE, Hdy =08y =n/2, €15Cs;
ERN K THRAN Ny, BARABATHETE? +nf = —2 1%

(C11~v1)+(C33-v1)

ni=—2uN 3Ty =0M—%, AED; M¥Fy=n/2l—%, a=

(C11-v1)+(C33—v1) .
(1—-n2)YV2[—nn; -nmny nf+n3T ., X MM OB Kk E &E A

1 1
J[C44 + Z(Cn + C33 — 2y1) — Z(Cn — C33)%/(Cy1 4 C33 — 2y1)]/p-

® B (W30 FLIWEEERE T LR, gy = 08y = /2, €y = C33 =
Vie T Y=00—%, FA B-O: X Ty=n/2—%, a=(1-
nd)Y2[—mn; —nyng nd+n3lT, SRR AR N Caa/po

XFF N7 fn R AR, IR EL BRI R 7 AT LLUR B, E-@5t L
ISR HEREE B-OF BB AEH, E-@XT RS B-QF ik
&5, E-@XS NP SR AEFEE B-@F BI\B A& %, E-GXf B PI SAkI% £ 5
& B-@OH AL |

F. XPT 377 db R dm i

@ B (B30 TS, xBuME R LTy EEsSs, RER R
AUREZE T RIEZEMERT M. Digx EE e, kia=[1 o o0]7,
a=[0 cosy siny]T, XtPLEIREEFEEIINCos/p- »

@ BEFLUEFEN: =ns, ns =ni8in =2 NEEHAERE, Edy=
0. Llnf =n3 o, JBfA=[n +n ngl™, @==[F1 1 017, MEHIBE

FIEAN (Cee + Hn?)/p-

@ #E (B3 FTLIEEFEn? =nl = nZhAfEE, EhyntEss,
BRIk T AWML SERBTEEZHNEETE, XA KEESEDAN
V(Ces +H/3)/p-

@ MW UEY, =0, x, = 08kx, = OFHANBEZ TG, Ky =
/2. Llag = 061, A=, n, 017, a=[0 0 1]7, X PIHRERAER
ACes/p
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®3E BTEARRERFRNSHSEERRT

® #i (FO ALNEA=[ny 4ny OIS, OFOUAFS,
HIR B A 19 (Cor — Ci2)/ PP Cao/ - |

XTI F S, BRI R B BB RARE ¥ AR RN,
VR AEAS TR, EDRIRIE IR, JESh, BN WS @ R T T
DKL, ORI PSR B C-Oh AN, F-@M LB SIS
W% C-OH M, F-OXIHP R C-Oh M.

3.3 JLMpi AR IR XS EE

T AR B AE VE T SAW SRR AEREIIAR K, £ 18 SAW 2RI R
R Z B, AW AT RS 5 SAW SH1E AR 18] M R SRSC RIFRLARR
SERMERVERG RN, BAFRHEmT: |

() 7 et JBE M A 35 75 T 5 T 0 T L TR S PP R 1Y B e A K 7 R R
EREKMER, DMEEFHE B AR SRR R R RN, flm,
Wk B A B HRNE R R R

(i) PR M AA RERNASE, UELKHERNDRFEMERNT
Tl Tl .

i) FriEH 5 B e IR e R A R K R = R RUR B/b, BURIE POT AR
ERREERARERTREE.

(v) FHEI R B BNR BN TG E B EE A B, DE R
FEIFHRIRAE RN .

W)%ﬁﬁ%&ﬂﬁﬁﬁﬁ%%mﬁ,U%ﬁ%é%ﬁ,Mﬁﬂﬁ%ﬂ%ﬁ
& RBEN, FIHE BRSBTS RN BR .

i) FrkRERLAE RE/ DA HERBTRMRE RN O TR, URIEE
B B3R P B R A FER R TR AR R B 7E B 4 5 R 7R S B

EEEE, DRIFEREEN, FARERTI SAW RiFrER. B,
EIRARAETIR B ST AN R AR RO (LR REBKMSENE. 7
TETFXE, RATKLE T — 5% WA RAT R P B AR 1 24 75,30 861071, dngg 3.1 A1
Fim. NTEFIFE, BA1E BV (slow shear wave) HIFE A, B
W CR PR A R ABD) WY REE 3.22 DTHIS
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TR R R R R AP B R AT 5T

B, STAFTREBAE (40 4H-SiC. 6H-SIC) FI=77 & R &E (40 LiNbOs. ¥
EA ATEERRD, XL 5T 1R R I A T LU R e 82,
v = \[Ca/p ... 3.4
Vs = [Caa/p ... (3.5)
X FI707 R R amfd (WS Siv 3C-SiC. &RIA &), Hxd M8 s fn
12N B AR B AT LI Bl RoR e,

©l ©

v, = \[Ci1/p ... (3.6)
vs = [Ces/p .. (3.7
FoAt s CiaMCas(Co) 73 B 5 P PSRBT LIk A5 A SE OB B 3, p i)
25
231 TR L

Table 3.1 Material properties of different substrates

P —
, g (GPa) v, Vg F%H A e - .
Eags s AW
(kg/m®) Cpe (M) (mfs) HUR 3 (WHm-K))
€1y (ppm/°C)
(Coe)
LiNbOs 4628 198 59.7 6541 3592 {45.6,45.6,26.3} 42 {144,159, 7.5}
Silicon 2329 166 79.6 8442 5846 11.7 142 2.6
3C-SIC 3210 371 111 10751 5880 10.5 64 4.1
(Poly)
3C-SiC 3210 352 232 10472 8501 9.7 360 3.8
4H-SiC 3210 501 163 12493 7126 {9.7, 10.0} 370 {3.1,3.2}
6H-SiC 3210 501 163 12493 7126 {9.7. 10.0} 490 {3.2,3.3}
Diamond 3515 1079 578 17521 12823 5.9 600-2000 1.1
Sapphire 3968 490 145 1113 6045 {94, 11.5} 325 {5.0, 6.6}
o-quartz 2649 86.7 57.9 5721 4675 {3.9,4.1} 11.1 {13.7, 7.5}

Si02 2200 75.0 225 5839 3198 35 1.1-14 0.6

HIEMA 1.3 B s T PO R SR SAW 4R 52454, 3518 845 LiNDO;
FE IR AR LB 3.1 TR AR . — RIS, B R Rk s 7 v 7
KT Bivide s v T AR rhBUR 1 B AR A 2R, (088 R, LiNbOs FEBE AR IUR Y SHO A
FOREE, FEEBK, RSB IR AU BE K45 5 07 1 2 S T A
SAW BT ERGARE T ENABESIER, AN BEK
REEFHRIBERET M LR, NTREERHOINERGER. 3%%3.1 70
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38 ETERRAERARIGHISE R4 80T

BRI, WMRARE MR R AR KIS RE, €RA & (Diamond)
FZREBR IR E. £NAEEASRROMEEE, HYPBFHEREE 17500
m/s, BUETREE A EE 12800 m/s B9, 5w T LN 8 LT 8 SIS BFHOR I SHO
EREE S0 AR (~6000m/s) B9, HER FAT MREFHIZIR SHO R
A S0 AR MER, W0 R B PSR R AT RS . FA, SRIE R
B REE 600~2000 W/(m-k) &7, B LN M LT #AFEM 100 FLE, & Si#iF
SR f) 5 LA b, R ER 6 -F 7T LA STEAR B RO e, TR BRI DR A B,
FRES R ERE . |
RESNABERENMERE, ERFEHE (0SH EARERIEHERE
FARBERK R BT, BT B SR &1 & E SR A RS S e+
JEEARARME LA B AR, LA 5, DRI T Tl KA R 2 A 75 22 2 AF I 7 K
BeRIESL, BRALEE (SIC) RLiZA RN RME . B 4H-SiC Afil, @it
T LU BUHRT F LN, 4H-SiC BA B ABEAR Kb RS &, BB ER 12500
m/s, BOYIBEIAE RN 7100 /s B8, $EB N 370 W/(mK) B, A mEHED,
2SR R RFERSRETRE (FO), HHBRNEGEERILR AR

3.4 BFESHERE POl WKMNAERERIERSENEIT SR

AN EENFBEFEFE POL HE (LN-SiC #&K) K=, KERAER
T PR 52 Super-SAW I T S EAHT. HH, Super-SAW .15 SHO £ iE
PREEA SO MRIBIRIE, HERI SR SHO-SAW Fl SO-SAW. Rit EHESHTER
B A7 A P SRR S OO VR R T S R TR O T BB A SR AR %
AR SR B BB IA o STHEA R (K5 N K B 55 5 s W VR T UK B P AR 4%
sy, A /N R PG BR T4 BN EL AT ST LN B S SRR LN-SiC #4JER ) SHO
SO R MBS . BN, AT 8RR R, POI AR STEATRRIGIAT
Bes MEIRAE B EIR A R, A/NITKLES 3D-FEM i EM 4 PR
EEMAH (2D-FFT) 247 LN 2 SR R 0 B A5 2R X B B 1 SO
ERMENS. B, A/NTIREHE IDT BEARES, BZETN SAW 344
M Re R R KA TT R
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ET &R RS RS F BRI A

3.4.1 POI-SAW {7t

5GIBFERFERIBIBEARRE, BANENSE, WM, 56 BERHH
AR S 7 RV 2% SR B R K O AT R TR K 5 . P SR U AR T R S
B RERAG B, T 7S SIS B A K O SR A K O T R R SR AR N
HEAESRERME () ME XV ERE R (k). ET 5% POL AR
i) Super-SAW, Hll SHO-SAW Hl SO-SAW Y[R B &3¢ & iR (>2 GHz)
KRN A R B 20%), H A SHO-SAW Uk ) SHO B =33 K T 4000
m/s, R EXTMEIHLEAR S REKZTTIA 30% L s SO-SAW k1 SO B A i
KT 6000m/s, FELRFFAHFREI (RIAHER IDT £6%) #7138 F, SO-SAW 4R
BTk SHO-SAW B9 1.5 5 K UL b, [HIBTER i _BXG MM S & RETIE 25%
PAb. esh, AR 4H-SIC fEym B E R, KR HSRmis b
ARCRBCE SR EA, AT—ERE LIRS/ 4HRABNSEIERE.

3.42 SHOFI SO EE ST

3T POI 4 JIH) SAW 1 HRES, HABHRIE £, b H AR A S50 o At
XAaaK DT MARP, (B 1.3 Fia) LRkE, Wl 1.3 BuER. Hd,
HARE SR R v 5 R M 2E . U8, B hebsaQ7E I He s 1 P f 4
frE. EEEREE (b 5EFEREK O BHE ) SFYH5%. POL-
SAW EiRF1IEH TIER, MoERGEE GRE BRI BEEL) AuE R
TBIERIEMNR, ETMAR A RS B B iR (of.
ki Q%) FPAEAERWE, FESHTHE. |
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K2,% . K2,%
40 30

) ] A L L I L LA L
¢ 30 60 90 120 150 180 0 30 60 90 120 150 180

z Y Y z Y
0,degree 6,degree
(a) (b)

Bl3.2 X-cut LN MBI BOR B P AR K RS ST A b/a ISR R P4
Figure 3.2 The K2 of SHO mode and SO mode in X-cut LiNbOs films vs the propagation
direction and h/A.
(a) SHO#; (b) SOMER; 1@ WA=0.01, 3@ hA=0.05, 5@ W/A=0.25, 6@ h/A=0.35, 7@
h/A=0.5

SCERROI AR T8 T X-cut. Y-cut Fl Z-cut LiNbOs 2. i R BT 68 UK i SHO,
A0 F1 SO BRI AR SHL A REBEE ST . b VBRI
W, WA LR BIAE LT Y-cut B! Z-cut LINbO3 B G, X-cut LiNbO; 5584
AT (9 SHO 1 SO #R 1y BA F s A A E KL ERBE RE, NEE
ARIFTF 5G EH. KHTE e, W X-cut LINbO; BB, HERN
SHO #2301 S0 R MIHL AR & Rk BETE P 47 A b BRI 2R AL 1
PLANEE 3.2 FiR e AR, X THRRER WA, ¥ SHO BERAIEH 7 7 5+Y Bl
FrR R 20 9-1000 , HEH RN EBE RE: 4 SO EARER TR S+Y
TR A2 3008, HEAARKINEME R

$tF SHO Bz, BELEENEEE R (B TEEBESH 5 &
= e F (Rayleigh) X BB IR R ATSS0 : 1) Rayleigh S HFES SHO
BRE RN, % b BKE, Rayleigh #RAHHAN SHO A FER
92%, [ Rayleigh AR £%3% SHO HRMMBL, M ERRBUHEAR
W SHO-SAW; 2) LiNbOs Sk I iEss i, iR, EREHSAFRE M
S, MF Xeout LINGOs 5 S7HME, 4i8% SHO-SAW HI7H kf£Hi7 [, SHO
B Rayleigh B IERIS I R AEND, K512 Rayleigh BXIILEAE
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BT E R R R E LIRS A

RYEFr e B2, B AAER SHO BV EEE REUR MREs;
3) ZEMFENFHEANFEEAREAREREE (5HAERNIRIESH
), XMAT SAW BRI IOMEREE .

SAWEIE T 1)

(b)

B33 HRITOTET LA R SRR
Figure 3.3 Geometric coordinate system and material coordinate system in FEM simulation.

(a) BT U R A ATHRE, (b)) BEFMEAR RN B ERE B TR E R

EETEEBENEFERESTES, —BHRERAMNRARERIRR, 75
R R A BRI AR R /3.3 BARTHT POI KN SAW 2481 E
HIME BT B, H 33 (a) 1 X-Y-Z RFEJUTAAFR, 3.3 (b) F Xor Yorr
Zn AR B R o JUATAAAR R RER RIS H A, B, SRS RTINS
IR T LA AR R PRI R F 8 U 13 R P I BB A Ak A 22 i) B )
WAL T BT LA AR R IR S, @i A% IDT BRmEE (B R)
AT L% LiNbO; S B b BRI BRI EE A |, B33 (2) s BiF
WIS Y Bk, BETHREARR (—HMAMEHAERRR) BB EE M th BB /A
(Euler Angle) AJ#i5E LiNbO; B & IR F) == R B m AR AL 5 |, B’ 3.3 (b) BT
7RA X-cut LINbO3 B ARy fR, X B2 AJRRHL A R[102°, 90°, 90°], B AR &%
77 A SRR AAAR B+ Y B 52 £ 9-12°,
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#32 ET POIMIER SHO-SAW RS H P8
Table 3.2 Key parameters of the SHO-SAW

Ciine) A hn @ W Te Tsic  Temw
¥fi 22pm 520nm A4 120nm  4A A

601 . : | 3: ¥
i Rayleigh mode 1
—~ 904 SN e 120
% ] , : -1t
[+] ¥
2 120
£
£
< ‘150' : \ 7 ;
1804 3 VAN 5
[ RS SO V ;

18 18 20 21 22 23 24 25
Frequency (GHz)

B34 SHO-SAW S i EREETH W A307 TR RG R
Figure 3.4 Simulated admittance curves of the SHO-SAW vs the propagation direction.

K 3.4 BoRTET X-cut LN/4H-SiC &I SHO-SAW 5473 ih £k BE I P31 1%
FHBNHERTHELE R, HEETAMEEER COMOSL Multiphysics 3
M (F BRI EBET COMSOL 3fF), Hr SHO-SAW Ktz LZ 3Nk 3.2
Fim. MIESRTUURI, YHEAEHN 4H-SiC 4RI, Rayleigh A~
AR SHO AR, B9 SHO AT 3 24 . RS, X EL AN R 7 iR 44 #E ) SHO-
SAW FJRUL, BEETH ML HS5+Y M AmMER, SHO R MPLERE R
EHR/D: FR, Rayleigh B AN EABE RECEBER/ G SOBETIE R, =
3BT I 5+Y B ALIN-120~-14°0F, Rayleigh ARMMRBIRT, X AFER
SHO BRI/, BhAh, M N-12°0 FPLEFE & REUAEX KA N-14°0 E
K, FEEE-120% SHO AR AIHE N LT .
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5500 —————— : —r
- SHO mode g 30-
) - Rayleigh mode =
£ 5000- nayel 1 5 —— SHO mode
= e 20 e Rayleigh mode
Fad (]
S 4500- S
> 2
@ & 104
£ 4000+ \ 3
o Q
3500 — 0 —— —
0.2 03 04 0.2 0.3 04
h/a h/x
(a) (b)

E3.5 SHOM Rayleigh BHEIHEEAH BB S ANGETESER

Figure 3.5 Simulated dispersion curves of phase velocities and electromechanical coupling
coefficients of SHO mode and Rayleigh mode in a transducer cell on X-cut LiNbOj3 thin film
on 4H-SiC substrate.

(a) FHHEE vs h/h; (b) FLEMEE RZE vs /A

3.5 BN T #T X-cut LN/4H-SiC # R SHO-SAW 8 th 25 0 B 45 5. 1
FET R EItE oA, SHO B0 Rayleigh AR LM77 1 SHEALHR & Y
BRI S BLE N-12°. 3.5 (a) ZiRRBALR SHO BRIE 2 Rayleigh #R,
HAGERE (F) R A, B v B, s v ZRF il s
A IR VSRR B 2 b BT KRS, SHO B A0 Rayleigh 0 75
EIBETRN . AL, B35 () MTESERSE 3.4 EERMMR, By
EATED SiC #4/KH.0.15 < h/A < 0.458F, Rayleigh 8= i 75 i #20 SHO #23,,
B SHO B A 4. B 3.5 (b) 45 %8, 240.15 < h/A < 0.35F, SHO
RN A S REOZ P AT Rayleigh BRIV ERB A RBEAERER 0, X4
0.35 < h/A < 0.458F, SHO BRIV A R EZ 5 /N Rayleigh #E ML
e RBZB LR, EEETR 12%. FL, 5T 35 Rayleigh x5t SHO
HIRZIE, W R/NF 0.35.
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-20
-40
8 3.
z
P -60 4/
O
c
S
I= -80
o]
< . : ;l
-1004-—1 5 um 7. qu 1
| 32um  24um 20
-120 . T
1.5 2.0 2.5

Frequency (GHz)

3.6 SHO-SAW Sy pES KR RER
Figure 3.6 Simulated admittance curves of the SHO-SAW vs the wavelength

3.6 SR T HF X-cut LN/4H-SIiC A AT SHO-SAW 544 th £ B I K 224k
WERTHESER. HEETHRYVIAER, BREKASS (1.2 pm ~3.2 pm), 14
PRI A SRR 32 F—. E3.6 FRiiELAREE 35 (b) ELR
FHEE, %A =14pum, h/A=037fA=12um, h/A=0438, B 3.6 F
Rayleigh RN AEZ], BALT SHO #aH K, KE™ERM 1 SHO K
T AR BT AR

g LRAHT, TFETF X-cut LN/4H-SIiC KN SHO-SAW ##kas, MR
BRI B EE S R RES Rayleigh B, SHO-SAW HIEHIJ7 R
SRR Bt Y RS HERE 120767, BB 5+ m HIKISEA 20 0-
12°. Bb4h, %5 SHO A Rayleigh BER MBS, WA R/NT 035 ERE
23 0.35, 7E3H] Rayleigh Bk (Y FIRT SR BN HIL A & REL M5 VRN
RGN GIEIE Y e

ST SO0-SAW, HEWRiHiEMMEAS SHO-SAW BAEAHE. X T X-cut
LiNbO; . 5 A, FBUR H9 S0 B A7 Ry F RS & R Sk ? BT P34 57 TR A
W BB AL T AL L 3.7 o SFERIE 3.7 (a) 3.7 (b) AIKEL, Z S0
R AR 15°~60°2 R, HEARKHIERE R, BAARE
MR, EEASTEM. KH 0BRSS, B

H
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2

30 K ’%3

25 — 6

20 — 1

16 —

10 —

5__
BRI S L LN B B L
0 30 80 90 120 150 180 0 30 60 90 120 150 180
Y z Y z Y

0,degree 6,degree
(a) (b)

B3.7 X-cut LN WRABUR K SOBRIK? FAEST FIR b/ FISE R 1

Figure 3.7 The phase velocity and K? of SO mode in X-cut LiNbOs3 films vs the propagation
direction and h/j.

(a) FEEFMAERTT R WA EERRER; (b) VIEHEE REkZFE AR R v
FEUERRR: 1@ WA=0.01, 3@ h/A=0.05, 5@ h/A=0.25, 6@ h/A=0.35, 7@ h/A=0.5

N HHE SO-SAW HImAREHRI 717, =T X-cut LN/4H-SIiC #/E, Al
M EAVE B ST R T SO-SAW BT B . VA RFREN, 1575 M7E 0°~30°2
[AIRT, 2T X-cut LN #EHE) SHO BRIV B G REE K, 7118 20%7), Hit,
AT PR SHO BN S0 ARG, St SO-SAW T ER, BATEAEHTT A
LR E RN 30°~60°, (FELRNE 3.8 . WEK 3.8 (a) FraSyms, 4
377 TA7E 30°~60° LA ZRALRT, BRISHRIMEN SOSIRMZ ML, ok
TR . ERIES RBEEER X-cut LN FEEMHEZEAKSIE, 0E
3.7 (@) s MIHLERBE REGRE MR ARIER M, K5 ERS S IRFER
[AREIRR S, FIZE IR, FEit, RIERMEL WM EER X-cut LN #EE
BN E REKZEHEIE, WE 3.7 (b) Fiz. B3.8 (b) BRT S0-SAW i)
VLR S R Yk SEMT R HIR R, ST RE 400868, HEERK
RIS R, 2909 25%. HEit, XFF S0-SAW, Ak 40°1E A HAEH 7
A
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26 1
-60- .
g /\
@ 7 ® / L
3 80 8 :
e |4
& Q
£ 1004 5 20-
&
) 5
_120 O 18- .......
g L T S s
X 30 40 50 60
Fr equency (GHz) Orientation (Degree)
@ ()

El3.8 SO0-SAW [ Sgli£RAIKZ BET AT AR RS R

Figure 3.8 Simulated admittance curves and electromechanical coupling coefficient k? of
the SO0-SAW vs the propagation direction.
() SHEEFEESTAERAANXR: (b FUEREREK? 5ETAERTH H’Ja%?

% SHO A BB 0T, TRATE M RS 75 AR A AL
A ZHS WA BEME (B 3.5, S THEEER X-cut LN #& (~520 nm),
¥ T ICELE B H A, BRATX SO-SAW HIA R AHLERAEE RIS WA KX R R
BT EWIT. HEETEPMELTHEE, h/ANIERERN 0.1~0.5, FBRIEH
SBE (AD, EEREN 120 nm (5EREEARD, HESRWE 3.9 fir.

10000
£30
@ 9000 =
E 825
& £
8 3
8 820
o
&
g 515
a 38

01 0.2 03 04 05 0.1 02 0.3 o4 0.5
hA hix

(a) (b)

E3.9 SO-SAW KHRERIEAE REBEIRER
Figure 3.9 Simulated dispersion curves of phase velocity and electromechanical coupling
coefficient k? of SO mode in a transducer cell on X-cut LiNbO3 thin film on 4H-SiC

substrate.

(a) FIHEE vs WA; (b) VIS R vs WA
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Figure 3.11 Simulated displacement mode shapes of the SO-SAW vs h/A.
(a) A=3.4 ym, WA=0.153, f=2265MHz; (b) A=2.0 um, h/A=0.260, f=3226 MHz; (e
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um, h/A=0.433, f=5432 MHz
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Figure 3.12 Simulations of acoustic resonances based on X-cut LN/Si and X-cut LN/4H-SiC

substrates
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Figure 3.13 Flow chart of transforming mode shapes from space domain to wavenumber

domain.
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Figure 3.14 Schematic diagram of bulk waves propagating in 4H-SiC substrate
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Figure 3.15 The displacement mode shapes of SHO-SAW at resonant frequency in real-space

domain and wavenumber domain.
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Figure 3.16 The displacement mode shapes of SO-SAW at resonant frequency in real-space

domain and wavenumber domain.
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Figure 3.17 The displacement mode shapes of S0-SAW at resonant frequency in real-space

domain and wavenumber domain.
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e
£ 40
£
E -60-
< .80

16 - 18 20 22 24

Frequency (GHz)
()

Refelctors IDT Refelctors ax

P | i |

E3.22 SHO-SAW SIS ABERRBEHRER

Figure 3.22 Simulated admittance curve and displacement mode shapes of a SH0 mode
resonator.

(a) SHO-SAW Sgyph&IE4E R, (b) SHO BEMAREREE

SCHRBRF A BRI (i) ZHT IDT Bks REHHES 2 ] B2 AN AL
BIEMMYT, @E, WTFHHKO SAW EiR:E, IDT BEERASSHMES
(Ground), T IDT B4R 79 i ¥ S S At e 57388 & R 75 5 FE 95 (Floating potential) s
Rk IDT S RETRES 2 (BB SR ANELE N . BT F ) B 3B AT

Re5) 5 IDT MRS —imiasE, WSSBLREELE, AMARR L.

3.23 B8 T IDT Bt 5 R S5 51 2 [a] B S T 4R I B3R 1 SAW #3FHIAR
B, METHER SAW 24, [ 3.23 X B MXH D FioRi IDT Bk 5 &5
WEFIAEEE, MTTRH| LSS, N T RIEE 323 &y AME X,
FZ\ A1) B R e S G A AN TSR SHO-SAW BT B, SRmE 3.24 T
o M IDT kS RETHEES) 2 (A BEAESR, HESBURBAE G, BS
KEcB R RES, WA 324 () Fin: 24 IDT Bk S RS2 (6] i %
BRF, ZeM (D Wk, FEREERSEL DT BfkFL, wE 324 (b) A,
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TR R RERATENE ARSI

E3.23 BN SAW RERRE

Figure 3.23 Layout of a one-port SAW resonator.

) Refelctors IDTs

< ] »

1 (b)

E3.24 SHO-SAW ] IDT HR 55 [ S M 3 3 B X AR P 2

Figure 3.24 Simulated displacement mode shapes near the boundary of IDTs and reflectors.

(a) IDT HifRS RAMFEFIZ A2 ANESE; (b)) IDT HARS RETMHES 2 8] B 2% 4

ERHr R IDT AR5 RAMEES 2 (A B2 RELE SR AR, Hik
RS . B, 72 SAW SRR BT RE . 7T DA Re A 9 ) 4 B 5 20
SCOL IDT HARS R MRE 1 2 (A f o 220 8, AT IS 6 B () R 380
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3% ETFERARESFENSHEEIMART

3.4.6  HEARAE R STHRRE TR TSR B D

T Xecut LN/AH-SIC #E, [ 4H-SiC A EE B MBI 1AM E (~7120
m/s), % X-cut LN FEBE R () SHO MR SR HO P B AITR, % SO 4
(~ 6000 m/s) HAESEIIEIFRIZIIR. A 3.3.2 AT AEGHTATA, BZh/A
P BR A T P A S 1, 3T LS B AR S . 24 X-cut LN R AR 3K
RH SO M REE, HARRIBRIE f AR EZIE 4H-SIC #IRK1EEY
PR E R, SO BRI AR E T ReEE R 5 1n) SiC AR EE -

-
(8]
N
«Q

SO mode Pitch_IDT=1.0.um SO mode 3 Pitch_IDT=1.0.um
a 1 Pitch_REF=1.0 um =~ 5 i ; Pitch REF=0.9 um
< 5 v idth.IDT=500.nm % ] Width,_IDT=500 nm
g /f Width_REF=500 nm g 20 \ Width_REF=450 nm
5 25 e UBR % — ™~ :
= Rl el N ] s H
: W BT ;
"8 45 1 Vo é \i
< Y 3 60 /
; \/ < ]
H E b,
65— A e 'y N NS SRS SV WAL NI SO SR S
3.0 3 1 8. 2 3. 3 3 4 8 5 l? 6 3.7 38 30 31 32 33 34 35 86 3.7 38
freq, GHg X freq, GHz |
i © ;
2500+ ot 2500 ;
2000 : oo > !
| : 1500 i
S1000] i S i
] ] it [
L] 4 1 =]
o . 4 e, !
m 0 ~ /m 500 1
H §
B ' H
] _ !
-1000 et 5004 e A
30 31 32 33 34 35 36 3.7 38 30 31 32 33 34 35 36 37 38
freq, GHz freq, GHz
(b (d)

E3.25 SO-SAW K-SR A Bode-Q fiHLIR
Figure 3.25 Simulated admittance curves and Bode-Q of a S0-SAW.

(a) F1 (b): REHRS IDT LB HAER;: (o) M (d): REMIEMZ IDTHEEXAE
HARY 0.9 1%

B 325 (a) 1 (b) &R T HEHTF X-cut LN/4H-SiC #1E I SO-SAW )5 44
Z2F1 Bode-Q (AL R, (HEETHMYIAHEL, LN EREEZEEN 520 nm,
WEKFBHRN2.4um, Al EREERBEN 120nm, RFERFET (Loss factor) WEN
1/2000. MSHBLATLAE H, SO HAEIRME S5 EAR 6500 m/s, RIEPRIN
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ETEHRRERFTEN A FBIRSTA

KR FERAN 7100 /s, AL SiC HfRIIEBIVMA R A EE Y. AE 3.25 (b)
Fi7R1) Bode-Q BHZRW LLE H, FEITIEIRITZE S 1) Bode-Q K, BIEIE
WEMKIE (BUFEEFFE, 2000); MHIERIETRIZE SH Bode-Q HLss 4
“HARE, VPRI S O 1H DN 300 2o o 40 R RIS TRATZR B (0 75 Uk e Bt it
# SiC #TIRIRIFBIZIBR, IR Bode-Q BIZR R iZ35M T B 3.25 (b) FFARICHILT
BBk, NT HERHIE, BRATKEE 3.25 (b) 7 Bode-Q Bi£k 584388 B X FR
FRIX”, FR SO BRI AL E AR SIC MR, FA A RMRR M
SO M FE BRI, iR SO B M AEERE I Rl DRI N RR". —
e &, W R R ANERS, BRI R B K & s AR AT A AR AR
AFEH; HXTF S0 #=, %Uﬂ%%iﬁ@é}%EM&I%%E*@B’JEJH#AMEFWEE
HALBAE G /Y. F, MR IDT @i, ERER AL RS & R B FI 1Y
5 S B IR MR I R U R B A RS BRI (k8. Bldn, 85 VR R S A 7
FH, AL B OB IR R T IE ) R RE B TR, (T EE R WA 3.25 (o) Ml
() Fis, FHEEAVH.

Retlectors

Pi o“eiectnc film

E3.26 BREEIETREN IDT BARRHEFIREE
Figure 3.26 Schematic diagram of the IDT electrodes and the reflectors of a SAW resonator
3.26 B T EREFEIEIRSHY IDT B RS MEFIRHRrER, 8
. RETMEESIRI A P 5 IDT BRRKIEM P e —8, IXHE IDT Frif R i =
B RIE IR R 5 S SR 57 B B 9 A S S 0 — B, AT Se B 4 0 7 3 i
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#3% ETEARRRERAROGHSEESFRT

BY, ERRA MRS IDT BARKAY PR, EMRIE B AR AB KA, BBR
SR AR P AERANT P TSRS R STIREESI A T AR, B ESE
SREIE A, RSATIFLRRE A AR B325 (O A () BFT
ETF X-cut LN/4H-SiC #JEHI SO-SAW 1S40 2671 Bode-Q i HEE R, i HE
FHE AR, BRESHHOER P, 5B IDT BRMER P 0.9 44, 3
APESHERBESE 325 () F (b) MRHREREMA. HETE3.25 (2
PR S gL, B 3.25.(c) FrnSam B RX Kk, WEERIEHRE R i
A B B i A g e B RO R B0 [T, B 3.25 () FR Bode-Q Hi
Lt % B R SR R O H3RR 3] 1000 BL .

R R E R T, LB R SR AR P
5 IDT BARMEL P =EmE, SRR EHBRERARRS (YR MR
MOR . KSR RENH E AR SR A A S SO RARE O R T SE R 4t
MEEFIR R P, AE5IERIEIRIE S0 A B ARBRINE. WA 325
(b) M () TRILBDABBSSIASFFEE, WETIERMZESKE Bode-Q
BRI, AR, BRI T bR R 58 M B 28 0 A T B SR AN R T S
EHERE R, AR T,

3.5 ETF SHO-SAW RSt SRAE S iR 25 it

A% PIETF X-cut LN/4H-SiC 1R SHO-SAW AR #BIT, witH O3
ZATF 2 GHz, 3-dB HSTEEAT 10%, B/AREENT 2dB, HHMNIEIKTF 40
dB ST S8 2. |
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ETERRAERIERNEZERBAA

3.5.1 #EREERSEEN

13 Lattice
' il
12p Ladder _Jﬁ
B
S of
; _iSefCascaded P
= ”*I‘“T@f (((((((
L Bf
%&1800
] ISM
UMTS2GHz

20

Bi3.27 IR R SRR R R
Figure 3.27 Relationship between electromechanical coupling and filter FBW for three types

of filter configurations.

SRR S P8 AR T E SRR R AR L JRERMI AL, DRI SR B A PEBE AN % 4R

TEA GV RERE R, 18 5 IE UL SR PR AR S T3 M AR S 22 B U s
HAr g AR, SNSRI ES S IR RS, B 327 BRT
Bk (Self-Cascaded). $£J¥ (Ladder) FI#EHE! (Lattice) JEWSHIMN 55
SRS BITTHINL RS AR R B THE—HLEBES R A H 8RB E T,
AR AR B B A BRI 5. SR, A TFEERIE S, RAEK RN
EREREM, REEMFREEME: S8, mEEESHNTEREEXE
RE, FERXERELEER, &I SRR NBIFHEE. Bk RE
B P BRI A S AU AR T, & & BB e, A, B
WERANIER, B TR AT .
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#38 ETEARAERARNNISERHRT

Series resonator

el N

:—Enmf\ m,\ jjlﬁl

[ ]

Parallel resonator

(@ .
R

150

100}

S, (dB)
Impedance |Z| (dBg)

I9 195 2 205 21 215
Frequency (GHz)
(b)

E3.28 BRI ERR IS BRI RIHRAN
Figure 3.28 Structure and working principle of a ladder-type filter.
(a) BTRUEN BRIRH AT EE: (b) BB AR AT B 5 IR A AR M B ] B X 2R

RS IR SR IR AN A 0 B 3.28 (@) FR, HFEWAN 58 | FFRRATIEIRAS
B8 T AR AR B 2 [A) K Bk R AN 3.28 (b) B T?Bﬁé%‘bﬂi%%ﬂﬁﬁﬁ%?@%
BIE—E RN -

@ BT IR A 0o 2R e R B TR AR O T IR ST £ BRIF BRI IR 28 B S
IR LP e ; TARMBERENEIR. RIERARNEREEIRS, RES
T S . R R AT A BB P IR S, Ho A L JRBRIERAS S RL A WA
EEBK.

@ BATLUBBES RO 9E TR BTV REUZ . O EMIER AR
FICEE ML R . K, WIRBOVL B R IR A A AL A TE R
58, FBERBINFHFSRACNC,REMRK. |

85



BT R B A RE R RS FIE RS O A

@ UEBARPIABIFE. AN AL SRS R TSR AE
Cp/CsHAFR: FNTAFERE Cp / Cs MG R TIHE K, T SM NI Cp / Cs 18 KI5,
W NSO B % Cp / Co (I KT SS -

@ JERARGHOL IR, HASMPRIE BG5E, (H R R A SRR .

PEVE RO UT T ARG bR LA T R AT B R
3.5.2 BT SHO-SAW KIS RIRR AR R

RWICH BAR & E T SHO-SAW IR Hion, LI OMEKTF 2 GHz, 3-
dB AXIHETAT 10%, FABFENT 2dB, WAMIHIKT 40 dB (41475 ik
Beas o FEHAT BARRIUEBAR BT 20T, T B4 e R 1) X-cut LN $#HE (~ 520
nm) JHEYR IR EEOC RIET ST

4.0 ; r . ~20 .
——Resonance Shunt
< 3.51 wmeee Anti-resonance | & -40/ ——Series
5 A=1.86 pm =
S 30 \=1.86 1t 8 -60
2 : _ @
§ 25, A=2.20 um % 80
i 2.0- -1001
1.5 PRSI T F— o 120 4 , : .
10 15 20 25 30 35 16 20 24 28 32
Wavelength (um) Frequency (GHz)
(a) (b)

E3.29 SHO-SAW BIREH LN FEHEKBERBFHBRTELR
Figure 3.29 Simulated frequency dispersion curves of a SHO-SAW in a 520 nm thick X-cut
LN thin film on a 4H-SiC substrate, and the admittance responses of the series and shunt
resonators.

(a) #T X-cut LN/4H-SiC #T AT SHO-SAW RUSE BB thB i E 4R, b LN EEE
79520 nm, (b) H. FEIBERBHESPHHLTELEE

AL S R AR A T 45 3 40 B 3.29Ca) BT s Y SHO-SAW HISR R (i i 45 .
E RS2 B AR UE AR OB R T 2.0 GHz, U FFBCIETR 3 A9 K RN T 2.5 pm;
FIEPIERFVIRN &R EEAHEEE R, HIRE IDT BRNEXEENRE
K BHERAEHIBRBRER, LU/ Btk s fE XS SR, AR, %58
BIET X-cut LN HER) SHO-SAW RIHLEE IR & REUR, RN T EHLE . H5
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#3E ETERRRERMNENSIEERAFRT

WRRY A GRS, B, HERRBREKEASHWRK. HE LS
W, RATESEOEIREIBE KR EN 1.86 um, KBRS KT E R 2.20
um, ECATRIRUER. RIEREME 329 (2) FiR. |

ETHURLIAER, BRATEAES S 1.86 pm A1 2.20 pm KI5 FBCER
SHHTE, BEmE 329 (b) FIRM S, wURIIFBE RSN R
SR P 55 R B SR B IR R £ TU AT IT o Boeh, BB RIS ORI £
%599 2.23 GHz, A% FFHELEIRESSEILT 200 MHz UL IR mHE (EKT
FEREATE). HAh, B BRI NITEN B Rayleigh BIFS .

| B34 BEFEEREETHEORIBE

Table 3.4 Key parameters of the series and paralle resonators

ZH A(um) W, am) T, (nm) Wg () N; (pair)
B RAS 14 1.86 465 120 19 44
RELEIRAR 2# 1.86 465 120 20 44
HECEIRES 3# 1.86 465 120 21 44

FER RS 2.20 550 120 22 72
L] G _L_:_I___

Shunt resonator

0
204
604 . z A . z
e \ N B U

14 16 18 20 22 24 26 28 30 32
Frequency (GHz)

)

Parameters (dB)

S

E3.30 HHBRBEREHNTIRERE s 2RIESR

Figure 3.30 Topology of a high-order ladder-type filter and the simulated S-parameters S
and S21) of the filter.

(a) EMBLIER SR INENRER: (b) EMERIEEEN S SHRESR
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ETEERRERNEK S ZERETA

T 3.29 (b) AR SHO-SAW & HRE8 570, FIH MBVD A G BT A,
AR T O RE N 2.23 GHz, 3-dB X RAT 10%, FEARENT 1.5
dB, HAMIHIKT 40 dB WIS R4S IR A, KR g B
330 () Fimn, S SEHESREWNE 3.30 (b) Frac. He, 8. FEGBIREN
BEARZHNE 3.4 Fin, NTHRBAN. Bidim0 50 MR &H, 335
40 dB By AMIH], BEGEIRASAT IDT RIS R HH BN 44, HRHEFHFSHE
Cs£179 684 fF; JFBLISIRIEN IDT WMRIEFAT SR E N 72, HBLAIHA HAC,
29049 1280 fF. JEIET RS RERWARFBORTRGRIE NS FHEIERERN
HAEREERITAEE, ARELETER S, AT BRI IR
1 98 FEW, 97775 RE 75 4K SHO-SAW 4 Jr) 24 A = et i ol 25 8 5 i 2 R B2, 3R
TR =008 BRI IR 85 RO FLAR B8 BE 73 B BB 9 190, 20M I 210k,

WM B IR S R B I B 331 FioR, RBUERBHR 4N 0.84
mmx0.88 mm, WIEFLIETEENSH 2500 14, 2400 3#RBOER S K 55 44 [F 9
BREIREE . D97 RRIB AR R0, REMELREHEKE, B M ERS
B BAh, IR AR BT HILIR R AME M B IR A R A R & B Wt i 3.31
th 4T B FEE 64 DT HE TR

0.84 mm

0.88 mm

E3.31 RMHHTEIRR AR E
Figure 3.31 The layout of a high-order ladder-type filter.
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AN ET SHO-SAW i+ T B, KO S 4900 S uRias, @I RS,
HEGEIR R MHA R (DT MTHERED A T RIFHMEHILE. FA
SEE. HANTE]. HeAh, RERIHERES, @R AR A B R R

FHE.

3.6 AKEBING

ABRARIHROENZ—, EEHAT POI-SAW KBIHSiE. BT
T, REHW T & RIS R R BRI, DL S H 5 SHO-SAW
1 SO-SAW HIULER g 4H-SiC #JE, MITIRH T B FRME KA E POL K
X-cut LN/4H-SiC JE 3 RERAE; T LREA#E POLAIR, 2AlaH
T SHO-SAW 1 SO-SAW Eﬁ@%&%'ri, W T AEEm T A A Vel BT
OD-FFT 1% [ 5P S R O A AR e, BB R 3T TR 0E POL
#H T SHO-SAW Fil SO-SAW HIFS B A BRI LIRIEH . AELE QT T Bk s
BELW SAW B O (B MR B ARSI & W= TRl 1
/N AR R BRI TR . BhAh, AR BT AR A S AN AR 5N A U SN I R
W, IR TR R AR AR A SO-SAW [ R AT M AR B A 1)
B, SR T R RS RO AR I R
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E T EBR RERN RIS A ERE P L

AR ETERFRENF RS FRARE BN

FEET E-ERPARR, A FRIAESBEEANE T RRALSHE
i POI 4TS, Bl X-cut LN/4H-SIiC #Ji&, FHXHHEIHMT TR, RN, T X-
cut LN/4H-SiC 4368, #1487 @il RALEARE REOH IS SR 5% SHO-SAW
A S0-SAW; 3T SHO-SAW Hil#8 T =il K5 (KBRS 430411
AP SV 2.

MALEREZT], LiERMEN 1.9 GHz B, #ETF X-cut LN/4H-SiC #HEH)
SHO-SAW HIHLELAEG RE 2T 27.8%, K Bode-Q [HZ14 1920, X i FoM
fERIE 530; SO-SAW AJ [RBTS2HL KT 3.4 GHz SRR KT 20% 5941 53
T RYKE; MET SHO-SAW (=BT I 35 1 OV A 2.29 GHz, 3R
FEAN 1.38 dB, W AMIHIAN 41.6 dB, 3-dB MHXT Y 55 BIA 9.9%, SR A
2))9-48.5 ppm/k, DIEA TN 25 dBm (525 7T EEHM).

4.1 BFERE POl #EMHIE SR

JE PR R AR A SR IR AR R R ARTE 13,1 AN R B . Hop, bt
X-cutLN, FABFEAREF (He"), FARERTEN 160KeV, FEAFER
€9 2x10' jons/em™?. VENTERS, X X-cut LN SAFI 4H-SiC #1715 ¥,
BEJERA O F B T8 S T THUE L, FEUERRUEE X-cut LN 5 4H-
SiIC#fTie, &5, BHEEMEENEESFHTEAFEME,

4.1 (a) NIBKFEJ5H X-cut LN/4H-SiC #EHIEF, MFTLIE H,
B BFLIFXKEA,, BH 4 FETHY X-cut LN SRR R ISR B 4H-SiC K.
A B TFHEAT X-cut LN/4H-SIC #RMEZ IS MEHTRIE, SRWE 4.1

(b) FR, ATLVE M@ B FRH S 58 AH ARG & W& A E POI MK BB
WA AN, Uh£0.4%.

90



#45 ETERRRERAROGHE SR04 & RN

4’ LiNbO; on 4H-SiC Uniform: +/-0.4%

fnm)

@ ®)

Bl4.1 X-cut LN4H-SiC HERLHEREHEASTHEER

Figure 4.1 4-inch X-cut LN/4H-SiC substrate and its in-plane uniformity image.
(a) 4 %~ X-cut LN/4H-SiC SE¥Il: (b) 4 B&<F X-cut LN/AH-SIC K 3 S HERIES R

E4.2 X-cut LN/4H-SiC #ENRERBSZAEER R
Figure 4.2 Surface morphology and roughness of the fabricated X-cut LN/4H-SiC substrate.

(a) X-cut LN/4H-SIC HEMIREHEE; (b) X-cut LN/4H-SIC # KR AFM E1E;
(¢) ICP-RIE ZIplt/5 X-cut LN/4H-SiC #JERIZRT AFM B%; (d) CMP #itJ5 X-cut
LN/4H-SiC # R R AFM B&
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AT EBRRERNRNEZEREHR

K42 (a) Jy X-cut LN/4H-SiC #EKIREOEEE, AFATLIEH, B
LIRS GERBARERTE, ERETBELRL. #—5, dRTHEMER
£ X-cut LN/4H-SiC # R RTAHREE . W 42 (b) FiR, BAREE, %
| 4H-SiC #4JEEMT X-cut LN 5 1735 77 #RAARERE /9 8.80 nm, 2T IDT HAR )T &
1 1/10, XSEAVERER —E R M. [, FIHE FRABHEAREY LR LEK
X-cut LN HREMAAE — & EENHE R, TEER. B 42 (o N2 ICP-
RIE ZIAb B 5 ) X-cut LN/AH-SiC HEIIFE AFM E1{&, % 42 (b) Ff
AHRERL, HERIRF . 1k, B 4.2 (o) AE AN Y% (Chemical Mechanical
Polishing, CMP) AbFEJF Y X-cut LN/4H-SiC #EKZE T AFM BlE, HB 5
RSN 0237 nm, SEATAFIMAER.

108 arcsec 459°C/4nh
&
@
&
&
£
135 aresec As transferred
19 arcsec Bulk X-cut LN
i H 2 1 Py 4 3
17.0 17.2 17.4 17.6 17.8 -
Omega(degree}

Bl4.3 X-cut LN #ES5HBH XRD 43
Figure 4.3 The XRD curves of the bulk X-cut LN and the transferred X-cut LN film.

4.3 T T X-cut LN {8 BHEL 55 F IR BEHE 5K X-cut LN

f XRD #2122k, BAREME M X-cut LN HEEHIZIE ML LIEE (FWHM) 1%

RTEBEERESE, BEMAFRENRRNE: [N, BREEEHRETE
KA/ X-cut LN EIERFIE5E, B—ERERESERE.

4.4 (a) 9 X-cut LN/4H-SiC #1 KA SEM B, "R I X-cut LN #

5 4H-SiC W MBS RE 4L X-cut LN FIEEZ 5 563 nm, 5/ 4.1

(b) B BATFEAHIMRERYE. B 4.4 (b) 9 X-cut LN/4H-SIC ¥R B9
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#4435 ETERRRERNROGIEERHH & X

B T SR, B44 (o) Jy X-cut LN M 4H-SiC # RIS 7 K
EASRFEMERE, RUPEBER Xcut LN SEAERENRERE, N
B 44 () KX MTATH (SAED) EIZ RN T HHEH X-cut LN M
WERRRE. M, W 44 () iR, X-cut LN MRS 4H-SIC #RMERE
REANETE 3.7 nm £ HFES Si02 B, HERRH SiC HRRHAMLTIEN .

a) S ®) (c),

E4.4 X-cut LN MJEi SEM A TEM B
Figure 4.4 The SEM and TEM images of the transferred X-cut LN film.
(2) X-cut LN/AH-SiC ¥R SEM B{&; (b) X-cut LN/4H-SiC &I XTEM B&; (o)
X-cut LN/4H-SiC i ff) HRTEM B A%t B[ SAED ATHTTERE

g FERA, BITRABSFRASESREAER, #&TREL X-cut
LN/AH-SIC #J&, I EEERIFHRTESSE, A% CMP REfE, RN
LMK 0237 nm; XRD RIEMENRE RRAREFH X-cut LN BHHK
R S, TEM EHR RIS R 1 Xocut LN B R EE A S BT .

42 ETFEHERE POIHRHERERK SRS &SR

AFBETE 4.1 (2) PRl X-cut LN/4H-SIC #J&, & A1RX 3.3 WK
HEEER, H% SHO-SAW 1 S0-SAW, HETFZIE S SHWBF & Xt &
] SHO-SAW FI SO-SAW HEAT IR 47 -

42.1 SHO-SAW #1 SO-SAW 9l

M TR RS, FREMERBNEWEAR R, XMAHETEH
FARE. AT, BRANER 12 EERAEREHR, STHEM > 1GH2)
ERMPIERE, KM IDT BREEAZE BT 1.0 pm, XAZTZE
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BT R AT R B 2R A

KEF, R, XVTRKBERNREERBER, BERIERYHEER (f
WFE), NERIE RGNS (BUEARED. nRER&M4 oY, B
HRMZR T ESEMZM T ESE S, fl& = MR IDT B FLEn FTURRET
B HREEY (Electron Beam Lithography, EBL) T2 lift-off T. 2554 884 ¥ 1153
ITENIE.

1. LiNbO;-0n-SiC 2. IDT patterning

3. Metal deposition 4. Lift-off

LINbOs SiC PMMA E Metal

Bl4.5 FEEERAS £ MEE

Figure 4.5 The fabrication process of the surface acoustic resoantor.

4.5 WoR T ARSI E IR & L ZRE, 85, WETEME, £T
AR T TRB I TN RREMA IDT BR, &8 8RR, 2
REEEL EHSBERAE. LA TZRERAME, X IDT SRR EEN
SAW Z31F, Hifl& AT RE LB A A

1.2 cm {Longer} X-axis

(b)

El4.6 X-cut LN/4H-SiC £ 5S4k B
Figure 4.6 X-cut LN/4H-SiC sample and device layout.
(a) X-cut LN/4H-SiC Fft; (b)) SP4RS # B E
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F 4% ETEERRERMRMN IS FER £ R

FFET AIN S, LN B LA 5 0R  TH P & A S PR AE, T A 30 3.3.2
NI R4 HTET AR B SHO AR ER, SO FEELA AR 3R AT Py G AscRr e, NI W AE RS
SR . BT LRERE, EXERHRREHALN FERLH 2 R, SRR
LN SRS T A e A A 77 1 A R B AR 5 LN JH B A e L R
FIMHER R B 4.6 () BRTRIFEH X-cut LN/4H-SIiC # )7, B 4.6 (b
R T BB SR A B RIRE R A B R .

© (d)

E4.7 EBL LTZHFRAEN 34 &R

Figure 4.7 Effect of electron beam dose on device fabrication.

(a) FLFHEFER 90 uC/cm?; (b) 100 pC/cm?; (c) 110 pC/em?; (d) 120 uC/cm?

IR ERAERE B ERSERE IDT SBAARBR/PMHERM EBL TZ, EBL
TEMSHEMUBEEE, HARER 45 i LERES 4 PN, E&
HiEYmSAnttee. B 47 B T{UGA% EBL BAHRIE, ER&H (WE=E
. BES) FEHERARBRTRHEFHEER, B, B (2 - (D MEEE
FEFIE SRR 90, 100, 110 #1120 uC/cm?. SFTHEI, BEBAFIEH MR
By R IC R 4% X AN R P AR (X S BR e, BN BROEHI R, JCI A% X AN
B X SR A LRI ML, £ B RRTRERZIRZ b, B TEETPHRRN,
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BT &8 ARTTRRE A ZIR 2 b, AR BN a0 B3I TARAE LN R
I IRIRE SRR, 2RI RETRT (WK, Wg8%E) MinEm
KZRZ EMEE Bk, FHEERE. BRSTh; BTRACHRNERE,
TR H AR ™ 77 TE RT3, MR AR R SRR W] B B B & B AR AL TE
Bz b, MM mPhREs R s, B TRACZI A, A B
HAG . NEFRREE RRE, B 4.7 PR R LRI S xT B 55 22 R 28 69
B K Bode-Q fRIKZFE 100~200 Z 8], HE 4.7 (d) B2 Bode-Q £
Ko Fitk, #EFA EBL L2614 S5 R EBEEER &ZR AMRABAFIE.

()

500010 o s80, 0K 3L
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Bl4.8 HRTRARNEEBLN SEM BR
Figure 4.8 SEM images of the evaporated Al thin films.

(a) VIFREZEN 0.1 nm/s B Al HIERIEE SEM B&; (b) (a) " Al EERE TR
SEM Ff&; () JFEZEN 0.05 nm/s ) Al HEEFIERE SEM B1&; (d) B (¢) J Al &
FE R SEM B%

B 4.8 s T ARV RN & B4R IR AR IR A s PR pO s . Bl
JCIRF, IDT Bk E) s FE R YRR E a3 AR M RE, BN, SR
HIRE/N, Bode-Q HHZLEARM B30T HUMASEMLT, FIIRE) T EE1F5E
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K, IDT #8%& ARS8, B, RICBRRTIE, H&mhRektsE
=, 48 (a) F (b) 2BURRTVIAHEZEN 0.1 nny/s i, Al BARFIRETAR
Al B 5 X-cut LN/4H-SiC W RHZE B, AR, B 4.8 (a AT
BT PRSI Al AR EEE, 45 6.0x10° Qm; K 48 (o)
(d) NAERER TUBUEEN 0.05 nm/s FHIEM. W HRKIITBERD 0.05
/s B, AL SR 2 T B S8, AR T 5%t (K BURLAR A s R BELR BB/, 29709 5.8%10°
8 Qm; Al WSS X-cut LN/4H-SIC HERMSESELG, FREREEMN. FHit, &
TR ITAE o] R R AR R = . |

R

© @

B4.9 Lift-off TZRIKN SAW 841 SEM BR
Figﬁre 4.9 SEM images of the SAW devices with failed lift-off process.
(a) IDT #8&NEMEE SR SAW B4:1 SEM B () B (a) FKEBKE: (o &
EHHIRE B SRR BRI B O SAW 2344R0 SEM IR (D B (o) FBFEBCRE

B 45 iR TERERE— SRR EEEE LS REROE, S
Lift-off, %25 T £ S E 0 %, B2 62 T EHEIR BRI T EHBMHEK.
B 49 (a) F (b) BRT Lift-off kMK, Kb, IDT g% (B 2IF
WA AR SETY, B IDT MEFHIME T KBINESISBEA (AEHR
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BT LR RS A R B IR BT AL

Y1), RE Lift-off SETHEAT VKIS RIKEFE LG, B4R RRELE
IDT 18554, E14.9 (b) HaE (ABERELERT) BRTHIELES
JEHE A S IDT f8 55 M1E 0. S EAU R IR 2 — 7R EBL BRLE
JeZI IR BB R IERR T AR BB, IR LA BRI S, SR Rm
BUSUIRAKESREEE; AN, ZEESMOLZEE DVRS LN FEHNERE
BN, R IDT R4 K, XWMARE T A IDT 546 S EMBETEM
ARFEI; 33 Lift-off TEIMA, NZIRPRHE, MUARECZRMEE, 448
T IDT RS BRI N E T EBH A .

B 4.9 (o) fl (&) B/RT H4—Fh Lift-off LM M EE|, Hd, IDT 4K
SR e 200 AR B O S S T S S R B P ot 2 B MR SR R B« i iR R R E 2
—T[§2 EBL MEJEil AR AR AL, BN IDT 48 4% X 38 e bR e i 2 i T R 4
MREFISMA %I 77 &, FMWR IDT F8E&EEBNFEEEE”, REHEES
HNDGER SR ICTIB AR, 3 A S M B 0 47130 5 5 200 e 3 A B85 5 0«

Ml el

©

El4.10 POI-SAW bR
Figure 4.10 Optical microscope image of a POI-SAW

(a) B/ POI-SAW #1568 E; (b) POI-SAW KB AIEERE; (¢) POI-SAW [{]5E0
MR ER

ORISR & A, £T EBL BOUTZMETRERTSE, #ILETET
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X-cut LN/4H-SiC #HE A R K SHO-SAW FI S0-SAW, Zi#k7y POI-SAW,
SR IDT $6& 4230 7E 300~800 nm 2 [6], EAREFERE Al E—ERELN
120nm, %= REELY 270 am GLRFFRRAREI) . B 4.10 R THK
%7 1.86 um, B} IDT 84 FBEA 465 nm ] SHO-SAW 651 B K H R SR,
MHET LB Lift-off FB T2+ Rz, B IDT fB&MNAERF, HETKEY
ZIBE -

422 S BHMRBLERITS

FEIFE T, {#8 Keysight N5249A PNA B8 M 4534 S0xt il % 19 SHO-
SAW F1 SO-SAW #H47 T RAE. TARAT 7 B RMAGHTIE, AEREPRE
BE T GEEZIEEE), REFTSHIHRE 5284 s R X B

BIFHEM, W/NR,, SN AT DL 40 i 2204 8 5 AL B AR AT R B AU T .
0

: — Measured : - Measured
e Mltiresofiance Modet | 12007 Fitted -
6_20- . . . - — B .
o | o 9004
§ 40 - - — 0‘
g . /'M §600-
_g -804 . o
< 3001
-80 : :
N . 0 :
2.0 2.2 2.4 2.6 2.8 2.0 24 28 3.2
Frequency (GHz) Frequency (GHz)
(2) (®)

E4.11 SHO-SAW H 544122 A Bode-Q FALR
Figure 4.11 Measured admittance curve and Bode-Q of a SHO-SAW.
(a) MREMEHSHMLE; (0) WRAEWEH Bode-0

B 4.11 (a) A (b) 4RIERTE 4.10 Fias SHO-SAW {15441 Z8H1 Bode-
O HITIRGE R (LB SHEER (HaELK), Kb, SHO-SAW 1£ 2.28 GHz
RS SHO B, ®iT MR-MBVD 453k B RIBREX AL AR & R EkE N
26.9%, EASHZEC,H 815 (F, WEIRME AN HAETQH 154. B MBVD %
B BRI Bode-0 #EATHLG, ZRWE 4.11 (b FiR, H Bode-Q BAEL
31228, Hifi, FAEIRENSDFERME (FOM = Qnay - k2) FoM A% 330, 15T,
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% SHO-SAW 1R 221 RILH =ik 74.7 dB KISAEL GERIIZE SN SH5 K
IR S AL SPZEE, Ll dB R 1 10.4% M 53808 58 (fRNf, 2 (R AR X
[EED,

F—J7TH, SHO-SAW #UR T BRI A A EHE L, RBEFE 2.15 (o fiw
R TR R V) R AR B O A5 R, 1A X T R 45 Xoh I 18 Ik 2% (70 300 7 1) 8L SR AN
F. B 411 (b) Fos Bode-Q & 45 A B H T 48 o) A o =0 Ay o
ﬁiﬁﬁ&%%ﬁnﬁ%WWLWﬂHH%W”&ﬁ&%mummwdwm®>
[mWﬁ%ﬂﬁﬁQMmmmw%%W“@>ﬁﬁﬁmﬂﬁ%%&ﬁ%ﬁﬁﬁo
B4, @i MR-MBVD #ERGREU k2R N FIHES R, UUTRERTRE S
R RS m%%%HWﬁﬁﬁ%ﬁ%,ﬁh&EW%ﬁﬁﬁﬂﬁﬁﬁﬁ;%W
BAT IR R A0 ) 2 ORI R

Sub. LiTaO3 LiNbO3 | LiNbO3 on Si | LiTaO3 on ML | LiNbO3 on ML |;LiNbO3 on SiC ¢

k? (%) 8.0 7.0 7.5 9.8 247 269

Qmax 1050 1670 1700 4200 664 41228
f-(GHz) 1.9 1.0 1.6 1.9 3.5 2.2

FoM 84 75 128 411 164 330

FE4.12  [EAZEECR SAW FEBENT 1L

Figure 4.12 Comparison of solid mounted acoustic resonators.

B 4.12 ¥ A0 SR TH 1 & B9 SHO-SAW HItEEE S HE BRI AR
VEHRAFHEAT T X U315 116 R 411 FroR iR 45 B 2 B A0 So it F b & 1
SHO-SAW 7 Z0 88 ) R Bt AT 0], BB %ot e i F S 3R R AT 00, 1B
HATH SHO-SAW EZ& RILE A L=V ERE REUZMBKH Bode-Q; 115
/N AR B BFE S5 Bode-Q M B . WE 4.12 7R, STETF8BEESK
JRR A REWIETRSS, HBRIEXMEER, PRBE 25k, HREE

FlRE B LRI 5T, AT O ERAK: STETF LiTaOs/ML 6 i 5 R H 1%
e, NZEAFEREE (Multilayers, ML) H7E7E, HEH ARG
REMRRE, AR UEHEREN 0 H, AMEVAEREG RN, &

LN,
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Figure 4.13 Measured performance of SHO-SAW resonators 6f different wavelength.

E4.13 AFEEKER SHO-SAW HIJ RS 22X H

(a) Sd%; (b) WRFERSHEE: (o) MEBEREFEREAK Bode-0: (1) FHL
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B 20 GRS ORI, SHO BLxUR S I AR B 1) 4H-SiC #JKIBIE, 1 Bode-

BHIFEK. B 4.13 (4D /R T SHO-SAW M1 SghEL (SREHTEL) B A 21k,
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BeCu 4, EAMTIEEZHE G (FET4D, BeCu #REHAERMER M
EEMIIRER. B—HHE, WHRIER BeCu =4, Bk, WHREEERS
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B4.14 ETHMGHEREH SHO-SAW JHSR
Figure 4.14 Measured results of the fabricated SHO-SAW based on two types of RF probes.

(a) B4guhiZk; (b) Bode-O; (c) FEHUMIZE: (d) Smith [HE

b3t Fl— SHO-SAW 224, B 4.14 BR T FHSHIMEZER . WRERE
B M BeCu R4HI#: 3 W #54H/5, SHO-SAW HIEHRME SR FHIM-4.79 dB
% 3.26 dB, EIEHE S MEHN 1.64Q BIKF] 0.65Q, WA 4.14 (2 F (o
B, B, MEEF5ER (Smith Chart) [ AEH, T2 WiREHE, &R
RS ST, FRIRG RR, BEEREONR, BHRERKEM,
T84 1 SHO-SAW [IFTRILN O EReE— P RE, WHE 414 (b) iR, &
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A BRSO ARMEBIAR K, % IDT s 5 B BRI ET (e fl B P > 5
Pras AL HTAE ELIURS . Bode-Q & KAE HIATE MR 5 ROBIRMIR S 2 M K3 —
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XHF AL A, W EREF B SE AR R B I 10 B2, AT AEIEHIIT W HRE
SMABRAEAE S, BURMSWRATEZN, AR ERR, W
RS SHE BOF BRI 2 AL 4R 5 T A Bk FhL PR 1 K& 1170, BT iR A #T,
AV S /N RIS RAKARE T BeCu IREFHIIR S B, N E T
1, BeCu HRETREIRERETTER MRS R, LR, WRSHTATE F kit
R, than Bl i 77 B E IR I O SHIIIRET & R 4L, ATS B & W R4,

15~ 600

= 500~}
) ] /
g <y 300-
= :/ (RS g
g 40— A g
£ . m
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E4.15  SO-SAW IS4 HILR A Bode-0 JAL
Figure 4.15 Measured admittance curve and Bode-Q of a S0-SAW.
(a) FPMANALER; (b) Bode-Q MRS ELRE
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E4.16 ETIEFERIHT So-SAW RHRSER
Figure 4.16 Measured admittance curve and Bode-Q of a S0-SAW,

(2) SHHBIRER: (b) Bode-g MRASWELER

AW 3% T SHO-SAW F S0-SAW FFHE M B 2EiRkas, AU
SHO-SAW HITIREE BHHAT T 40T, FHEBAIN SO-SAW R R#ATAHT. B
4.15 (2) F1 (b) 2 BIB/R T B4 2 um £ SO-SAW ) 544 i1 £ 50 Bode-0 1%k .
ISl it 25 7T LA % SO-SAW HIMHRANR N 3.24 GHz, XIRLH SO A M7 E
=ik 6480 m/s, EE5T SHO BIZAT 4000 m/s, 4R, 3.45 GHz SR HHEFER
BRI, RN 33.6 N0 L BARRISL. UEAh, WAL G
[t Bode-Q ¥R BIILIBRMEH Q HEIE, —HERZEN IDT HARK BEFFEB K

(RS, H IR S A I O E i B RIRK; H—J7HEREA 3.45 GHz 4b2%
BRI GEEEFE KRN ETEE, ERIERIEAMEERFX.
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B4.17 RETHEEZIXT SO-SAW HEREHIR I

Figure 4.17 Measured admittance curves and Bode-Q of S0-SAW resonators.
(a) SYEIZMIKEER; (b) Bode-Q MR R

T SO-SAW KIS IR 5 SOBIRIME 2 A B s, 1RAG 3.3.6 /N t)
HEER, BAVE SO-SAW B4F 5| AR R MIES . B 4.16 B T RS
FEFIE) AR, & IDT B4R A BIP, Y 0.9 58T SO-SAW f)- 54 i 25 71 Bode-Q #1453,
MHRRTE W, BN EHREEFI A, SO-SAW R 5 KSR 2 18] 1
ZRBE B IF B9IH], {EXTRLE) Bode-Q RABUK, H Bode-Q M HiZE 5H]
BERZRBR, WHREERRTL. B 417 Ba T REMFETHE SRR E
79 890. 930 F1 960 nm B, XFRIfT SO-SAW KIS0 £8 A1 Bode-0 #1148, H A S0-
SAW ] IDT BRI HIP LR N 1um. B 4.17 B RMERER, 4/ et
MR 271 B ) B P S5 250 T4 SR R B B B SR AR T R BT R T i T RS Bl , AT
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418 FHTFIEFRRIHY S0-SAW MR |
Figure 4.18 Measured admittance curve and Bode-Q of a S0-SAW.
(a) SHIMLENIRLER: (b) Bode-Q MRS R

B 4.18 BR T TEMALE R SIRINZE N 3.46 GHz [ SO-SAW H-F 44 il Al
Bode-Q HiZZIREE R, HbRHMEESIREBPKIBRE N IDT BRAHPK
091, B 4.18 MIRGEREN, SO-SAW KIH A R BHE WA 2H, Bode-Q
HE—EIRE; % SO-SAW BLIL T 44 21.8%MINLEMES REL AIH T SO
BHEAEE EHD. KVLBRBEE R (KW KR,

43 ET SHO-SAW RIGHHE FiEH a5 5
RTF SHO-SAW ALt LE AT 2.0GHz, ImARFEDNT 1.5dB, 3-
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dB HIXIH 56 KT 10%, W AMIHIRT 40 dB Kim B T IE e as, THEABHI%E
TE AR 2
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E B IE I 2 04 L2 5 SHO-SAW HIHI& T E5maME, Ao Ts
IR FRBLHE T RAEKR.

(.88 mm

Bl4.19 ET SHO-SAW KRB IE S EE
Figure 4.19 Optical microscope image of a high-order ladder-type filter based on SHO-SAW

resonators.
(a) 2T SHO-SAW =R LER: (b) EMIERENEENACER; (o) B
TV B R A e A

419 BRT 3.42 DNIRITIET SHO-SAW KB A uER 2%, Hm
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210 (G#); FEBLEIRBIEE N 2.2 um, FLETEW,H 220, B 4.19 firt
B EIR B IR SR Lift-off T4, IDT HBE&MUAEF, TREIHZIK.

108



F45 BETEARRERARNMNIEFEFHE LR

432 SSERRERHS

FEFIE T, 18/ Keysight N5249A PNA BIREMSEHHTIE 50 Q REGFH
T R BE T UM AR T RAE . 18 4.20 (@) TR T HURRIEBARMY 4 F
WIRERN S A NRE R, REBERSNIERMERETEHIER, 5.
FBCEIRIS Y MUVRSEIL T BT IR s RN, AFAMEE 3 Fhok B IR 2810
Tt 28 AT R I 1 R B A TR T

B 420 (b) SR TIBERE S SHMHALER, HP0MEN 2.28 GHz,
ANBEER 1.38 dB, T HOHI% 1 GHz ARIFFAMIHI N 41.6 dB, 3-dB HXH
K 9.9%, BRI T Wit Z yITeks . U4, XIBR S th R E i — P,
R HLICEC A RS Ak, BRI A Bl BREIUN 10 dB; TR 38 AR ) A O 0™
B R T, BEE B, RN IDT HAREA . BE
AR . R BRI ERE R ERFE NARERSE Q EAEH,
BB ASHE., TESRAERS R THERE Q E: FMILIERESN
B, HBLERAS I A K AR PR i Bk

B 4.20 (¢) BoR T IEM SR MBEREIR IR, 7] DUR LI ABAREIEIR /N T 12
ns, {EWENEK, TREERHIESKE. STHE 420 (2) FrrnigiRS AL
RIS BIER SOk B . SRR RB O A BERF 422 /b
B8 AR [ R o I D7V T B R DR AR R EIR AN . F34h, R
420 (b) M (c) Pl BIA A8 Ay DUR I, B i s B iRas
HIFLAR T A0 15 R B 8 e 2 BB AR LA TP BD TR 7 M SLR - B 4.20(dD
R T IBIE S M 10 MHz 3 8.5 GHz MISESRAR, SREREUAR.

EATE, RELRIEHSEEHWN. ARSI mEFRATH, X
CARIH LA R

109



BT B R PR AT R P SIS IRAR T T

-20 4

Admittance (dB)
3

-60 4

-804

f.s = 228 GHz ‘Shunt

e Sorieg 18
Series 2#
— Series 3#

<204

A
2

§-Parameters (dB)
&
<

80

Group Delay (ns)

(b)

¥
22 2.4 2.6 28

Frequency (GHz)
. (c)
T LR IR Y T T T T s T
! ﬁ
Q209 1394dB | |
0
B -40+
o
§ col
5 60+
a ]
? .80~
’100 ¥ 2 ¥ 1 L] 1] ¥ k]
0 1 2 3 4 5 6 7 8
Frequency (GHz)
(d)

Bl4.20 ET SHO-SAW KRB IEBHEBIRLER
Figure 4.20 Measured performance of a high-order ladder-type filter based on SH0-SAW

resonators.

(a) . JFFECIEIRES SPMAIRER: (o) FHIEHE S SRS F;
RHBFE R ARG R (d) IR ES ) 7 AR

110

(c) mbi Bk



F4E ETERRRERFIRSESE 2846 & RUK

o TN e
) 7 .
2 . .
53‘40 ___________________
& | .
g ,6(} 4 i
a
<80 b
1780 1820 1980
Frequency (MHz)
4]
& -20-
o2
2 40
:‘é’
g-eo-
& -804 7
-100 : ,
1950 2275 2600
Frequency (MHz)
(b)

E4.21 FRSCIBBEARRE RS Murata A7) £ 2%
Figure 4.21 Performance comparison between the filters in this paper and that from Murata.
(2) Murata 22 7 2 F IHP-SAW BB EF MRS R (b) AIRICET SHO-SAW HISEH AR
WAL R

B 4.21 ¥4 O HEH & K m I iR 2RISR 5 B A Murata /A 7
BT [HP-SAW RIS B M RGE RyEIT X b, X b R HLAS W SO 1 & B8 I
BLPTERIFE . FEHRINEL 2R, AW SCHIIER S8 I M
WFEHE frt— S k.

B 4.22 LT 3.4.2 ANTTRTHIIEE A AT R L FRERIERAS R A
HHEER., b, ARCHEHS, FBERBMERARSRETRIME, X
EIRAREARE KRN, FME. FERIERSF MV RRE Rk /N TR
8; SRR, RSXH SRS EERNFEDTHEER, EEEEHR
DUERSRER 2y, SR F HBAEIRBR M IEIRME. L TRRTHR S ERLESR: D
R M SERR BT MR TN 2) 4H-SiC #ERH, FRESHANER; 3) 8
R 2R 4) R AREEARR . '

111



BT E B R TR RRAT R A IS IRAI T

T ¥ ¥ T T v
8-3()- : 22:3% 353% i e Shisnt ]
z . ' i — Series |
8 -60+ i
o
S -
T 90 i
&  {Simulated
‘120 LS 1 ¥ ’ 1 E ¥
0 (a) i
& - " N27.6% 26.9% | ——Shunt |
2 .20 y = Series 1#1
g Series 2#1
& 401 —— Series 3#7
8o {Measured )
M EH x 1 t 1
(b) e
0 ........ 22 g 53 )
B e $24 Measured ||
e 311 Measured
__-20- 2\ {epe 821 Simulated |
% 4 ¢ §11 Simulated -
© .40+ B : .
2 o i &
[ E £ 2
£ . |
& -60-
[u]
o ]
“ 80+ j
-100 iy , . , b ,
1.8 2.0 2.2 24 2.6 2.8
Frequency {GHz}
(c)

B4.22 ET SHO-SAW KRR IBERUASHELERN L

Figure 4.22 Comparison of the measured and the simulated results of the high-order filter

based on the SHO-SAW resonators. .
(a) &, FHEBIRBIHESR; (b) B, FEOBERSBIOMRER; (o) SMiE
R R RN

433 SREBEZRH (TCF) MARLERITS

SHAE LR RFREERY (TCP) —ERELRBMNASTHRARENS
. ET 222 iaZiR S ZHWEFE, 7 295~350 K BETREMN, AR
Wit HH Z T BN 2R T R S 28R, HFETTR S21 SHIRW
JE 2R TCF %, R WA 4.23 B, Heb, WA EM R Eg R 5E
4.19 i R B A T &M BRI, HER—HtH .

112



$H4%E ETEARRESNRNFIE LM SRR

0 ' v o — "
, : S P e, PEN 294 8K
Jo b dﬁ{,}- L ‘\ i 3000K
«20 : T s 310.3K
' s 330,0K 4
. .; , ,-r-.'w339,.7K~;
!
L
4
]
-100 : LEE '; : ; ;
16 1.8 112.0 2.2 2.4 286
1 Frequency (GHz)
f a)
1
-1 Y — Y H )
: # Measured
2126 : Eitted
ﬁ H
s
T21244 -
ey
&
=]
o
ogod . B
- TCF = -48.2 ppui/k
, . . S
-6 T T 2120 ooy 1
242 214 2.16 2.18 300 320 340
Frequency {GHz) _ Temperatare (K)
(b) ©

El4.23 FET SHO-SAW KR M-EH B i TCF RIE

Figure 4.23 Temperature characteristics of a fabricated filter.
(a) EWBETIEBERINASE 521 ZHIMRER; (b)) B () FingREHBCRE; (©
B BT BB TCF A4 R ‘

LiNbOs 2 B FHEHUSA AH-SIC 3 bRy A SURSIRE R oL £T
X-cut LN/4H-SiC #JE 5 sk SN iZ LG AUMERE 2. B423 () &
T BRI SRR S21 SENRA R, BT SR b O SR R AR A
THSRRE, HEaAR 2.17 THA NG —MHERERY, WA 423
(o) Fim, %159-482 ppm/K, ZHRBERABMTET HE LN WENFRE
PR (R KFURIRE R BT Xoout LNMH-SIC HEHRIIEH E
B RAE R T o — B A R R

444 INRFEWARERTIL
ETF 223 AN FRTR A B 6 B AR SO & R T U B AT

113



ETERRRERRRN S F RS A

MREEWR, 4RWHE 4.24 Fix.

-10 ~ 24 dBm

26 ¢Bm

"30 T T ¥ "8 = T l
22 2.3 24 2.224 2.228 2232
Frequency (GHz) Frequency (GHz)
(a) (b)

Bl4.24 FET SHO-SAW HEMBHIER RN RERBRE
Figure 4.24 Measured power handling performance of the fabricated filter.

() FEPEBTEIEEAR AR TIE S21 SHMHEE: (b)) B (2 FindRRBIkE

BIEE A AT FMM-10 dBm N 24 dBm I, S21 B W/NT 02dB,
AR SO % BB AR B RIF IR e, HIH SiC WRHIEA, KR EA
AL EARE S, HIEEE M ATIR NS 25 dBm B, HUERTHRENE,
S21 HF#{K 0.3 dB; HIEIAFMATIEIG T 26 dBm B, JEIREIROPEGEAR AT iY
RIEE T, HRESBEMFRA

SN

&

(a)

Ed4.25 THERFETDE RTINS MRS E

Figure 4.25 Optical images of the filter after the power handling measurement.

(a) RFEMXEOEMEEBAER: O 7 (© WAR (@ WEBHAE

114



£ 45 ETEARRERAIRIMNEE LR E RN

B 4.24 (b) FrnstRiER AT S AE B & RS T S BGE RS 1B RN
T EMHE, B 420 (a) FRERIf M, TUFXREAEZIE A, SERIERSHE
o/, BTN FIFBOEIREE A T ERIRATIER, BRI 7 B e 2
425 ATHEFEIRZ G RERBICEE, Hi, F—RBUERSHB A
A AR IS — R BE IR AR IDT BRI HSG. #—2, B 426 BR 7T
B 425 (b) XA BRBGEIRSEH SEM B K RHHCKER, 24 &3 IDT &
RIS RIS, ABR: 1D Al BEEBERE IR BEEM,
S 4.26 (b) 8 B AAERRIE O I 2) Al BUAR A B SR I BR TR 4 T
EevEshdt, B 426 (b) PEREEEERENER; 3) Al RRERBEBRIFS
BB WA R AR AR AR (A, ] 4.26 (b) HREBBLIEREREL

P T A S ST S

(a) (b)

E4.26 THEAERHENRNBHREREN SEM BR

Figure 4.26 SEM images of the filter after the power handling measurement.

(a) THERFENRENEMIEERN SEM B (b)) B (a) BEEKHE

DA AR, EHERER SRR IDT AR 88452 B B B R KA B
IR, FARTHRIVIE (ERRAINSREER THESBESBRER. HRK
KRN 120, s, BEF R IDT BARS RS AR R EEHN TR T
B Al BT, AT R R B RS, ZREBEHRAFTEIAR .

VIARERBEN IDT BAREA 5 R HEAT, HaTfea i iR im s AR
LRI, T 5| ST R BT BRR AL, AT B ARt Re: BiEmtER

R IDT Bk (£B/ER) 14IFE IDT BRI R R E R, IR EeE
LIS TRET RN, ERNOIRS, JIREHRORMATIREME] 25
dBm B, # S21 B THT 0.3 dB, XATRERFABERKSHEREFRAE

115



T SR R AT R B IR AR HT AL

R RS MU AR A SRS 26 dBm B, BRI AR, XA R EIRE
B GIE R .

S F A SCRA & IR S B T IR 2%, DL JURR JE IR 7T i 5 35 AL ERARARIR,
M FEIRIER SRR AR 1D Al FEFREBEER A IDT B R0 R Bk
TR DA TEFRAF S5HZM X-cut LN B FARPR R AT LB R CBAL,
PRI, H1 TR BN, X-cut LN AR AR A AR AL AT RE7E HL R TH I Th A Rk
SRR Y, TR B SR BSOS AU 15Y 3) BARTE R BB TR S K BT
KR IR E G 5 B AR R D24 T RLE b, AR s IR R B A
BRI RS TR AR, TR LN SRS TS, REdE
REMESR LN SRR SR, MRS AE AN mI2, F, #8850
IDT FEAREEH T ETHREME], MRS FNIIRH A, flnasel>
1261 AR GER B AR 127 AL AR RO 28 0GR i RS 13204 AN, AR
WXH RS EAEIR S ASR NTh R R E X ERZ IDT HRMES, I HMREE
PARZRMENIR, @I U T Z RGN IDT B4k, & T X-cut LN/4H-SiC #1 )i
I 28 I h R B BN BRSBTS

45 KRB/

FEFENATHHAEFRIHE5REBARH & SHE% X-cut LN/4H-SIiC
JB, FEXHEHEAT THEMERAL; £ T X-cut LN/4H-SiC #E, #]%& T SHO-SAW I
S0-SAW; T SHO-SAW #ill& T =R e i 28 .

MIRERRH, ZBRNEN 1.9 GHz I, T X-cut LN/4H-SIiC #JE K
SHO-SAW HINLERFE S REkZ ATIE 27.8%, £ K Bode-O {215 1920, X ] FoM
Emik 530; SO-SAW B] [FBT LI AT 3.4 GHz HIEIRMZEA AT 20% ML FL35
B HRHkE; TET SHO-SAW BB 8 IE 38 1 P 0 AJIR N 2.29 GHz, EAIR
FEIUN 1.38 dB, FAMIHEIAN 41.6 dB, 3-dB AT 5 BEIL 9.9%, MREE R
2159-48.2 pprvk, THEREFEERN 25 dBm (RLHFHEEEW), HiHE—5IRE.

116



B5E ETHEEBREENRMESFERERA

£58 ETRAREONEOFMEFIERBRRE

K AR TR ST R HR, TN e
HMIRAE LN SRR FORE S, BESLR TARR, BT DRI T REH
T E LN EE-EFR T (BCB) -85 LN EEE A, FRkT (B
B LN $ R &R, BT BB SRR . RSN
S & BB B & WL HE /T AFM. SEM. TEM Z58/E. EF LdZMAY
R, RS T A RIS M T A RS, ST 2 TR
R, |

51 MREREIK

MRS R BE M MEMS 84k —, ATFIUEER. LREMA Y.
PSR SSE B E AR EHE, BREBIEJUE, BT RIS FIEIRE2
BRI L 5. BAT, £ RAERME R EEESMETUR s BT
R & R PR RS, SR T R A AR A TR BB LR S H AR AR A
VAUREE, HUTHES B R0 & At — R, S HERE: B
RSRER AR L& A SRR R B RENR L, BT T ERERK.

Es51 BERAREMEE LN 2 EER
Figure 5.1 Rolling of Y36-cut LN thin films induced by the film strain.

BT RAE SRR R AR ICERAEIRE], TR EHH R R

117



BT R R R U R AT IR ST A

IS HE R RE RS IR IR B R S . ZITET MR B R RE 5T
WA LI R S D REE IR, RIBAEEREZIRR TE FEANNGEE. A7,
HTEFEASEREENEREASIA—ERNS, RMELENELT, R
25 IR T A B 6 i B R AR BORR N 77, I 5.1 fs. BRIG, R AedR
H—FFEmE#H TZ, HUMHFE 7 RJIB NS dENa S, R
REHZVERRE, Bt —PHEs N

52 FMBRRBEBEEREREE

AT I X R R R R VT P N T R A T AT AT, R —
b3 M A R PR RS, R T S TR S R T A R B R
FEET EIRBRY ) 4% S B S B R R TR

52.1 NAHFEHER

B, M X HERATHARF ARSI FHEN LR E SR KR4 8 8 LN #
P B AR L. ABTFE R Y36 VI4RRR4E A, BP) Y36-cut LN, K144 &%
& (B BFENGM&E (B2, HANERAMSEE (B3 PLEENFIERKX,
HH# 5] BCB/LN #1 & R LN # (B4) #4T (030) M/ XRD RAE, MM
BEEmAME 52 () Prin (CFHRE Y WEELITEXSED, He31.25°%
ERTENIE; AN RERNES2 (b) Fir. BABFHNHe BF, EARE
BN 120KeV, FEAFEN 2x10¢ cm™2.

SELE 52 (a) PHEBEBMATAIN, SERBEML, BTFENEL LN
P R TR NS AL I T — BRI E BRI ATIE (AL, XHE
TENEREESNIN T BEEREERL ] o &im A B4 80 05t B F &k
FEGERL A7, BeAL DX R T AN E FENS BB KGR . £/55EHR KT
B, AR He B TREZARSE, FHEERE. TURETIHIARITESS
117 SR T L P s 448 7 AR (11331,

€= Sin(eB,virgin) _
Sin(eB,virgin + AB)

Uk, B B2 WTRATHE W, FEAFGTRIER=ENRARNTLN 0.856%. I
b, B2 PRIEATHIERAEAERE, XRABFIENEN LN SER T E157

1 .. (5.

118



£55 ETHREQEBRNTESFERSERA

R, HEEma SRR ERE . BENS BT R K ALEER (150°C, 2 /M),
M B3 T AL Z2 5 & Bt BRI 5, X E M TR AEEY, He BT RRAH
MR REE, BEERKS BRI . 76 AT TR b TR 9 B 0 A
(0.227%), XTEHIE K /G M LN MR XRD L (B4), KIUXPIRIEHKA
174, MR R B G 1 LN MR AMRRRL 51 RBR DL
TETRADEHEEEE, ELEE CRE), KelEdasi,. BRSE
TSGR ER S . Mebb, BRRIARIE (0.815%) HITHK, HIESET B
AR T ST VRN G MR KB R4, BRI E 5.

—Virgin
—— implanted
Annealed

LINbO3 (03 0) Transferre

Film strain after transfer
l -0.220%

FWHM=0.02°

Film strain after annealing

Maximum strain

B3

-0.815% 1
Exfoliation strain

intensity (a.u.)

1
1
i)
3
]
t
¥
i
H
]
1
H
1
[
4
3
1
1
1
H
1
1
]
1
i
{
]

|

-0.856 A»I

Maximum strain Ann aled ».  Transferred

T LA S A R B
0312 313 314 315
20/0 (Degree) Film strain Exfoliation strain

() (b)

E5.2 BTHRABLES LN BRERIRHER
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Figure 5.5 Characterization of flexible and self-supporting single crystal LN composite film.
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Figure 5.9 Frequency-strain test of the flecxible acoustic resonator.
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