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AncepTaunoHHMAT Tpya e 06CbaeH 1 HacoYeH 3a 3awmTa ot KategpeHus
CbBeT Ha kategpa ,eopus Ha MexaHuamute n MawmnHute” kbm PakynteT
no WHagyctpmanHn TexHonormn Ha TY-Codua Ha penoBHO 3acedaHue,
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[MybnuyHaTa 3awmta Ha OUCEpPTaUMOHHMS Tpyd Lie Ce CbCTOM Ha
04.02.2026 r. oT 15.00 yaca B KoHpepeHTHaTa 3ana Ha bUL]| Ha TexHnyecku
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,MexaTpoHunka, poboTMka u MexaHuka“, PakynTeT no maTemaTuka Wu
nHgopmatuka, Cogumnckum yHmsepcutet ,,CB. KnumeHT Oxpuacku®

4. pouy. gH nHx. AHactac MeaHos MIBAHOB — NH 5.1 — kaT. ,MexaHnuka®“,
OTCTT, BTY ,Tooop Kabnewkos® — Cocus

BbTpewHn xabunutupanu 3a TY — Codus:

1. un.-kop. npod. AH mHX. 'eoprn Aumutpos TOAOPOB — NH 5.1 — kar.
MTC, ®UT, TY — Codbmna — lNpencenaren Ha NbpBOTO 3acefaHne

2. npod. aH uHx. MBaH MnageHos KPAJ1IOB — NH 5.1 — kaT. ,MexaHuka®,
OT, TY — Codhus

3. npotp. A-p wHx. MapuH XpuctoB XPUCTOB - TH 5.2 - Kart.
,MukpoenektpoHuka“, PETT, TY — Codous

MaTepnanute no 3awmraTta ca Ha pasnosioXeHUe Ha UHTepecysaLlmTe
ce B KaHuenapusaTta Ha ®akynteT Teopus Ha MexaHnamute n MawmHnTe Ha
TY-Codms, 6nok Ne4, kabmnHeT Ne 4540.

[OncepTaHTbT € pefoBeH [OOKTOpaHT KbM KaTegpa ,Teopus Ha
MexaHnsmute n MawmHnte® Ha ®akynteT no IHgyctpuanum TexHonoruu.

ABTOp: Oou. a-p nHxX. pus. BeHumcnas AH4eB

3arnaBue: TexHoNnornsa Ha TbHKOCITOMHUTE PE30HAHCHM YCTPOMCTBA Ha
Nem6oBM MUKPO-aKyCTUYHN BbITHM

Tupax: 30 6pos,
OtneyvataHo B UMK Ha TexHu4eckn yHuBepcuteT — Codus
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OBLUA XAPAKTEPUCTUKA HA OUCEPTALUUOHHUA TPY[

AKTyanHocT Ha npobnema

TBHHKOCNIONHATa eneKkTpo-akyCTU4yHa TEXHOSIOMNA € CpaBHUTENHO HOBa
TexHonorusi. T 3anoyBa CBOETO pasBUTME C K300peTaABaHETO Ha
THHKOCNIONHUTE PE30HAHCHM YCTPOMCTBaA Ha O6EeMHUM aKyCTUYHU BbIHWU B
Hayanoto Ha 90Te roamHn Ha MuHanua Bek oT K. Lakin (lowa State
University) n ce passvBa akTUBHO U B MOMEHTA, AEMOHCTPUPANKA 3HAYUM
MHOYCTpUaneH noteHumarn. Te3an MUKpOMEeXaHUYHU YCTPOMUCTBa Hamepuxa
MacCoBO MPUNOXEeHNe B TeNEeKOMYHUKauMUTEe KaTo pagnuoyecToTHU untpu
C HUCKM 3arybu, a CbLOo Taka ca akTUBHO pa3paboTBaHU KaTo TeMnepaTypHu
N rpaBUMeTpuYHK aatduun. [lNNpe3 nocnegHute 20 rogvHW, Hay4dyHUTE
nacrnegBaHus B Tasu cneumuyHa obnact ce paswmpmxa KbM TbHKOCITONHU
YCTPONCTBA Ha NOBBLPXHUHHM aKyCTUYHW BBLIHU U Ha BbAHW Ha Jlemb. B
pe3yntar Ha Te3W WHTEH3UBHM WU3CneadBaHusi, ce YBENUYM ApamMaTUYHO
Ka4eCcTBOTO Ha paguvovecTOTHUTE UNTPU, KaTO CbLLUEBPEMEHHO Ce
paswmpn n TexHus 4YectoTeH obxeaT. [loHacTosAWwEeM, TbHKOCNOMHUTE
eneKTpo-akKyCTUYHMU (PUNTpU ce mM3non3sat B MOOUMHUTE KOMYHMKaUUK B
yecToTHMA AuanasoH 700MHz — 7GHz, kato B pasnuyHMTE YECTOTHMU
OnanasoHn  OOMUHMPAT  TbHKOCNOWMHM  npubopn Ha  cneundunyHn
MUKPOAKyCTUYHM BbBJIHU. Taka Hanpumep, npu 4Yectotn nog 3 GHz
OOMUHMPALLN Ca TbHKOCAOWMHUTE MNpUBOpM Ha MNOBBPXHUHHM aKYCTUYHM
BbJTHW, JOKATO B HECTOTHUSA anana3oH Hag SGHz noMuHmMpa TbHKOCITONHUTE
npubopn Ha JlemboBM BbBLMHWM. ABTOPBLT Ha Tasu guceptauus mnma
CbLLECTBEHN MPUHOCKU W B TPUTE HanpasfeHUs Ha TbHKOCONHaTa
TexHonorud. B TasuM guceprtauma ca onucaHuM camo MNpuHocuUTe B
TbHKOCNOWHATa pe3oHaHCHa TexHomnorna Ha JlemboBM aKyCTUYHU BbITHM.
HuckaTta cebeCToOMHOCT 1 TeEXHOSOrMYHaTa CbBMECTUMOCT C UHTEerpanHuTe
CXeMu npasu OT Ta3u TexHosorus obellasaly KaHaMAaT 3a NPUTOXEHNSA B
WHTerpanHn  MWKPOBBIHOBWM  npubopn OT  crnegBawo  MOKOSMEeHue.
[MoHacTosweM, TbHKOCIOMHATa TeXHomornsa Ha 6asata Ha JlemboBK BbiHK
Ce N3Mnosi3Ba LWMPOKO BB PUNTPU U MyNTUNSIEKCOPU B HECTOTHUSA AManasoH
5 GHz — 7 GHz. B ponbnHeHne, nasapa Ha TbHKOCNOMHATa Pe3OHaHCHa
TeXHONorusaTa ce paswmpy KbM CUITHO YYyBCTBUTENHW, WHTErpypyemu
rpaBUMETPUYHN N TeMMepaTypHU OaTynLUM, KAaKTO U AaTynLmM Ha HansiraHe.
MHOXeCTBO CbBPEMEHHW uM3creaBaHmsa obxeBawiat  cneundundHuTe
npeaMMcTBa Ha TbHKOCNOMHATa TexHonorus Ha JlemboBM MUKPOAKYCTUYHU
BbJTHM NPU NPOEKTUPAHETO Ha Takmea gatymum. Tyk ca uscrnegsBaHun BCUYKU
acnekT Ha TbHKOCMNOWHAaTa pe3oHaHCcHa TexHonorus Ha Jlem6oBn MUKpo-
aKyCTUYHU BBJIHMW. CneundunyHo e pasrnegaHa TexHorormata Ha
npoToTUNUPaHe Ha  TbHKOCNOWHW  JlemboBM  pe3oHaTopu  BbPXY
nnesoenekTpnyHm membpanu ot anymmHmnes HUTPUT (AIN) n nutnes HMobat
(LINbO3), paspaboteHn ca edekTMBHM MoLenun  noanomaraiim
NPOEKTUpaHeTo, onTuMmu3aumaTa U NPOTOTUMUPAHETO Ha  MUKPO-
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aKyCTU4HUTE npubopn Ha JlemGoBM BBMNHW. AKTYyanHOTO CbCTOSIHUE Ha
TEXHOINOIMNATa € U3MOXEHO 3aedHO CbC CNeUMdUYHUTE HAYYHN MPUHOCK U
Halh HOBMTE acnekTu Ha NpoabihkaBallmMTe HayyYHU M3crenBaHus.

Llen Ha AucepTauMoOHHMA TPyA, OCHOBHMU 33afayn U MeToau 3a
nscnegBaHe

[AuncepTaunoHHna TpyAa pasrnexaga pas3paboTBaHETO Ha TbHKOCNOMHATA
pe30oHaHCHa TexHororns Ha JlemboBM BbNHM OT CaMOTO W Ha4ano, KaTo
CUCTEMATUYHO M3crenBa TEOPETUYHUTE, TEXHOMOMMYHUTE U MPUNOXHUTE
acnekTn Ha TeXHoONornaTa 3anoyYBanku ot PusmyHnTe yHgamMeHTn. B To3u
CMUCBST auceptaumsaTa npeteHaupa ga 6bae vact oT m3obpeTsBaHeTo U
OCHOBOMOMaraHeTo Ha TOBa HamnpasBfieHWe Ha MUKPO-aKyCTUYHaTa
TexXHonorusi ¢ NyénukyBaHeTo Ha nNbpBaTta pedepupaHa Hay4Ha paboTta no
Temarta B Ha4danoto Ha 2005 B Applied Physics Letters. LlenTta ce gedouHupa
KaTO nscnegBaHe Ha TEXHONOINATA B HEMHUTE TEOPETUYHU, TEXHONOMMYHN
N NPUAOXHKU acnekTn. 3agadunTe Ha AUcepTaunoHHUs Tpya MoraT ga 6baar
dopmyniMpaHu KakTo crefsa:

e PaspaboTBaHe Ha aHanNUTUYHM BLIHOBN MOAEeNn 3a e(hekTuBeH aHanu3
Ha Pe30HaHCHWU CTPYKTYpU Ha JleMboBW akyCTUYHWN BbIHY;
e [lpoekTnpaHe Ha JlemboBM pe3oHaTopu C BUCOK KadecTBEH hakTop

e ApantupaHe Ha MEMC TexHonorusata KbM NPOTOTUNUPAHETO HA MUKPO-
aKyCTUYHWN pe3oHaTopu Ha JlemMboBu BbIHM.

e [lpoTOTMNUpPaHe W XxapakTepusanpaHe Ha JlemGoBM pe3oHaTopu C
noaobpeHn xapakTepUCTUKL U TeMnepaTypHa KoMmneHcaums

° I/I306peT9|BaHe Ha HOBU PE3OHaHCHU CNCTEMIU Ha 6asata Ha JlemboBwu
aKyCTUYHU BBJTHNU.

e W3cnensaHe Ha JlemboBute MUKPOaKyCTU4YHN PE3OHATOPU B HECTOTHMU
reHepatopun ¢ HUCbK LLUYM.

e WacnegBaHe Ha JleMboBUTE MMKPOAKYyCTUYHM pPE30OHATOPU KaTo
rpaBUMMETPUYHN AaTymUM 1 JaTYnLN HA HansraHe.

e /306peTsiBaHe Ha pagno-4ecTOTHU TpaHCOpMaTOpPU Ha HanpexeHune
Ha 6asata Ha JlemMboBUTE MMUKPOAKyCTMYHM pe3oHaTopu W
NPUNOXEHNETO UM B KOMYHUKALMOHHU CUCTEMW C HAUCKA MOLLIHOCT

e V300peTsiBaHe Ha THbHKOCIOMHU PE30OHAHCHU CTPYKTYPU Ha BBLITHWU Ha
INemb ¢ Wwmrpoka YecToTHa fleHTa MeXay Pe30HaHC M aHTUPE30HAHC

e [lpoekTupaHe, nMpPOTOTUNMPAHE W XapakKTepusnpaHe Ha LWUPOKO-
NEHTOBU KOMYHUKALUMOHHU hunTpu npu yectotn Hag 4 GHz



Hay4yHa HoBoCT

Temarta e HoBa no cBosl reHe3nc. C manpallaHeTo 3a nybrnvkyBaHe Ha
NbpBUTE eKkcnepumeHTanHu pesyntaty npes 2004 ce noctaBu Ha4asnoTo Ha
Hay4yHO MoJsie KOeTo € aKTMBHO M A0 OHEC M Beye [aBa CBOUTE MbpBU
nHOycTpuanHu pesyntatu. [lbpBoHayanHo, Temata ©Oele akTMBHO
pa3paboTBaHa B CbMNEPHMYECTBO C NPECTMXHU yHuBepcutetn ot CAL, a
npes nocnegHute 10 — 15 rogmHn ce BKNOYMXa aKTUBHO HAy4YHU rpynu oT
AnoHna, Kutam n Cudranyp. lNoseyeTo oT konerute paboTunun no remarta ca
OTAaBHa NPOMOTUPAHM KaTo Npodrecopu B NPECTMKHU YHUBEPCUTETU OT TOM
100. PaboTaTa no TbHKOCcnonHaTa JlemboBa TeXHONOrMA ce orpaHnyaBsa B
Hay4YHW opraHn3aumm ¢ YUCTU CTan C Bb3MOXHOCTU 3a NPOTOTUNUPaHE Ha
MUKpoenekTpoHHn n MEMC  KOMMNOHEHTW. N3nckBaHeETO  KbM
dMHaHCMpaHETO Ha TO3M TUM HaAyyYHUM U3CreaBaHMsA € TakoBa, 4e
orpaHu4yaBa BKJTHOYBAHETO Ha TBbPAE WMPOK KPbr OT HAay4YHU KONEKTUBMW.
[Mopaan cbLmTe NPUYNHKU, TEXHOMOMMATa Ce pa3BMBa MHAYCTPUANHO camo
BbB BUCOKO-TEXHOMNOrM4yHu abpxasu kato CAL, AnoHuna n Kutan.

PaboTarta BKMOYBa HAKOMKO HOBM acnekTa Ha nacnenBaHnATa, KOUMTO Ca
pa3BnBaHn CMHEPIrnM4HO BbB BpeMeTO C ornen nocturaHeTo Ha NnoctaBeHUTe
uenn. ACnekTuTe ca KakTo creasa.

e Pas3paboTBaHeTo Ha TEOPETUYHUTE MOAENM NpeAcTaBnABa afanTupaHe
Ha MOEenNu U3BECTHM B aHanm3a Ha NOBbPXHUHHM aKyCTUYHM BbIHU KbM
aHanusa Ha JlemboBu BbNHWU. 3a NpbB NbT ca aHanusupaHy Jlem6osu
pe3oHaTopu C Teopusi Ha CBbp3aHuTe BbIHU. Pa3spaboTeHn ca HoBU
mMeToan 3a edeKkTMBEeH aHanu3 Ha MUKPOaKyCTUYHW CTPYKTYpU Ha
b6asaTa Ha MeToda Ha KpalHUTE efnleMeHTM!.

e 3a npbB NbT € pa3paboTeHa TEXHOMorMs 3a MnpPOTOTUMNMPAHE Ha
PE30HAHCHN TBHKOCMOWMHN CTPYKTypu OT Jlem6oB Tun. Mo cbLecTBo,
TEXHOMOrMsaTa € agantMpaH BapuaHT Ha MHAyCcTpuanHata TeXHOMNOorus
Ha TBbHKOCMOMHUTE OOEMHWM aKyCTMYHW BbBIHU, KaTO Ca BbBEOEHM
OOMBbMHUTENHN TEXHOMNOMMYHN onepauun cneundunyHn 3a Jlembosute
CTPpykTypun. TexHonormata B MOCNeacTBME € ajantMpaHa KbM
NMEe30EeneKkTPUYHN CrioeBe MoslydeHn 4pe3 TpaHcdep oT obemeH
MOHOKpUcTaneH obpaseu,.

e Hapepn c n3obpetsiBaHeTo Ha JlemboBus pe3oHaTop Ha SO BbMHaA Ha
Jlemb6, ca un3obpeteHn JlembBoBM pe3oHATOPM C BbTPELLUHO-BBLITHOBO
pe3oHaHCHO B3aumogenctene mexgy A1 u SO BbnAHM Ha Jlemb.
N300peTeHn ca pe3oHaTopu C HyrneBa rpynoBa CKOpOCT Ha 6GasaTa Ha
S1 Jlemb6oBu BbSHU. 306peTeHu 3a pesoHaTtopu Ha A1 JlemboBu BbIHU
C BUCOK (haKTOp Ha €eneKkTpoOMEexXaHW4yHa Bpb3ka M BbH3IMOXHOCT 3a
paboTa Npy OTHOCUTENNHO BWUCOKM YECTOTU U MOBULLEHN MOLLHOCTM.
N300peTeHn ca pe3oHaHCHWN CTPYKTYpU C NEpUoanYHMN nuegecTtanuy ot
Bragg tun.



e lVoeHTuduUMpaHN ca HOBM NPUMOXEHUs B obnacTtrta Ha YecTOTHUS
KOHTPOJT U CEH30pUTE C BUCOKA PEe30oLMS.

MNMpakTuyecka NpuUIOXNMocCT

THbHKOCNOMHATa pe3oHaHCHa TexHonorna Ha JlemboBM MUKPO-aKyCTUYHU
BbJ/IHW NpeAcTaBnsiBa CbLUECTBEH AAN OT MUKPOaKyCTU4HATa TEXHOSOrns.
N3cnegBaHuaTa BKMAKOYEHW B gucepTaumsita ca 6unu BuHarM Bogewim B
noseTto 3a BpeMeTo korato ca 6unu nybnukyBaHn. B TO3n cmMuCbHA,
n3cnenBaHusTa ca u3BbpLuBaHn 6e3 aa ce npegnonara, Ye CTPyKTypuTe e
ca npunoxunmm B 6nm3sko 6baeule. B npoueca Ha pa3paboTBaHe Ha TemaTa
Ce yCTaHOBMXa HAKOSMKO NepCrneKTUBHU HanpasBIieHUsl B KOUTO Pe30OHaHCHUTE
npubopu oT JlembOB TUN UMAT U3BECTHWN NpPenMyLLecTBa Ha TEXHONOIMATA.
B yacTHOCT, Bb3MOXHOCTTa 3a MOCTUraHe Ha HUCKU LUYMOBE B reHepaTopu
cTabunmsnpann Yypes TbHKOCIONHN JlemboBM pe3oHaTopu B KOMBUHaUMSA C
BMCOKaTa YyBCTBUTENHOCT Ha Te3nW pe3oHaTopu KbM FpaBUMETPUYHU U
AedopMaUnoHHM BNUAHUA npeanonara M3nofi3BaHeTo MM B AaTyvun C
BUCOKa pesontouuns. PaguoyectoTHUTE TpaHCcopMaTopu Ha HarpexeHue
Ha 6asata SO TMN BbBLMHM OTBAPAT U3UANO HOB TWUM MNPUIIOXKEHUS B
KOMYHMKaL MM NPU HUCKUN EHEPrNNHN KOHCYMaumKn. JlemboBuTe BbiHM OT S1
Tmn B AIN mem6pann n ot A1 tnn B LINbO3 memBpaHn nmat cneununyiHmn
KadecTBa 3a NPUNOXeHNe B TENEKOMYHUKaLMOHHUTE chuntpu. MNpe3 M. Man
2025, Murata Manufacturing (Japan) 06581 nbpBusa cu Wnpoko-reHTos Wi-
Fi dountbp Ha Gasata Ha A1 JlemboBuTe BLAHW. [loneTo e Bce ouwe B
pasBuTUE, KaTo ce o4YakBa UHAYCTpUanHUTe npunoxeHus B 6baelle ga ce
yBenuyasar.

Anpobauus

Pe3yJ'ITaTVITe OoT Anceprtauundra ca.

e nybnukyBaHun B 21 pedepupaHn U MHOEKCUPAHU CMMCaAHUA C UMMNAKT
doakTop;

e [JoOKnagBaHM wn nNybnukyBaHM B 8 pedepupaHn u UMHAEKCUMpaHU
KOH(pepeHumn Ha IEEE B 4ykOunHa;

e [JoknagsaHu v NybrivkyBaHu B 1 KOH(pepeHUna ¢ Hay4YHO peueH3upaHe
Ha GOMACTech (microcircuit applications for government systems) B
CALL;

e ny6nukyesaHu B 8 npusHatn US nateHTa B CALL;

LUutupaHe: Kem OktomBpu 2025 B SCOPUS ca 3abensisaHn Hag 800
LMTUPaHNA (M3KITHOYBAMKM aBTOLUMTMPaAHMATA) Ha aBTOPCKM NyGnukaumm,
BKIMOYEHU B AMcepTaumusaTa, B Nosfie Ha HayYHW U NPUIOXHU M3CnenBaHus
CbC CcpefieH UMnakT dpakTop 2.



My6nukauun

OCHOBHM MOCTWXEHUA W pe3ynTaTm OT AucepTauuoHHUs TpyA ca
nyOnuKyBaHu B NPeCTUXXHM Hay4Hu cnucaHusa kato Applied Physics Letters
(AIP), Journal of Applied Physics (AIP), Transactions in UFFC (IEEE),
Journal of Microelectromechanical Systems (IEEE), Journal of
Micromechanics and Microengineering (IOP), Sensors and Actuators B
(Elsevier),  Solid-State Electronics (Elsevier), Ultrasonics (Elsevier),
Electronics Letters (IET). YacTt oT pesyntatute ca goknagsaHn B 0630peH
nokaHeH goknag Ha 2012 IEEE Int. Ultrasonic. Symposium (Invited Talk).

AnBepcuduumnpaHeTo Ha NydnukaunmTe KbM LLUMPOK KPbl OT U34aHUS €
HanpaBeHO C ornea MNOCTUrAHETO Ha MakcumanHa nyonuyHocT Ha
nonyyeHuTe pesynraTu.

CTpykTypa n o6emMm Ha gucepTaLuMOHHUSA TPpyA

AuncepTtaunoHHuaT Tpya e ¢ obem 281 cTpaHuum 1 ce CbCTon OT, yBof, 4
rnaBu, NPUHOCK, CIMCBK Ha BKItoYeHUTe nybnmkaumm (obLwo 38), CnUchK Ha
n3nonsBaHa nutepatypa, BkmouBawa 198 u3TOYHMKA, WM 3aKNOYeHue.
Pabotata BkntouyBa obwo 204 durypu, 21 Ttabnuum un 54 copmynu.
HomepaTta Ha dwurypute, dopmynute, Tabnvumte W uuMtatute B
aBTopedepara CbOTBETCTBAT HA T€3M B ANCEPTALIMOHHUSA TPy .




CbAbPXAHUE HA AUCEPTALUOHHUA TPY[

NMABA 1. MUKPOAKYCTUYHATA TEXHOJIOrnA NPEAU WU CIERD
U3OBPETABAHETO HA TbHKOCJIIOMHUA PE3OHATOP HA
JIEMBOBU BbJIHU

N3cneoBaHnaTa BbpXy TbHKOCNOMHATaA pe3OHaHCHa TexHOSIorma Ha
JlemboBM aKyCcTMYHM BBAHM 3anovHaxa npe3 2003 roguMHa, C NbpBU
eKCnepuMeHTanHu pesyntatM manpateHu 3a nybnukyBaHe npe3 2004 wu
nyonukyBaHn B Havanoto Ha 2005 [1]. B nocneaBsawmte 10 rogmMHu Tasu
Tema 6elle 0BEeKT Ha W3KMHYUTENHO MHTEH3MBHU Hay4yHU M3CneaBaHus,
KOUTO npoabrikasaT U 4O AHec. Bb3HWKBAHETO Ha ToBa Hay4yHo norne Gele
CTUMYNUPaHO OT HeobxoaAMMOCTTa 3a yBeNnumyaBaHe Ha paboTHUTE YeCTOTH
Ha  MUKPOAKyCTUYHWUTE  pe3oHaTopu  4Ype3  U3NON3BaHeTO  Ha
KOHBEHUWOHaNHN ooTo-nMTorpadpckn cCUCTemmn ¢ MHQycTpuanHa 3Ha4nmMmocT.
[lBa OCHOBHM TuMa MUKPO-aKyCTUYHU TEXHOMOMMW [OMWHMPaxa B Te3n
roguHn.  TexHonormsata Ha MNOBBbPXHUHHUTE aKyCTUYHW BbIHU Gelle
npegcraBeHa OT NPUNOBBbPXHUHHUTE BbMNHU (LSAW) 1 oT TemnepaTypHO
KOMMEHCMpaHUTe NoBbLPXHUHHM BbHKM OT Rayleigh Tnn (TC-SAW), kouTo ce
Xapaktepuampar C HuUCKa CcebecTOMHOCT W OTHOCUTENHO  NEeCHO
npouMs3BOACTBO 3@ CMETKAa Ha  OrpaHN4YeHuTe UM KayeCTBEHMU
XapaKkTepuUCTkn. Tesn TMnose yCTponcTBa Bsixa C orpaHMyYeHn Ka4eCTBEHN
dakTopu (Q) n paboTHu yectotn ganed nog 3 GHz. [pyrata TeXHOMOrms
KOATO JOMUHMpaLLe na3apa belle ThbHKOCNOoNHaTa pe3oHaHCHa TEXHOSOrms
Ha o06eMHM akycTuyHn BbAHM (BAW), KOATO wuMalwle 3HavuTenHu
npeguMmcTBa B YeCTOTHUS AnanasoH Hag 2 GHz, cBbp3aHu CbC 3HAYUTESTHO
nogobpeHne Ha kadecTBeHus paktop M geduHupaHe Ha paboTHaTa
4YeCcToTa KOeTo He U3NCKBa CroXHU poTo nutorpadpcku npouecn. Creasa
0030p BbpXy €BOMoLUUATa Ha Te3n KMOYOBU TEXHOSOMMU, KOWTO BKMOYBA
BpeMeTO npeau 1 creq n3obpetssiBaHETO Ha TbHKOCHOWMHATa pe3oHaHCHa
TexHosorns Ha JlemboBn akyCcTuyHM BbiAHW. To3n ob30p Mma 3a uen ga
nokKaxe KOHTEKCTa B KOWTO Bb3HUKBAT M3cneadBaHUATa B AucepTaumdarta
BbpPXY TbHKOCNOMHATa pe3OHaHCHa TexHororms Ha JlemMboBM aKyCTUYHU
Bb/IHU. CbLO Taka e rnpocrnefeHa eBoniounATa Ha Te3n TeXHOnornm Ao
OHecC.

1.1 TexHOMNormMa Ha pagumo4vYeCTOTHUTE THHKOCNIOMHU pPe30oHaTOpPU Ha
06eMHMN MUKPO-aKyCTUYHUN BbITHU

TexHonornaTa Ha paguovecTOTHUTE TbHKOCNOMHW pe3oHaTopu Ha
0BEMHN MUKPO-aKyCTUYHM Bb3HMKBA C U300pEeTABAHETO HA THHKOCNOWNHUS
obemeH akyctnyeH pesoHaTop npeam nose4ve ot 30 roguMHm oT Kenneth
Lakin [3] oT lowa State University, CALL. Te3n TbHKOCNONHN pe3oHaTopwu
n3nonssaT MNMe3oenekTpuYHU c-opueHTUpaH TbHbK cnor AIN HaHeceH
BbpXy cunuumeBa nognoxka (Si). Tasm koHuenuma Oelwwe [eTansnHo
pa3paboTeHa n gosegeHa To uHaycTpuanHa spsanoct ot Rich Ruby [4], kaTo
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yacTt oT HP Labs, Palo Alto, CALL. Ton BbBeae n NbpBus NPOAYKT Ha Tasu
TEXHOMNOMMS C NPUMOXEHNe B KOMYHUKAUWMOHHUTE MOAYNM Ha MOOUNHUTE
Tenedgonn npes 2000r. — 2001r.. MNocnegBalwoTo AeceTuneTne B MUKPO-
akycTukata, Oelwe [peceTuneTMeTto Ha TbHKOCMOWMHATa pe3OHaHCHa
TEXHONOrMs Ha 06EMHU aKyCTUYHM BBITHWU, KOUTO AEMOHCTPUpaxa paboTHU
XapakTepucTukmn ¢ 6eanpeueneHTHN Ka4ecTBEHN nokasaTtenn. ToBa MbpBO
TEXHOMNOIMMYHO MOKOSIEHME OeMOHCTpupa kKavectBeHn cdaktopu Q ot 5000
npu 2 GHz paboTHa 4ecToTa, KaTO CbLUEBPEMEHHO TemnepaTtypHarta
YyBCTBUTENHOCT W MakcMmanHata MOLWHOCT Ha npubopute 6sxa
3HAYUTESTHO NO-400pKN OT JOCTUTHATUTE OT KOHBEHLMOHANHaTa TEXHOOMs
Ha MNOBBPXHWUHHM aKyCTUYHM BbBAHW. 3a pasfvMka OT MOBbPXHUHHUTE
aKyCTUYHM BbBJIHKW, pe3OHaHcHaTa 4vectoTa ‘F° Ha 0BeMHUTEe aKyCTUYHU
pe3oHaTopu ce onpeaensa npnbnnanTenHo ot gedenMHara Ha YCTPONCTBOTO
‘d’ kakto F=V/(2d), kbgeTo V e CKOpOoCTTa Ha aKyCcTM4yHaTa BbJiHA. 103U
acnekT Ha TexHosnorusTa, npegonpenens KPUTUYHOTO 3Ha4YeHue Ha
KOHTpona Ha pgebenuHata Ha TbHKUMTE CIOEBE KaKTO W TAXHaTa
paBHOMEPHOCT Ha pJebenuHaTa no udnata naow, Ha cunuuyueBaTa
nracTuHa, ¢ orneg NocTUraHeTo Ha BMCOK paHAemMaH B NMpou3BOACTBOTO.
ToBa camo no cebe cn N3NCKkBa MHOXECTBO AOMbNHUTENHN METPOSIOMMYHU
N KOMMEHCMpaly npouenypu, KoeTo rnpaBu MPOU3BOACTBOTO Ha Te3n
KOMMOHEHTM MO CKbMNO B CPaBHEHME C TEXHUTE aHano3n Ha MOBBbPXHMHHMU
aKyCTU4yHM BbBbIHW. [lo TasuM npuynHa, 3Ha4YMMuM u3cregBaHusa Osixa
HanpaBeHWN MO OTHOLLUEHME NoAobpsIBAHETO Ha PabOTHUTE XapaKTEPUCTUKN
Ha NpubopuTe Ha NOBBLPXHUHHWU AKYCTUYHW BBLITHW, KOETO 0OpMU €aHO
arpecmBHO TEXHOJSIOMMYHO CbpPEBHOBaHWE, KOETO NpoabikaBa M 0O AHeC.
Mpeaun okono 15 rogmnHn, Sc nernpaxHnsa AIN cnon 6ewe n3obpeteH ot M.
Akiyama [5], KOWTO HaBnese LWNPOKO B TbHKOCOMHATa pe3oHaHCHa
TEXHONormst Ha 06eMHM akyCTUYHM BbITHWU. [JeMOHCTpMpa ce 3Ha4YuTesrHo
nogobpsiBaHe Ha NME30ENEKTPUYHOCTTA KaTo (PYHKLMS HA KOHLEHTpauusaTa
Ha Sc B cnos AIN. [NpakTnyecku, ToBa NO3BONM 3HAYUTENHOTO yBENMyaBaHe
Ha YyecToTHaTa fleHTa MeXay Pe30oHaHC U aHTUPE30HaHC Ha pe3oHaTopuTe,
KaTO CbLUEBPEMEHHO OrpPaHUYEHOTO YBESIMYEHWE Ha [OuenekTpuyHaTta
NPOHMLUAEMOCT  MO3BOSIM M3BECTHO HamandBaHe Ha pasMepuTe Ha
pagnodecToTHUTE ounTpu. MNbpBUTEe MHoroobewaBalin pesyntatm bsixa
nybnukyBaHn BegHara creg OTKPUTMETO Ha HOBUSA MNUE30ENIEKTPUYEH
mMartepuan [6, 7] KaTo MHTEH3UBHUTE U3CreaBaHua npoabiikasaT u gHec. B
pes3ynrtar, BTOPOTO MOKONIEHNE TbHKOCIIONHU pe3oHaTtopu Ha ob6eMHu
aKyCTUYHM BbiHN € 6asnpaHo ocHoBHO Sc nernpanun AIN TbHKU croese CbC
Sc KoHueHTpaumm ot okorno 10% n no-ronemu. MNoHactosiwem, AISCN TbHKK
cnoeese CbC Sc KoHUeHTpauun Haaxebpnawm 30% ca Heobxoanmu 3a
NPOEKTUPAHETO Ha LUMPOKOSIEHTOBU TENTEKOMYHUKALMOHHU omvnTpu nofd 7
GHz. Hanocneaobk ce AgemMoHCTpupaTt, pe3oHaTopu C KoeduumeHT Ha
enekTpoMmexaHnyHa Bpb3ka Hag 20% u kadecTtBeHn daktopm Q Hag 1000
npu 4yectota ot 6 GHz [8]. lMpoekTMpaHeTo U MNPOU3BOACTBOTO Ha
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pe3oHaTopu B TO3M YECTOTEH [Manas3oH € npeau3BuMKaTenicTBO, 0CODEHO
KoraTto ce TbpCu BUCOK paHAemMaH B MacoBOTO MPOM3BOACTBO, KbAETO ca
HeobxoAuMMN KakTo doyHKUMOHanHa Taka u gebennHHa paBHOMEPHOCT Ha
cnos no usanata nnow, Ha 6" n 8" cunuumeBn nnactuHW. Heobxoanma e
CblLLUO Taka NOBTOPSEMOCT Ha pe3ynTtaTute OT MNpoLecuTe Ha HaHacsHe
BbPXYy pasfniMyHMTE CUNUUMEBM MMACTUHU KOUTO popMupaT MacoBOTO
NnpPoOM3BOACTBO B roremMmun konuyecrtsa. Beye nma cbliecTBeH Hanpeabk B
Tasn obnacTt BbNpeKU , 4e OOMbHUTENHM NogobpeHna ca Heobxoaumm [9].
EoHo cneumduyHo npeamsBuKaTeNCTBO € CBbP3aHO C MoBMLLABaHE Ha
paboTHaTa YectoTa Hag 4 GHz, npu koeTo cnost AIScN cTaBa U3KNIOYUTENHO
TbHBK 40 250 Nnm, Npn KOETO NOCTUraHETO Ha AebennHHa n yHKuMoHanHa
paBHOMepHOCT € TpyaHo. [lpn paboTHM 4yectotm Hag 6 GHz, e no
NoaXOAALO NPOEKTUPAHETO Ha 0BEMHUN aKyCTUYHM pe3oHaTopu Ha basaTta
Ha  KOMMO3WTHM  MHOFOCIIOMHWM  CTPYKTYypM C  B3aMMHO-OObpHaTa
nonapusaumsa Ha cbCcegHUTE NUe30eNIeKTPUYHN crioeBe. TakmBa CTPYKTYpu
ca edektnBHM 3a paboTta npu Mo-BUCOKM XapMOHUUM (0OepTOHOBE) Ha
obeMHaTa aKkyCTu4Ha BbJIHA, KaTO 3anasBaT koeduuMeHTa Ha
eriekTpomMexaHu4Ha Bpb3ka Ha npubopute n TexHus kadyectseH daktop Q.
B oonbnHeHue, nopagu no-mankusi HatoBapsal, ePekT Ha enekTpoanTe B
TakmBa CTPYKTypu, aebenuHata Ha AIScN crnoeseTe e 3HA4UMTENHO MO
ronsiMa B cCpaBHeHMe C npubopuTe Ha doyHOaMeHTarneH pe3oHaHc. Tosa
obycnass no gobbp KOHTPON Ha MNpoLEecUTe KOMTO € yCBOeH Aobpe npwu
HaHacsHeTo Ha no-gebenu cnoese AIScN. MHoro Ba)eH acnekT Ha
paboTaTa npy KOMMNO3UTHU TbHKOCIIONHU CTPYKTYPU Ha BUCOKM 06epTOHOBE
€ Bb3MOXHOCTTa 3a nogobpsiBaHe Ha MU3OPBXKNMBOCTTA MO MOLHOCT, Npw
NofoXXeHue , Ye yCTpoucTBaTa 4EMOHCTPUPAT BUCOKM Ka4eCTBEHU (hakTopu
CpaBHMMM C KOMMOHEHTUTE paboTewm Ha pyHOAaMeHTaneH pe3oHaHC.
MpaBunata 3a 4ecTOoTHO MawabupaHe Ha pagnoyecToTHUTe unTpy,
M3NCKBA M3MNOM3BAaHETO Ha pe3oHaToOpU MNpPUM KOUTO OTHOLUEHWETO Ha
nepMMmeTbpa Ha enekTpoamTe CnNpsIMO TAXHaTa NoLl ce Malwiabupa KakTo
1/F (kboeTo F e pesoHaHCHaTa 4ecToTa), NnowTa Ha enekTpoguTte ce
mawlabupa kakto 1/F2, a obema Ha pe3oHaTopuTe ce mallabupa kakto 1/F3,
B pesyntaT, KOMMNOHEHTUTE Ha (PyHOAMEHTaNeH pe3oHaHC C NpUIIoXeHue
npu duntpu nog 7 GHz crtaBart TBbpAEe Mankm kato obem, KOeTo
npegnonara 3Ha4YUTESNTHO 3aBULLEHM HMBA Ha eHeprumMHaTa MibTHOCT B
ycTpoucTBata W CbOTBETHO HaMarieHa W3OpPbXIMBOCT MO  MOLLHOCT.
OToenHo, TOMMIMHHOTO CbMPOTUBIIEHWE HapacTBa C HamansBaHETO Ha
nroLTa Ha ycTponcTeaTa rnpu KOeTo OTAENSHETO Ha TonnunHaTa Npy BUCOKN
MOLLHOCTN Ha paboTa (TunuyHo 1 W — 2 W) ctaBa 3aTpygHeHo. He Ha
nocneaHo MACTO, OTHOLLEHMETO MeXAy NOoLY 1 NepUMETbp Ha enekTpoanTe
HamansiBa KoeTo npasBu edekTuTe CBbp3aHM C pbba Ha enekTpoda Aa
OOMUHMPAT paboTHUTE XapakTEPMUCTUKN Ha YCTpPOMCTBATa KaTo Hamanseat
TEXHUS KayecCcTBEeH akTop M YyBenMyaBa BINAHMETO Ha HeXenaHu
napasntHM BbAHW. BcuYko TOBa MOTMBMpPA TEKyLLOTO pasBUTME Ha
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TEXHONorusiTa KbM TPETO MokKoneHne 6asvpaHo Ha  KOMMO3UTHU
nMe3oenekTpuyHn membpaHn edekTMBHM 3a paboTa Ha MO BUCOKM
obepToHoBe. [MoHacToswem Akoustis Inc. (SpaceX) e koMnaHud, KOATO
WHTEH3MBHO pa3BMBa Ta3n TEXHOSOrMs 3a nasapa. TexHONOrMYHUTE acneKkTu
BKNIOYBAT HaHacsAHe Ha enuTakcuanHu 1 nonukpuctanHu crnoese AIScN,
TEXHUKN 3a oOpbliaHe Ha nonspusaumstTa M TEXHUKM 3a TpaHcdep Ha
cnoese KaTo YacT OT NpPoM3BOACTBOTO Ha pe3oHaTopu u countpu [10]. Tasu
TEXHOMNOrMsS YynecHaBa 4YeCTOTHOTO MalwlabupaHe Ha pes3oHaTopuTe B
4YecTOTHUSA amanasoH mexay 5 GHz n 15 GHz n e ¢ MmHoro gobpwu nsrneau
No OTHOLLEHWE Ha MacoBOTO MPOU3BOACTBO, €BOSIOUPANKMA MO TO3M HAYUH
KbM TPETO MOKOSIEHNEe pe3OHaHCHa TEXHOSorma Ha OBeMHM aKyCTUYHMU
BbJIHM CbC CNEUNPUIHO NPUNOXEHNE BB BUCOKUTE YeCcTOoTU. EQMH HOB K
obelwaBal, MeTod 3a MONAPM3aUMOHHO  WHBEPTMPaAHE  WK3rnonssa
doepoenekTpnyHoTo noBedeHne Ha Sc nermpaH AIN cbCc Sc KOHUEHTpauus
oT okono 30%. YecToTHa HacTporka 1 NpeBKoYBaHE Ha nonspusaumnaTa
Ha TbHKocromHn AISCN ob6emHM pesoHaTtopn 6axa Hanocneabk
AeMoHcTpupanu [11].

1.2 TexHOonorna Ha pagMoO4YeCcTOTHMUTE pPe3OHaTOPU Ha NMOBBLPXHUHHU
MUKPO-aKyCTUYHUN BbJTHU

BbB BpeMeTo pagnodectoTHUTE Npubopn Ha NOBBbPXHUHHU aKyCTUYHMN
BbJ/IHW eBosiloMpaxa npe3 Tpu SACHO OTAEeSIeHWN MOKONeHusA. 3anoyBanku ¢
NPUNOBBPXHMHHU aKyCTUYHU BbAHW (LSAW) pasnpocTpaHsBawm ce nopg
noBbpxHoCcTTa Ha 36° — 48° 3aBbpTeHU Y-cpesoBe Ha LiTaOs, npean okono
20 roguvHn TexHororusata ce OBHOBWM KbM TemnepaTypHO KOMMEHCUpaHu
NOBBbPXHUHHM akyCcTU4YHU BbIHU (TC-SAW) Bbpxy 128°Y-cpes LiINbO3 3a na
esostonpa npegn 10 rogMHn OO MHOTrOCIIOMHA CTPYKTYypa Ha NOBBbPXHUHHU
akyctnyHm BbnHu (I.LH.P SAW) pasnpocTpaHsaBaLlm ce Ha NOBbPXHOCTTa Ha
nnesoenekTpuk Bbpxy auenektpuk (POI) komnosntHu nognoxku [12].
O6ukHOBEHO, nNMes3oenekTpuka e nog opmata Ha TbHbK crnon oT LiTaOs
nnn LiNbO3 moHOKpucTan cbe 3aBbpTAH Y-cpes Ha Kpuctana. 1o ceodaTta
npupoaa |.H.P SAW TexHonornaTa npnHaanexm KbM Knaca Ha BbfiHUTE Ha
Love. [llo cneuudunyHo, TOBa npeacTaBnsBaT akyCTUYHU BbBITHU C
OOMUHMpALLLA HanpeyHa nonsgpusauma 3arnoBeHUM KbM MOBBbPXHOCTTA
NnocpenCcTBOM CrON CbC CKOPOCT Ha aKyCTM4yHaTa BbJfiHa Mo Marka OoT Tasu
Ha obeMHna maTepuan nog cnog, B crnyvyasa ToBa e KOMOMHaUUSA OT TbHBK
cnon LiTaO3z npeHeceH Bbpxy cunuvuuesa Noasioxka. BaxHo npeanmcTBo
Ha TexXHONormsaTa Ha MOBBLPXHUHHUTE aKyCTUYHW BBIHW € B TOBa, 4e
4YeCTOTHOTO MawabupaHe Ha yCTponcTBata Ce U3BbpLUBaA MNOCPELCTBOM
doTo nuTorpadus, gokato gebenuHarta Ha nognoxkaTa He € OT 3Ha4YeHue.
BbnHute ce Bb3byXkaoaT nocpeacTtBOM  HacpewHo rpebeHOoBMAHM
npeobpasyeatenu (IDT), uunto nepuog ‘p’° onpenenst pesoHaHcHaTa
yectota npubnuantenHo kato F=V/(2p), kbaoeto V e ckopocTTa Ha
NOBbPXHWHHATA aKyCTUYHa BbSIHA. TPETOTO TEXHOSIOMMYHO MOKOSIEHNE
NOBbPXHMHHM aKYCTUYHM BBIHM B MOMEHTa JOMMHMPaA nasapa Ha
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TenekoMyHUKauuoHHn cuntpn npu dectotm go 3 GHz, kato nokasea
paboTHM XapakTEPUCTMKM CPaBHMMM M YECTO HadBulIaBaWM Te3n Ha
THbHKOCIIOMHATa pe30HaHCHa TEXHOMOMMs Ha 00EMHU aKyCTUYHM BbJTHM NPU
no Hucka cebectonHocT. 3a Aa ce cTurHe oo Tyk obaye nscneaBaHusTa Ha
NOBbPXHUHHMUTE  aKYCTUYHW BbMNHM  BKMOYBaxa nogobpsiBaHe Ha
KayeCcTBeHUS pakTop U HamansaBaHe Ha TemrnepaTypHaTta YyBCTBUTENHOCT
Ha KOMMOHEHTUTE OT BTOPOTO TEXHOMOMMYHO nokoneHue. Cbwo Taka,
3Ha4YMMK nscnegBaHma 6sixa N3BbPLUEHN NO OTHOLLIEHME MNPUMOXEHMETO Ha
NOBBPXHUHHM aKyCTUYHM BBJTHU PasnpoCcTpaHsBaLLm ce BbPXY NOASNOXKN C
BMCOKMN CKOPOCTM Ha aKycTu4yHaTa BbSfiHA. B TakmBa KOMMO3UTHU CUCTEMMU
NOBBbPXHUHHUTE aKyCTUYHW BBLIHW MoOraT ga AOCTUrHaT dha3oBuM CKOPOCTHU
Hag 10000 m/s, KoeTo e Hafd 2 MbTU NO rofnsiMa CKOPOCT OT CKOPOCTUTE Ha
LSAW n TC-SAW B koHBeHuUuoHanHun noanoxkm ot LiTaOs m LiNbOs.
Bucoknte CcKOpoCcTM Ha MNOBBbPXHUHHUTE aKyCTUYHM BbIHW gaBaT
Bb3MOXXHOCT 3a mauwabupaHe Ha YeCTOTUTE KbM MO BUCOKM CTOMHOCTM NpHU
N3noni3aBaHe Ha KOHBEeHUMOHanHa oTto nutorpadusa. Kato 4yact ot
TEXHOSTOTMYHOTO CbPEBHOBAHME C TEXHOMNOMMATA Ha 06EMHUTE aKyCTUYHM
BblHM Oewe noka3zaHo, 4e AIN/Diamond KomMmno3umTHa cucTtema
OEMOHCTpUpaA €dHa OT Hal BUCOKATE CKOPOCTU Ha MNOBBbPXHMHHATA
aKycTuyHa BbrfHa B npupogara [13]. To3u pesynrtart crnegsa oT dpakra, ye
NOBbPXHUHHATA aKyCTUYHa BbJIHA Ha MOBBbPXHOCTTA Ha AMamMaHTa UM Haw
BUCOKaTa CKOPOCT Cpe BCUYKM OCTaHann matepuanu, u no To3m HauuH, npu
KOMOUHMpPaAHe C NMe30eneKkTpuUYeH Cnoun ce noslydaBsa matepuaneH HocuTen
C MNWEe30ENEKTPUYHO aKTMBHA TMOBBbPXHMHHA aKyCTM4Ha BbfHA C
be3npeueaeHTHO BUCOKa dba3oBa CKOPOCT, KOSATO MOXE Aa Ce U3rnon3Ba BbB
BUCOKOYECTOTHM pe3oHaHcHU npubopwn [14]. B pamknte Ha noseve ot 10
roguHn, ToBa Mosfe AOMUHMpalle B M3crenBaHusiTa Ha MNOBBLPXHUHHUTE
aKyCTMYHM BBJIHU, HO NMpakTU4eckaTa peannsaumna ce orpaHu4n ot nivncaTa
Ha CbLUECTBEH HanpeabK B TEXHOMOrMATa 3a HaHacsiHe Ha OWaMaHTHU
nokputma 6e3 makpo aedekTn n ¢ HUCKa ueHa. B noBevyeTo nacneaBaHus
ce n3nonssalle rnonukpucTaneH guamMaHT, KOUTO € C OrpaHMYEeH Ka4yeCcTBEH
drakTOp Ha MUKPOaKyCTUYHUTE BBbITHU. B KOHTEeKkcTa Ha Te3u nscnenBaHus,
Oewwe oueHeH noteHumana Ha SO JlemboBuTe BbIHM B TbHKK cnoese AIN.
To3n BMAO BbfHA Ce XapaKkTepusupa C Marka Agucrnepcusi Ha BBbIHOBOTO
yncno, pasosa ckopoct oT okonio 10000 m/s u e ¢ HUCKM 3arybu npu
pasnpocTpaHeHune. Te3n xapakTepuctmkm obocHoBaxa pasriexgaHeTo Ha
SO0 JlemboBata BbnHa kaTto obelwlaBawa anTepHatMBa  Ha BWUCOKO
CKOPOCTHUTE MOBBLPXHUHHM aKyCTUYHW BbIIHM BbPXY AnamaHT. ToBa
cneundunyHO pasBUTUE Ha TEXHOSOIMATa € pasrnegaHo B No-ronsim geTtamns
B cnegpawarta 4act. [loHactosiwem wuscneaBaHuUsitTa Ha MOBBbPXHUHHU
aKyCTUYHM BBIHU ca (POKycupaHn nNpeguMHO BbPXY Bb3MOXHOCTTA 3a
mMawabupaHe Ha 4vectotaTta 00 6 - 7 GHz B MHOrocnomHM KOMMO3UTHMK
cucteMn OT Tuna nuesoernektpuk — guenektpuk (ILH.P SAW). EgHa
Bb3MOXHOCT 3a 4ecTOTHO MauwabupaHe e npe3 nporpeca BbB HOTO
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nutorpadusaTa, KOUTO MO3BOSISIBA W3MNOM3BaHETO Ha KOHBEHLWOHANHUTE
MHOIFOCMNOMHM NoanoXkn go vyectotn ot SGHz [15]. 3a cbxaneHue, ToBa
YeCTO Hanara nutorpadus C pesoniouna OTBbA pesonouusTa  Ha
cucteMmnte pabortelwm B AbNOokus yntpasuoneTos crnektbp (DUV). Opyra
Bb3MOXHOCT, KOATO B MOMEHTA Ce NpoyyBa, € CBbp3aHa C U3MN0SI3BaHETO Ha
LINbO3 TbHBK cCrnom cbC crneunmdunyeH cpe3 BbPXY BUCOKOCKOPOCTHA
noanoxka ot 4H-SiC. Ta3sn koMno3nTHa cucTtemMa ce NPoeKTMpa Taka ye aa
Oboe edekTMBHa MO OTHOLWIEHWE Ha Bb3OYXOAaHETO Ha HaATbXHU
NPUNOBBLPXHUHHN akyCTUYHU BbAHWM (LLSAW) c Bucok koeduuumeHT Ha
eneKkTpoMexaHuyHa Bpb3ka [16]. Tasn akyCTuU4Ha BbilHA, YeCTO Hapu4vaHa
SO0 — nopgobHa, uma 50% no-ronisima asoBa CKOPOCT B CpaBHEHWE C
KoHBeHUumoHanumte LSAW, TC-SAW, IHP SAW un no 1031 Ha4uH
no3songaBa NPoeKkTupaHeTo Ha pe3oHaTopu ¢ 50% no ronama nepmognyHoCT
Ha HacpellHo-rpebeHoBMaHNA npeobpasyBaTen nNpu cbuwarta paboTHa
yectoTa. Tasu cneumpunyHa BUCOKOCKOPOCTHA MOBBLPXHWHHA aKycTU4Ha
BbJiHa uanonsea 4H-SiC kaTto 3amecTuTen Ha gMamaHTa. 3a pasnuka oT
nonMKpuctTanHute guamMaHtHu nokputnsa, 4H-SiIC e ¢ MHOro BUCOK
KayecTBeH dakTop. ANTepHaTUBHO, BUCOKO-CKOPOCTHUS MaTepuan nopg
NMe3oenekTpuyHMs cnon Moxe pga 6O6baoe 3amMeHeH C  pasnpegerned
akycTudeH otpaxaten ot Bragg tun [17]. Tean TexHonornyHn paspaboTkm
ce npoyysaT B MOMEHTa M npu ycrnex buxa mornn ga npeanoxart peLueHus
3a LUMPOKONEHTOBU TENEKOMYHUKALUMOHHM (PUNATPU B YECTOTHUTE FEHTU
n79, Wi-Fi 5, Wi-Fi 6.

1.3 TexHONoOrMa Ha paguo4vYecTOTHUTE THHKOCIIOMHU pPe30HAaTOpPM Ha
Nlem60BY MUKPO-aKyCTUYHU BbJTHU

Bbnpeku , ye pasrnexgame Tpu OTOENHU MUKPOAKYCTUYHU TEXHOMNOIMN,
Ha NpakTuka Te umaTt obu, pusndeH pyHaameHT. N B Tpute ce nanonasear
MUKPOAKyCTUYHU BbJTHM KOUTO Ca BBLIHOBOLHW B cpefaTta U No TO3W Ha4uH
ca CcnocobHn fa 3agbpXaT eHeprusTa B OrpaHMyeHa nNpOoCTpaHCTBEHa
obnact. Ha curypa 1.1 ca nokasaHn UCNEPCUOHHNTE XapaKTEePUCTUKN Ha
BbNHMTE Ha JlemO OT pgBata HaW HUCKM nNopsiabka, KOUTO ce
pasnpocTpaHaBaT B nnactvHa ¢ gebenuHa ‘d’. CTpaHW4YHOTO BBLITHOBO
ynucno Kxy=2m/A ce peuHMpa OT Ob/KMHATA HaA BbHata A no
npoab/MKEHNEe Ha nnactuHaTa. JlemboBata BbnHa AQ, nNpeacTasngBalla
aHTUcumeTpuyHaTa JlemboBa BbSfiHA OT HaM HUCBLK NOPSAALK € BbiHaTa C
Han HMCKa dba3oBa CKOPOCT B NfiacTUHATa U ce Xapaktepusunpa ¢ npeanmMHo
BEepTUKANHO  HanpeyHa nonspusaumda. JlemboBata SO  BbSHa,
npeacrtaeBnsiBawa cumeTpuyHata JlemboBa BbSfiHA OT Hal HUCBK NOPSAObK, €
BUCOKO CKOPOCTHA M HMUCKO [OUCMNEPCUMOHHA BbSIHA KoraTto ce
pasnpocTpaHaBa B aKyCTUYHO TbHKM nnactuHu. dasoBaTta ckopocT Ha SO
BbfHaTa AobnmkaBa CKOPOCTTa Ha obemHaTa HagmbXHO nonspusnpaHa
nrocka MOHOXpOMaTUMYHaA BbMHA B cpejarta, KOSATO € BuHaru Haw
BMCOKOCKOpPOCTHaTa MNfocka MOHOXpoMaTuyHa BbnHa. JlemboBata A1

13



BbfHa, NpeAcTasBnsBalla aHTucumeTpuyHa JlemboBa BbfHa OT MbpBU
NOpPsiAbK, Bb3HWKBA OT (DyHAAMEHTANTHUSA Pe30HaHC Ha HanpevHaTta nrocka
BbfnHa no gebenuHa Ha nnactvHaTta. To3n BbLIHOB BUO UMa KpUTUYHA
4yecToTa CbBrnagawa ¢ dyHOamMeHTanHata pe3oHaHCHa 4ecToTaTa Ha
nnockata HanpeyHa BbnHa. JlemboBaTta S1 BbfHa, NpeAcTaBnsBalla
cumeTpuyHa JlemboBa BbMHA OT MbpPBM  NOPAAbK, Bb3HUKBA OT
dyHAaMeHTanNHUA pe3oHaHC Ha HagMmbXHaTta nnocka BbfHa no gebenuHa
Ha nnactuvHaTta. To3n BbAHOB BUA MMa KpUTUYHa Yectota fp no manka ot
dyHAamMeHTanHaTa pe3oHaHCHa YecToTaTa Ha nrockata HagnbXHa BbiHa
fr . B cnyyasa Ha akycTudHo gebena nnactuHa (Kxyd>>1) gucnepcmoHHuTe
KpMBM Ha BCUYKM JlemboBM BbAHWM ce gobnwxkaBaT KbM AucnepcusiTa Ha
NOBbPXHMHHATaA akycTUyHa BbfHa B nony-0eskpanHa cpepa. Taka,
NOBBLPXHUHHUTE aKyCTUYHM BBIHW NpeAcTaBnsaBaT rpaHWYeH crydanm Ha
JlemboBuTe BbNHM B nony-6e3kpaniHa cpeaa, Aokato 06eMHUTE aKyCTUYHM
BbJTHM NpeacTaBnsiBaT rpaHMYeH cny4yam Ha JlemboBa akyCcTuyHa BbiHa npu
Kxy=0 (6e3kpainHa cTpaHn4Ha ObImKMHA Ha BbnHaTa (A).

Original Plate Surface S  Particle Motion

—h
=

7

Original Plate Surface 4  Particie Motion

Frequency

Normalized Plate Thickness

a) 6)

®urypa 1.1 JlemboBM BBIIHM OT HUCHLK MOPAOBK B aKyCTUYHO TbHKM MNNACTUHW a)
Monspusaums Ha JlemboBuTe BbHM 6) [lucnepcus Ha JlemboBuTE BBbITHM

Kakto e o1bendasaHo, TbHKOCMOMHATa pe30OHaHCHa TEXHOMNormsa Ha
JlemboBM akyCTUYHKN BBIHU € n3obpeTteHa B onNuT fa ce pewiat npobnemu
CBbp3aHM ¢ MawabmpaHeTo Ha YecToTaTa NpPU NOBbPXHUHHUTE aKyCTUYHU
Bb/IHU. [lo TasuM npuyumHa, MbpeBUTE NpOTOTUNUPaHe ycTpoucTtea [1, 2]
nanonseaTt SO BbNHM Ha Jlemb pasnpocTpaHsiBalimM ce B TbHKa MembpaHa
oT nue3oenektpudeH AIN, KOWTO ce 3Hae KaTo MaTtepuan ¢ BUCOKA CKOPOCT
Ha HagMbXHO MNonspuaMpaHata nnocka obemHa BbfHaA. B yactHocT SO
aeMoHcTpupa dasoBa ckopoct oT okono 10 000 m/s B koMbuHaUust CbC
cnaba gucnepcusa Npu pasnpocTpaHeHne B akyCTUYHO TbHKM nractmHn [18].
Ha npaktuka, SO BbnHata B AIN membpaHu geMoHcTpupa no-cnaba
ONCNEPCUS Ha CKOPOCTTa U MO BUCOK KOEULMEHT Ha eneKkTpoMexaHU4Ha
Bpb3ka B CpaBHEHWE C BbfIHATa Ha Sezawa OT MNbpBM MOPSABK
(MoBBPXHWHHA akycTu4Ha BbiHa) Bbpxy AIN/Diamond/Si nognoxka [18].
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6)
durypa 1.2. XapakTepuUCTUKN Ha pasnpoCcTpaHeHMe N Bb3byXxaaHe Ha Obp3n akyCTUYHU

BbJHN B TbHKOCNONHKU CcTPYKTypun Ha AIN a) [lucnepcus Ha ckopocTTa 6) KoedpuumeHT Ha
enekTpoMexaHuyHaTa Bpb3ka

Electromechanical Coupling [%]

Acoustic Wave Velocity [m/s]

0.1

Ha dwurypa 1.2 ca nokasaHn npecMmeTHaTUTE [OUCMEPCUOHHN
XapakTEpUCTUKM  Ha  drasoBaTta CKOPOCT U KoeuumeHTa  Ha
enekTpoMexaHn4yHa Bpb3Ka, u3non3eamku metoga Ha Adler [19], 3a
NbpBUTE OBE MNOBBPXHWHHM BbIIHM HA Sezawa B KOMMO3UTHa CTPYKTypa
ALN/Diamond B cpaBHeHue c JlemboBata SO BbnHa Ha Jlem6 B AIN
THbHKOCIONMHA MeMbpaHa. Han HuckodecToTHaTa (HyneBa) NMOBBLPXHUHHA
Bb/lHA Ha Sezawa OeMOHCTpupa HamaneHa gucnepcusa (T.e HamarneHa
YyBCTBUTENHOCT NO OTHOLLUEHWE TonepaHcute B gebenvHarta Ha cnos) npu
nedenvHn Ha AIN no-ronemn ot 0.8\, HO B CbLWOTO BpemMe ce
Xapakrepuaupa CbC CpaBHUTESNHO HUCKa (pasoBa cKOpoCT. [MoBbpXHMHHATa
BbJIHA Ha Sezawa OT MbPBU NOPALBK Ce XapakTepuanpa eHOBPEMEHHO C
HamManeHa 4YyBCTBUTENMHOCT KbM aebenvHata Ha cnosi U Bucoka ¢ha3oBa
ckopocT npu aedenuHn Ha AIN cnos mexagy 0.4A — 0.5A. Jlembosarta SO
BbJIHa AeMOHCTpupa craba gucnepcus Ha dpasoBaTa CKOPOCT 3a AebenuHu
Ha mMemMbpaHaTa <0.3A, KaTO CbLUEBPEMEHHO CKOPOCTTa Ha BbfHaTa €
BUcoka. [loBbpxHMHHATa BbfHA Ha Sezawa OT MbpBU MNOPSOBK U
JlemboBata SO BbNHA wMMaT  CpaBHMMKU  KOeMUUMEHTM  Ha
ereKTpoMexaHnyHata Bpb3Ka, 3HAYUTENHO Mo-roneMnm OT TO3U Ha
NOBbPXHMHHATA BbflHa Ha Sezawa OT HynesB nopsabk. Npu aebennHn Ha
AIN ot okono 0.4A BbnHaTa Ha Sezawa OT NbpPBM MOPAObLK Ce
Xapaktepmampa C MNoYTU MaKCMManHO Bb3MOXHUAT KOEMUUMEHT Ha
enekTpomMexaHn4yHa Bpb3ka B KOMOMHaUMS C HamaneHa gucnepcusi Ha
dasoBata ckopocT. JlemboBata SO BbNHa [oCTUra MakCMMyM Ha
KoeUUMEHT Ha enekTpoMexaHnyHa Bpb3ka npu agedenuHun Ha AIN oT okono
0.45\ npu Bb36yXaaHe ¢ HacpeLHo rpebeHoBmaeH npeobpasysarten. [pyru
Tononornn Ha Bb3byxxaaHe Ha SO BbAHATa 4EMOHCTpUpPAT 3HAYUTENHO MNo-
BUCOKN KOe(UUMEHTN Ha enekTpoMexaHuyHa Bpb3ka npu no-TbHKM AIN ¢
nebennHa <0.3A.
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B npoueca Ha nacneaBaHuaTa B Tasu gucepTtauus, peavua npeanmMcTsea
Ha JlemboBata SO BbnHa Osixa paskpUTU MO OTHOLLUEHME Ha NPUINOXEHUS
CBbp3aHM C YECTOTHW reHepatopu M gatyumum. HesaBucmmo OT MbpBaTta
nyénukauusa no temara [1], PpeHckata MEMC dmpma STMicroelectronics
nyoGnukyea opurmHanHata cu paboTta no cbuata Tema nonoBuH rogmHa no-
kKbCcHO [20], kodATO Oelwle nocrnegBaHa OT He3aBuMcuMa nybnukaumsa Ha
rpynata Ha [Npod. A. Pisano’s ot University of California Berkeley, USA
[21,22]. Taka ce page HadaneH Tnacbk Ha n3cnegBaHuaTa B obnacTtta Ha
TbHKOCNONHUTE JlemBoBKM pe3oHaTopu B KOUTO Ce BKIOYMXA MHOrO Mriagu
YYEHWN 3alUMTUNKM B NOCMeACTBME KaHAMAATCKN gucepraumm 1 npuaoomnu
3Ha4YMMM akageMUYHM U nHOycTpuanHn nosvuuun. MNpunoxeHneTo Ha ToBa
NMbpPBO MOKOSIEHNE THbHKOCMOWHA JlemboBa TexHONorma B pagmMo4ecTOTHU
TeNeKoMyHUKaLMOHHN (OUNTPK OCTaHa OrpaHUYeHo nopaan orpaHnyeHusiTa
B koedbMLUMEHTA Ha eNeKTpOMEXaHNYHa Bpb3Ka, KOUTO He ca A0CTaTbyHM 3a
NOKpMBAHETO Ha cneundukaummtTe B TENIEKOMyHUKaAUMUTE, 3a pasnnka oT
TexHosornsita Ha 6asaTta Ha 06eMHUN akyCTUYHM BbHK [23]. OKkono 5 roanHn
cnen n3obpeTtsiBaHETO Ha TbHKocnonHuTe JlemboBm pesoHaTopu, okyca
3anoyHa ga ce M3MecTBa KbM YCTPOMCTBA KaKTO C Bb3MOXHOCT 3a
mMawabnpaHe Ha YecToTaTa Taka M CbC 3HAYUTESTHO NO-TONAM KOeMULIMEHT
Ha enekTpoMexaHuW4yHaTa Bpb3Ka, KOMTO Aa MNO3BOSIM MPOEKTUPAHETO Ha
YCTPONCTBA C LUMPOKA YECTOTHA NIEHTa MeXay PE30HaHC U aHTUPE3OHaHC.
Tasn HeobxoaMMOCT ce 0ByCcrnoBu OT U3MCKBaAHUATA Ha NETOTO MOKONEHME
TeNneKkoMyHUKauum, KOEeTO MNPUOPUTU3NPA LUMPOKOSNIEHTOBN (unTpu Hag
4GHz c neHTta Ha nponyckaHe oT 10% u Harope. Te3n nauckeaHus 6asxa
NMbpPBOHAYanHoO yaooBMETBOPEHN OT TEXHOMOMMATA Ha 0BEMHUTE aKyCTUYHU
BbMNHU 4pe3 ynoTpebata Ha Sc nervpadH AIN cbC Sc koHUeHTpauuu
HagBuwasawm 30%. [lpe3 2010 3HaunMm ckok OGelwle OCbLIECTBEH
nocpeacteom Jlemboarta TexHonorusa. 3a npbe NbT M. Kadota et. al [24]
npoektTmpaxa u npototunupaxa Jlembosn pesoHaTopyn Hag 4GHz cbe
CPaBHUTESHO LUMPOKA YECTOTHa fleHTa MeXay pe3oHaHca U aHTMpe30oHaHca
OT OKONo 7%. Te3an yctponctBa 6saxa 6asupaHM Ha MObPBUAT
aHTucumeTpuyHa JlemboBa BbnHa A1 pasnpocTpaHsaBall, ce B TbHKOCIIOMHA
memMbpaHa OT enuTakcuarnHo nspacHat c-opmeHTupaH LiNbOs. 7 rogmHm no-
KbCHO, C HanpeaBaHeTO B TEXHOMOrMnTe 3a TpaHcdep Ha MOHOKPUCTarHN
cyOMUKpoOMETPUYHKN crioeBe [25], Tasn KoHuenuus bewe npeoTkpuTa KaTo
MEMC cTtpykTypa cbc cBOH6OAHO CTOAWM pbOOBE Ha pe3oHaHcHaTa obnacT
M CTEeCHeHW enekTpoanm Ha npeobpasysatena [26], KombGuHupaiku
KOHUEenuMsiTa Ha CTEeCHEeHUTe enekTpoauM C HanbfHO 3axBaHaTaTa
MembpaHHa cTpykTypa Ha Kadota, ce nocturHa pesoHaTop C
mawabupyemoct NPOBOAUMOCT n BUCOK KoeduuneHT Ha
eneKkTpoMexaHuyHaTa Bpb3ka [27]. Tean nbpBu NPOTOTUMN HA PE3OHAHCHU
YCTPOWCTBA Ce XapakTepuampaxa C BMUCOKO TOMMIMHHO CbNPOTUBIIEHUNE
aeduvHMpaHa oT nowarta TonnuHHa nposoammocT Ha LiINbOs n tBbpAOE
THHKUTE N TECHW enekTpoau B npeobpasyBaTend, KOUTO He Moxexa Aa
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OCUrypAaT edpekTuBeH MbT 3a TonnooTaendHe. Taka, Tesn yCTpoucTBa He
6sxa rogHu 3a ynotpeba npu MOLLHOCTUTE KOUTO Ce U3NUCKBAT B MOOEPHUTE
TeneKoMyHUKaUNOHHM cuctemu. NMpu nocnegBalimTe CKOBE B TEXHOSOMMATA,
ce usobpetmxa CTPYKTypu C gebenu enektpoau u 3anaseHn paboTHu
Xapakrepuctunku [28], koeto goseae 40 Bb3MOXHOCTTa 3a NPOEKTUPAHETO U
NPOTOTUNUPAHETO Ha NbPBUAT CaMoCbriacyBaH LUMPOKONEHTOB JlemboB
dunTbp 3a YecTtoTHa neHta n79 (4.4GHz — 5GHz) [29]. B ponbnHeHune 6s1xa
n3obpeteHn cneumdpuyHn cpesoe Ha LiNbOs3, kouTo no3Bonuxa
OONBITHUTENHO yBENUYEHWE Ha NeHTaTa Ha nponyksaHe ¢ okono 30% ot
HoMunHana [30]. Te3n nocTKeHuss odopmmxa BTOPOTO MOKONeHne
THHKOCIIOMHA JlemboBa TEXHOMOMs Kato CTaHa Bb3MOXHO NPOEKTUPaHETO
U npototunmpaHeto Ha duntpu 3a 5 Wi-Fi u 6 Wi-Fi. B nocnegHute 5
rognHu, JlemboBuTe TBHLHKOCMIOMHU pe3oHaTopu Cce npeBbpHaxa B
N3KNIYUTENHA akTyanHa TeMa 3a M3cneaBaHus B KOHTEKCTa Ha BUCOKUTE
YeCTOTM W LWNPOKUTE UNTPOBM neHTn. [lpoydBaHMATa BKIOYBAT,
LUMPOKONEHTOBKN ycTponcTBa Ha 6asaTta Ha SO BbfHM Ha Jlemb B LiINbO3
[31], SO-nogo6HM MOBBLPXHUHHM aKyCcTU4HM BbNHKU [32], SHO HanpeyHu
nracTuHyaT BbIHN [33] kKakTo 1 SH1 HanpeyHn nnacTuHYaTn BbiHU [34].
TpsibBa ga ce otbenexu, ye JlemboBuTE BbITHM OT NPAKTUYECKN NHTEPEC Ce
pa3npocTpaHaABaT B aKyCTUYHO TbHKM MUE30EeneKkTpu4yHn membpanu (T.e
d/A<1) nopagu yHUKaNHUTE XapakTepuUCTUKM Ha Bb3OyXXOaHe WU
pas3npocTpaHeHne B Ta3n TEXHONOMMYHa pamka.

NMABA 2. AHAIIN3 HA PA3NMPOCTPAHEHUETO U TEHEPUPAHETO
HA S0 BbJIHUX HA NNEMbB B NEPUOAUNYHU CUCTEMU

2.1 AHanu3 Ha pasnpocTpaHeHMeTto Ha SO0 BbLNHU Ha Jlem6 nop
nepuoanyYHnN efieKTPOAHU CTPYKTYpU
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durypa 2.2. MnactmHM C NepuoanyHM CTPYKTYpU. a) eOHOCTpaHHO dopMupaHn 0)
ABYCTpPaHHO hopMUpaHn

B Ta3n yacT e HanpaBeH aHann3 Ha CTPYKTYypuUTe CKULMpaHu Ha curypa 2.2.
3a uenta ce Tbpcu OOLLO pelleHMe Ha KOMMOHEHTUTE Ha aKycTo-
enNeKTPUYHOTO norse cbrinacHo Teopemarta Ha Floquet-Bloch kakTo cneaBa:

u; = Z%o:—oo 21‘3:1 @i,n Ai,n [COS( ai’nz) —Tin Sin( ai’nz)]e_jﬁnx
Uz = Z%o:—oo 21'3:1 @i,n Bi,n [Sin( ai’nz) + Tin COS( ai’nz)]e_]ﬁnx’ (26)
QY = Z%o:_oo Zi3=1 Qi,n Ci,n [Sin( ai’nz) + Tin COS( ai,nz)]e_]ﬁnx

2mn

KbAeTo B, = f +=— (A e nepuofa Ha peletkaTa), € n-Tusi (n € (—oo +

) I'IpOCTpaHCTBeH XapMOHMK Ha BbSIHOBOTO 4YUCSIO, 3 € Bb/IHOBOTO
ymncno Ha Floquet, a,(5,) € BbIHOBOTO 4YMCNO NO ocTa Y Ha n-Tusd
NPOCTPAHCTBEH XapMOHUK. 3a BCEKM XapPMOHMUK, TPUTE KOMMNOHEHTHU
Ha noneto u+™, us™ n ¢ ca cBbpP3aHN Ype3 BLNHOBUTE aMNNNTYaM
An, Bn and Cn kouTto ca peweHne kKato cobCTBEHW BEKTOpPM 3a
onpeneneHn cobCTBeHU CTOMHOCTU a,(f,) HA XOMOreHHa NUHEeWHa
cuctema dopmMmupaHa 3amMecTBalkm o6OLOTO peleHue B YacTHUTe
ongepeHumanHn ypaBHeHuMa Ha Poisson M Ha akyCcTU4HOTO
OoTMecTBaHe Ha YvacTuuute B cpeparta. KoHcTaHTute 6;, U T;, Ca
cobCTBEHM BEKTOPM Ha CUCTEMA JIMHEWNHW YpaBHEHUA CBbP3aHU C
MEXaHNYHUTE W EeNIeKTPUYHUTE TPaHUYHU YCrioBUA. 3a  YJleCHeHue,
€eNeKTPUYHOTO rpPaHNYHO YCnoBMe NpuemMa Hyresa NiTbTHOCT Ha 3apsaa no
NOBPXHOCTTA, A0OKAaTO MeXaHWYHUTE TPaHUYHM YCIIOBUS Ca MNPUIIOXEHN
cbrnacHo npmbnmxkeHMeTo oT NbpBM Nopsaabk Ha Datta-Hussinger [36,37].
B ToBa npubnwxkeHne, BepTUKANHUTE MEXAHUYHU HanpexXeHnsa Ha
NOBBbPXHOCTTA Ha nNnacTuHata 3aBUCAT JNWHEeNHo oT pebenvHata Ha
enektpoauTe h B neptypbupaliarta pelleTka KakTo crneasa:

T351t7'ip — h{ulp,wz + CI [azul aul [6( + — 6(x — % ]:I}, 21 13
T3$3trlp — u3a)2hp’, 2.1 16

KbaeTo h e gebenvHata Ha enekTpoguTe B nepuognyHarta pelleTka, p' e
NIbTHOCTTA Ha MacaTa Ha enektpogute, n=a/A e koeduumeHTa Ha
MeTanusauus Ha peweTtkarta, c'=4u’' (N+u')/(N+2u"), N', Y’ ca edpekTmBHaTa
enacTu4yHa KOHCTaHTa N KOHCTaHTUTe Ha Lame Ha enekTpoauTe.

3amecTBanky odLmMTe peLleHns B ypaBHEHUSATA CBBbP3aHU C rPaHUYHUTE
yCnoBus, ce norlyyasa cuctema oT 3XN NMMHENHN YPpaBHEHUS:

VS0 Win(B) = 12 1 Nn o Orq Aig cOS( yqmd /24) =T {452

n)

ﬁ,%ﬁ_q[&—Z(q—n)]}, 2.14
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sm(q n)mn

hp'
VSQi,nE,n(.B) = _Z?QZCLB q-n)

Zq__ooz 0;qBiq Sin(@nd/Z/l) ,

VS@i,nQi,n(:B) =0,

KOATO ce pellaBa B npubnmkeHne Ha gBe cBbp3aHn BbAHU (n=0, -1),
WHTepnpeTMpaHn KaTto BXoAsilla M OoTpas3eHa BbifiHA OT CTpykTyparta. B
pesyntaT ce nofiyyaBaT OMCNEPCUOHHUTE XapaKTepPUCTUKM Ha BBIIHOBOTO
yncno Ha Floquet B(w).
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durypa 2.3 CpaBHeHue Mexagy AUCMEPCUOHHUTE 3aBUCMMOCTM Ha SO BbMHM B
€[0HOCTPaHHO W ABYCTPAHHO OpMMpPaHM NEPUOONYHM  ENEKTPOOHN  CTPYKTYpPM.
O3HaueHusTa “S-Loaded” n “A-Loaded” o3HayaBaT cboTBETHO 1 SO Bb/HU B 4BYCTPAHHO
N e4HOCTPaHHO MacOBO HaTOBapeHW NNnactTuHu 6e3 oTpaxeHus.

PeanHnte »n umarMHepHUTE KOMMOHEHTU Ha BbBLJSIHOBOTO YUCAO ca
nokasaHun Ha curypa 2.3 Kato (pyHKUMA Ha yecTtoTarta. [NokasaHu ca age
XapakTepuCcTUKN, CbOTBETCTBAWM Ha HECUMETPUYHO U CUMETPUYHO
HaToOBapeHa nnactvHa npu egHa M cbla gebenvHa Ha nnacTvHata U
enekTpoauTe B nepuoauvHata pelwletka. Yectotata e HopmanusupaHa
CPSIMO LieHTpanHaTa YecToTa Ha nfiockata HagnbXHa obemMHa akycTnyHa
BbJlHa, pasnpocTpaHsiBawa ce no octa X. LleHTpoBeTe Ha 3abpaHeHuTe
30HM CbBMagaT C LUEHTparHUTE YeCcTOTU Ha nIacTUHUTE C MacoBO
HaTOBapBaHe Ha enekTpoauTe Mpu U3KIoYBaHE Ha edeKkTa Ha OoTpaXkeHue
OT CTPYKTypuTe. YMCTOTO MacoBO HaTOBapBaHE Ha enekTpoanTe BoAW Ao
N3BECTHO 3abaBsiHe Ha BblHaTa B CTpykTypaTa. [logobeH, makap u marnko
no-pasnu4yeH, edpekt ce HabngaBa B XxapakTepuUCTUKNTE Ha 3abpaHeHaTa
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30Ha Ha HanpeYHuTe NPUNOBBLPXHUHHU BbIHU B NEPUOANYHN CTPYKTYPMW.
N3BbH 3abpaHeHaTa 30Ha AOUCMEPCUOHHUTE  KpuBM  gobnuxkaeat
acMMNTOTUYHO aucnepcusaTa Ha JlemboBM BbHM C XOMOre€HHO MEXaHW4HO
HaToBapBaHe OT M30TPONEH CNon. YBenuyaBaHETO Ha LuMpuHaTa Ha
3abpaHeHaTa 30Ha € nokasaTesn 3a yBeSIM4eHO OTpaXeHne OT CTPyKTypaTa
B Cny4yas Ha CUMETPUYHO (PopMUpaHN NEepPUoauMYHM pelleTku OT ABeTe
CTpaHu Ha NnacTtuHaTta. lNpomsaHaTa Ha ropHus pbo Ha 3abpaHeHaTa 30Ha e
no-crnaba B cpaBHeHUe ¢ 4oNHUA pbb Ha 3abpaHeHaTa 30Ha. To3un apTedakT
ce ObIKM Ha 3abaBsalmna edpekT Ha MacoOBOTO HaTOBapBaHe Ha peLueTkara,
KOWTO € o4akBaHO no-criab B cnyyas Ha eOHOCTpPaHHO HaToBapeHa
nnacTmHa B CpaBHEHME CbC CUMETPUYHO HaToBapeHaTa nnacTuHa.
HabniogasaHus 3abaBsaw, edekT Mma OTHOCUTENHO CroXHa npupoaa
nopaguM pasnuyHuTe akTopy KOUTO  OencTBaT  e4HOBPEMEHHO.
dopmMmMpaHeTO Ha NepuoanyHa pelleTka OT enekTpoau OT edHa CTpaHa
yBenuyasa edekTuBHO AebennHaTta Ha nnacTtuHaTa, KoeTto camo no-cebe
C/ BOAM 0O HamansiBaHe Ha (pasoBaTa CKOPOCT Ha BbNnHaTa. [pyr 3abassiy
edeKT € CBbp3aH C No-HUCKaTa CKOPOCT Ha pas3npoCTpaHEeHne Ha BbIIHUTE
B MeTanHute enektpoan (npeaumHo ot Al). B gonbrnHeHue, oTpaXeHUeTo
Ha CTpyKTypaTa OonpuHacda 3a JOoNbfHUTENHO 3abaBsiHe Ha BbiiHATa Ha
OonHus pbb Ha 3abpaHeHaTa 30Ha M 3a OTHOCUTESTHO YBESNIMYEHME Ha
CKOpOCTTa Ha ropHust ppbb Ha 3abpaHeHaTa 30Ha. Mo TO3M HauuH,
nosegeHMeTo Ha 3abpaHeHata 30Ha € pesyntar OT eOQHOBPEMEHHO
OEeNCcTBaLLM NMpoLecH C pasnunyeH npoumsxod. Taka, YyBCTBUTENHOCTTA Ha
nonHus pbb Ha 3abpaHeHaTa 30Ha MOXe fa 6bae MHOro no curHa
OTKONKOTO 4YYBCTBUTENHOCTTA Ha ropHMa pbb Ha 3abpaHeHaTa 30Ha.
HabniogaBaHoOTO noBegeHNE € OT OCHOBHO 3HA4YeHWE Mpu NPOEKTUPAHETO
Ha Pe30HaHCHW CTPYKTYpU Ha JlemboBn akycTnyHu BbIHW. [Jobpe n3BectHO
e, Ye TakmBa yCTPONCTBa onepupar Ha 4ecToTu B 3abpaHeHaTa 30Ha, KOETO
nossonsiea e(MEeKTMBHO 3anaBsdHEe Ha eHeprusaTa B CTpykTypata. B
3abpaHeHaTa 30Ha Ha 6eskpanHa nepuoanyHa pelleTka OTPaXeHMeTO Ha
BbMHaTa € C amnnutyda paBHa Ha 1 v asa B guanasoHa (0+m). B
3aBMCMMOCT OT MPUMNOXEHMETO Ce MpoeKkTupa no3uumdatra pe3oHaHcHaTa
YyecToTa B 3abpaHeHaTa 3oHa. Korato ycTponctsoTo 61 ce n3nonssano kato
aaTyuk, wmarnexga no edgekTMBHO ga Cce MpOeKkTupa YCTPOMUCTBO C
pe3oHaHCHa 4ectoTta no 6nu3o Ao gonHua pbb Ha 3abpaHeHaTa 30Ha,
KbEeTO 4YyBCTBUTESTHOCTTA Ha YCTPOMCTBOTO € Hawn rondma. Korato ce
NpPoeKTMpa YCTPOMCTBO 3a YECTOTEH KOHTPOSM, cneumarHo BHUMaHME ce
obpblla Ha HamangBaHe Ha BAUAHMETO Ha NPOU3BOACTBEHUTE TONEpPaHCU
BbpPXY pe3oHaHCcHaTa YecTtoTa. CrnegoBaTeniHo, TakoBa YCTPOMCTBO e Aobpe
Oa ce MpoeKTUpa C pe3oHaHCHa 4YecTtoTa B OKOSTHOCT Ha ropHust pbb Ha
3abpaHeHaTa 30Ha, KOMTO Nokassa no cnabda yyscTButTenHocTt. C noaxoasiy
ON3alH, YyBCTBUTENHOCTTA Ha ropHus pbb Ha 3abpaHeHaTa 30Ha KbM
pebenvHaTa Ha enekTpoauTe MOXe [a Ce OrpaHuMynM OO0 HyneB MbpBu
nopsiaAbk Ha 3aBUCMMOCTTA. 3HauMTEenHO nooobpeHOTO OTpaXeHue B
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CUMETPUYHO HaATOBApPEHU CTPYKTYPU CbLLO € OT rofiiMO 3Ha4YeHne NnoHexe
NMe3oenekTpu4yHnTe MembpaHn ca C OrpaHudYeHu pasmepu 3apagu
N3NCKBAHUATA 3a HAOQeXaQHOCT, KOETO TO CBOS CTpaHa orpaHudasa 6posi Ha
enekTtpoanTe B oOTpaxatenHute peweTtkn. Cbwo Taka, CUMETPUYHO
HaTOBApEHUTE CTPYKTYpPU OEMOHCTpUpaAT 3HA4YMMO HamansBaHe Ha
4YyBCTBUTENHOCTTA Ha ropHus pbd Ha 3abpaHeHaTa 30Ha B CpaBHEHME C
€OHOCTPaHHO HaToBapeHuUTe nnacTtMHKU. B npaktukata, CUMETPUYHO
HaTOBapeHUTe nfacTMHM ca Mo TPyOgHM 3a NpoToTUNMpaHe nopaaum
CTPYKTYPHUTE OeEKTN Ha NMUE30ENEKTPUYHUS CITION KOUTO BBb3HUKBAT NpU
HaHacsiHe Bbpxy pbboBeTe Ha enektpoaute [40]. C nporpeca B
TexHonormsata Te3n npobnemn Bsixa paspeweHn. CUMETPUYHO
HaTOBapeHUTE CTPYKTYPU Ca CbLLO MHOIO epeKTUBHM NpU Bb3bYyXaaHeTo Ha
SO n S1 JlemboBM BbNHM, KOETO oOycnaBs nNpogbrKaBalins HayyeH
MHTEpPEC KbM TAXHOTO pa3paboTtBaHe [41].

2.2 KBasn-ctatuyeH aHanus Ha Bb30yxaaHeTo Ha SO0 BbsHM Ha Jlemb
noa nepuoanYHu eneKkTpoaHN CTPYKTYpU

Hapen ¢ obwma kBasu-ctaTMYeH aHanu3 Ha HacpelwHo rpebeHoBuaHu
npeobpasyBaTenu, cneumpunyeH Hay4yeH NpUHOC ce CbCTOM B NpunaraHeTo
Ha yHKuMnTe Ha Green B aHanu3a Ha nepuoaunyHa pelletka oT
npeobpasyBaTeniv Ha HagMbXXHU aKyCTUYHM BbITHU. Teaun npeobpasyBaTenu
ca C [ABOMHO MoO-rofnsiMa nepuoaunvyHOCT B CpaBHEHWE C HACPELLHO
rpebeHoBMAOHUTE NpeobpasyBaTenu Npu e4Ha 1 cblla Ab/MKMHA Ha BbIiHaTa
N N3UCKBaT cneundunyHo agantupaHe Ha TeopusaTa.

- -di2

durypa 2.6 CxemaTuyHO npeacrtaBsiHe Ha npeobpas3yBaTen CbCTaBeH OT
nepuoguvyHa nopeguvua oOT ycnopegHO CBbp3aHW npeobpasysBaTenu Ha
HagNbXHa akyCTUYHA.

Ha dwurypa 2.6 e nokasaHa CTpykTypaTa Ha TakbB npeobpasyBaTten c
nepuopg 'p' KOUTO € NPUBNN3NTENHO paBeH Ha Ab/PKMHATA Ha aKyCTUYHaTa
BbNHa A. M3nonaeankn npubnmxkeHmeto Ha Ingebrigtsen, dyHKkumaTa Ha
Green 3a SO BbnHa Ha Jlemb ce nasexaga kaTo:

Gramp(X) = jI; exp(— jkolx]), 2.19a
Fs ~ [285(001 kod)]_lkgamb’ 2.19b

kbAeTo kiymp = 2(Voc — Vo) /Voc e wmaTtepuanHua KoeuuMeHT Ha
enekTpomexaHuvHa Bpb3ka, Voc 1 Vsc ca ckopocTtute Ha JlemboBaTta BbSHa
Npy MNOBBLPXHOCT CbLOTBETHO C HYNIEB €rleKTpuyYeH 3apsiga U C Hynes
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enekTpudeH norteHuuan. Manonssanku Taka geduHupaHata yHKUMA Ha
Green, peanHaTa KOMMOHeHTa Ha npoBoauMmocTTa G(w) n3seageHa 4vpes
npeHacsHata MoLHocT oT JlemboBaTta BbHa ce agedunHupa kato [46]:

G(w) = wW|Q.(B)|" at B=kO, 2.20

kbaeto W e aneptypaTta Ha npeobpasyBaTend, OOKATO MIbTHOCTTA Ha
sapaga 0,.(B8) e Fourier TpaHcdopMmauusTa Ha MAbTHOCTTA Ha 3apsaa
Q.(x,w), oemnHnpaH KaTo NpOCTpaHCTBEHATa NNbTHOCT Ha 3apsaa o(X,w)
npu 1V NpunoxeHO Ha HanpexeHue BbpxXy enektpoaute. B cnyyas Ha
pasrnexgaHus npeobpasyBaTten, pasnpefenieHneTo Ha 3apsga  BbpXy
enekTpoauTe € CUMEeTPUYHO N Bn3ko Ao paBHOMepHO [47]. Taka Q.(x, w B
NpPUoONMXeHNe Ha paBHOMEPHO U CUMETPUYHO pasnpeneneHne Ha 3apsiga
Ce NU34yuncrnsiea Karo:

Qe(x, @)= 0o XN_1 Uty +p - a/2) U(p - a/2 — 1), 2.21
kbaeTo U(x) e egmHmnyHa ctbnanosugHa yHkums, N e 6pos Ha npbCTUTE B
npeobpasyBaTens, a Oo € KOHCTaHTa NpecMeTHaTa Ypes 3apsga dopmupaH
BbpXy erniektpoga npu 1V HanpexeHue BbpXy MPbCT OT pelleTkara C
kanauutet C; = e33apW /d. B nocneacrteune ce nseexaa cnegHus uspas 3a
Fourier koMnoHeHTaTa Qe(ﬁ)

2% SiNBp/2) , j(N-1)Bp/2

KbOeTo Go=£33/d. 3amectBankn (2.22) B (2.20), nposBoaMmocTTa ce
AeduHUpa KaTo:
sin(Nkop/2)|?

G((U) = 4‘Cskg'FFfO Sinz(koap/z) sin(kop/2)

k2. = 1 é&33 KEamb 2 23p
EFF — y .
2a eg(o0,kgd) kod

, 2.23a

kbaeTo kirr € KoedULUMEHTA Ha enekTpoMexaHW4yHa Bpb3ka Ha
npeobpasyBatens, pgeduHupaH npu R=21/p. YpaBHeHue 23a e B
CbOTBETCTBME C W3pa3bT MNpeackasaH OT EKBMBANEHTHOTO eneKTPUYHO
npeactaBsHe Ha npeobpasysaTtena [48]. B cnyyas obave dhopmynarta
3agaBa (pyHOameHTanHaTa Bpb3Kka Ha enekTpuyeckata npoBOAMMOCT U
napameTpute Ha npeobpasyBaTensi, KaTto [AgaBa Bb3MOXHOCT 3a
ONTMMU3NPAHE Ha efniekTpoOMeXaHMYHaTa Bpb3ka Ha npeobpasyBaTtens Ypes
HeroBarta TOMNosorus.

2.3 AHann3 Ha SO Jlem6oBU pe3OHAHCHU CTPYKTYpU NocpeacTtBOM
MeToAa Ha KpauHUTe efieMeHTU

B Tasum uvact ca npeactaBeHn paspaboTeHuM anroputMm 3a Hanua
nocpencTBOM MeToa Ha KpanHuTe eneMeHTn. Pesyntatute ca OCMUCHEHN
npes3 cpaBHEHME C aHANUTUYHUTE METOAN Pa3BUTU B NPEeAXOAHMUTE YacTu Ha
rnaBaTa. BbBeaeH e HOB MOES Ha NepuoanyHaTa KrneTka, KoMTo no3BonsBa
Obp3 1 edheKkTMBEH aHanNn3 Ha OCHOBHUTE XapaKkTepucTukn Ha JlemboBute
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Bb/IHU. Mogaena e ckuumpaH Ha durypa 2.11 n npeacrasnasa CErMeHT OT
YyCTPOMCTBO Ha JleMb0oBM BbMHU C Ab/MKMHA ABa Nepuoaa Ha enekrpogHata
peweTka. NepnognyHnTE rpaHMYHK ycnoeusi ca geduHupaHn cbobpasHo
Teopemarta Ha Floquet-Bloch, kaTto no 1031 HauyMH Mogena npeacTaBnsisa
Bapuauus Ha mogenute oT npegHuTe ABEe 4YacTu U No3BoSisiBa OUPEKTHO
cpaBHsiBaHe. EguMH acnekt OT MoaenupaHeTo Wu3nonssa aHanu3 Ha
cobCcTBEHMTE 4YecTOTW, KOWTO ce agantupa KbM WU3BEXOAHETO Ha
aucnepcmnaTa Ha Bb/IHOBOTO YMCIO Ha BbiHATa.

A
Hte ) g

A 4

F Y

AIN d

durypa 2.11 MNepuognyHa kneTka Ha HacpeLyHo rpebeHoBuaeH npeobpasyBaTen
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930
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— 900 \:}\
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850 —Real SC
= = |maginary SC
840 : Y
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Wavenumber detuning q

durypa 2.12a [OucnepcunoHHM xapaktepuctukm Ha SO BbNHa Ha Jlemb
pasnpocTpaHsaBallia ce noj mertanHa nepunogunyHa pewetka. q=(B-m/A)/(TT/\)

Ha durypa 2.12a ca nokasaHun oUCNEPCUOHHNTE 3aBUCUMOCTU Ha
BBJIHOBOTO YMCIO, NOSIyYEHN NOCPEACTBOM aHanu3 Ha cobCcTBeHUTE
4YeCcTOTH 3a NEPUOANYHN METANHUN PELLETKN CbC 3aHYNEH €NEKTPUYEH
noteHuman (SC) u cbc 3aHyneH 3apsag (OC). Metogoa paBa
Bb3MOXHOCT 3a nacnegBaHe Ha 3abpaHeHaTa 30Ha U Moxe ga 6bae
cpaBHeH ¢ Floquet-Bloch aHanusa passut B nbpBarta yact. BaxeH
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OONbIHUTENEH AeTaun B cfnyyas e npomsaHaTta B ropHus pbb Ha
3abpaHeHaTa 30Ha B 3aBUCUMOCT OT HaJIOXKEHOTO €ENeKTPUYHO
rpaHM4yHo ycnosue. llocnegHOToO € MHAMKATOP 3a HanM4uMeTo Ha
enekTpomMexaHuM4yHa Bpb3Ka, KaTo 4ecToTaTa Ha ropHusa pbvb B SC
KOH(Urypauma CboTBETCTBA Ha pe3OHaHca B cuctemarta, a
yectotata Ha ropHusa pbb B OC cuctema cbOTBETCTBA Ha
aHTUpe3oHaHca. B gonbnHeHue, u3cnegBaHeTo Ha nepuoguyHaTta
KrneTka ce oboraTtm ¢ aHanuM3 Ha YeCTOTHUSA OTKIIMK Ha cucTemara.
BbBeneHa b6elwe nepmoanyHa npoBOAMMOCT Ha CTpPYyKTypaTa, KOSATO
npeacTaBnsBa nNpoBOAMMOCTTa Ha fABa enekrpoga B 6eskpanHa
cuctema oT enekTpoau B HacpelwHo-rpebeHoBNAOHMNA
npeobpasyBaTten. VoeHTuduuupaHn ca ABa NvMka Ha NPOBOAMMOCTTA,
CbOTBETCTBALLM Ha rOPHUA 1 JONHKS pbb Ha 3abpaHeHaTa 3oHa. MuHnmyma
B MNpPOBOOUMMOCTTa AdedUHMpa aHTMpe3OHaHcHaTa 4ecToTa B MbJIHO
CbOTBETCTBME C aHanNu3a Ha AUCNEPCUOHHUTE XapaKTEePUCTUKMN.

-20
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durypa 2.126 XapakTepucTukn Ha nepmogmyHaTa npoBogUMOCT

Taka npeanioXeHUTe aHanUTUYHM WMHCTPYMEHTM ca M3Mon3BaHu 3a
aHanun3 Ha KoeduuMeHTa Ha erlekTpoMexaHnyHa Bpb3ka Ha CTPYKTYpu C
pasfiMyHa CTpyKTypa Ha HacpeljHo-rpebeHoBMOHUA npeobpasysaTten.
N3cneoBaHn ca yetvpu moaumdukaumm Ha npeobpasyBaTens, KOMTO ca
ckMumpaHun Ha durypa 2.19a. Ha curypa 2.196 ca nokasaHu pesynrtature
OT W3cCnefBaHETO, KOUTO OnpeaenaT CTpyKTypata C ABa CUMETPUYHO
dopMmnpaHn  HacpellHo-rpebeHoBMaHN nNpeobpasyBaTtens KaTo Hau
edekTUBHaA MO OTHOLIEHNe Ha Bb3byxaaHeTo Ha SO BbNHU Ha Jlemb npu
Npoun3BosiHa aKkycTuyHa gebenuHa Ha nnacTuHaTa B AnanasoHa O 72 OT
ObmknHata Ha BbnHata. OT  gpyra  CcTpaHa, KOHBEHUMOHarHus
npeobpasyBaTtenl C €NeKTPUYHO U MEXaHMYHO He HaToBapeHa AoJSiHa
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MOBLPXHOCT Ha MnacTMHaTta € HaW JlecHus 3a npoToTUNMpaHe W
OEMOHCTpMpa edeKkTUBHOCT Ha Bb30OY)XOaHeTo AocTaTbyHa 3a MHOMO OT
NpUNoXeHusTa.

200nm Al
Signal //,‘ GND Sjgnal GND
IDT AIN IDT / Ground AIN
\ GND: Zero Voltage
* 100nm Al
Signal GND
IDT / Floating AIN
Zero Current GND | Signal
> 100nm Al “ 200nm Al

durypa 2.19a lNepmoanyHn KNETKN Ha pasnnyHu npeobpasysatenn Ha SO Jlemboa
aKyCTM4Ha BbiHa

4.5

——IDT ——IDT/Floating ——IDT/Grounded ——IDT/IDT

3.5

2.5
2

15

0.5

Electromechanical Coupling K? [%]
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0.1 0.2 03 0.4 05
Relative AIN thickness [d/A]

durypa 2.196 KoedpunumeHT Ha enekTpoMexaHM4YHaTa Bpb3Kka Npu Bb30y>XaaHeTo Ha
S0 BbnHa Ha Jlemb6 oT pasnuyHu npeobpasyBaTenu

MeToga Ha KpanHuTe enemMeHTu Oewle paswunpeH KbM aHanmMsa Ha
ONCMEPCUOHHUTE XapakKTepUCTUKM Ha JlemboBaTta BbfHa B paBHWHATa Ha
andgpakumns. Mogena npencraensiBa aHanua3 Ha cobcTBeHn vyectotTn Ha 3D
nepuoauyHa KneTtka Ha KOATO ca HanoxeHu Floquet-Bloch nepuognyHn
rPaHN4YHN YyCrnoBusi B CbOTBETCTBME CbC 3akoHa Ha Snell. ToBa ce okasa
edeKkTnBEH MeTog  3a n3cnegBaHe Ha  JlemboBaTa BbJIHA
pasnpocTpaHsaBawa ce nog bBbrbil CApAMO oOcCTa X, nNo3BondBaly
npeaBapuTenHa oueHka Ha B3aMMO4ENCTBUETO Ha OTAESNTHUTE CTPYKTYpU B
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JlemboBus pesoHaTop. Ha durypa 2.20 ca npeactaBeHn TOMONorMmTe Ha
pe3oHaTop Ha JlemboBu BbMHM M Ha nepuoaudHata 3D knetka. Taka
HanpumMmep, pe3oHaTopa ce CbCTOU MUHUMYM OT MEPUOOUYHU PELLETKU U
eKNeKTU4YHa MeTarnHa WwurHa 3a nogaBaHe/oTBEXaaHe Ha curHana.

>

B

durypa 2.20 Tononorun Ha Jlem6oBM BbnHM a) Pe3oHaTop Ha Jlem6oBM BbNHMK

6) 3D lMNepnoaunyvHa kneTka
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durypa 2.21 lMNpegcrassHe B pegyuupaH Bua Ha gucnepcuata Ha SO BbNHU Ha Jlemb6
pasnpoCTpaHsBalyM Ce nof nepuoanyHaTa enekTpoAdHa pelueTka U enekTpudeckuTe
WuHN. CUHUTE NUHUKM npeacTaBnsaBaT AWCNEPCUOHHUTE KPYBWU MOL eNeKTpuyeckuTe
LUMHM Ha pe3oHaTopa, A0KaTO YePBEHUTE NIMHUK NpeAcTaBnsBaT ANCNEPCUOHHUTE KPUBK
NoA4 enekTpoaHaTa pelleTka.
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B3aumopencTeBneTo Ha BbrHaTta ¢ 1e3n 0bekTn Moxe aa 6bae oueHeHa
nocpeacTBOM ANCNEPCUOHHUTE UM KpuBKW. Pesyntatute OT TO3M aHanu3 ca
npeacrtaBseHn Ha durypa 2.21 B peagyumpaHa 3oHa Ha Brillouin, kodato
nosponsiea obeguHsBaHETO Ha yHOAMEHTaNHUTE XapaKTEPUCTUKM Ha
pasnpocTpaHeHne Ha BbfHaTa B egHa rpadguvka. B guanasoHa Ha
oTpuuaTtenute MNPOMEHM Ha BbLIHOBUS BeKTOp ca u3obpaseHu
XapakTepucTUKNTe Ha 3abpaHeHaTa 30Ha Npu pasnpocTpaHeHne no octa X,
[0KaTo B AnanasoHa Ha NosioXUTeNHUTE NPOMEHN Ha BbITHOBUA BEKTOP ca
npeacTaBeHn YeCTOTUTE Ha BbITHW pa3npoCTpaHAaBaLLM ce Nog brbil CPsMO
X ocra, npu ycrnosueto Ha Snell Kx=1/A (1.e koHcTaHTa). AHanu3a Ha
ONCNEePCUOHHATa guarpama ce npaBu B KOHTEKCTa Ha eneMeHTUTe KOUTO
narpaxgaT eanH pesoHatop Ha Jlembosu BbnHW. Buxaa ce , Ye BbSHATa
MOXe CBODOAHO fa u3nbyBa AMGPaKUMOHHO OT npeobpasyBaTens KbMm
MEeTanHUTe LWMHN NPU YecToTU Hag AgonHua pbb Ha 3abpaHeHaTa 30Ha,
KOeTo onpefensa egHa HegocTtaTbyHa BBLIIHOBOAHOCT Ha CTpyKTypaTa U
npegcraensea ycrnosue 3a 3aryba Ha eHeprna n CbOTBETHO BroLlaBaHe Ha
KayeCcTBeHUs hakTop Ha TakbB pe3oHaTop.

2.4 Teopusa Ha CBbp3aHUTE BbLIIHU 3a NPOEKTUPAHE Ha PE3OHaAHCHMU
ycTponcTBa Ha S0 BbnHa Ha Jlemb6

Tasn 4yacT oT guceprtauusita 4EMOHCTpMpPA Bpb3kata Ha aHanUTUYHUTE
WHCTPYMEHTN 3a aHanusa Ha JlemMboBUTE BbBLSIHM C MOAENUPAHETO Ha
peanHu ycTpoucTea. 3a uenTta, TeopusiTa Ha CBbP3aHUTE BbIIHU, KOSTO €
LUMPOKO M3MNOM3BaHa B MNPOEKTUPAHETO Ha KOMMOHEHTU HA MOBBbPXHUHHMU
aKyCTU4HM BbBNHW, € aganTupaHa KbM MPOeKTUpaHeTo Ha Jlembosu
yctponctBa. [lpy uM3NbNHEHMETO Ha TasnM 3agadya ce YCTaHOBWU
CbBMECTUMOCT MeXay MnapaMeTpuUdHOTO OnucaHue npearioxXeHo OoT
TeopusiTa Ha CBbpP3aHMUTE BBLIHU U PUNYHUTE XapPaKTEPUCTUKN Ha
JlemboBMTE BBLIIHM MOMYyYEHU MOCPEACTBOM pas3paboTeHUTE aHanUTUYHK
WHCTPYMeHTN. B pesyntaT ca npencraBeHn MeToau 3a onpenensHe Ha
HY>XXHUTE NapamMeTpu KakKTo Mo aHanuUTUYeH NbT, Taka U N0 eMNUPUYEH MbT
ypes3 anpokcumaums Ha npeackasaHaTa KbM M3MepeHaTa nNpoBOAUMOCT Ha
pe3oHaTopuTe. Teopudata Ha cBbp3aHuTe BbSHM (COM) ce npeacrtass oT
TPW YacTHW gudbepeHumnanHn ypaBHeHUs KakTo cnensa [59]:

dR(x)

dx
di—(;‘) = —jk,R(x) + j6S(x) — jaV 2.29

dal . , ,
d(;) = —2jaR(x) — 2jaS(x) + jwCV

kbaoeto R(x) u S(x) ca 6aBHO npomeHsiWM noneta, KOUTO onuceat
aMmnnuTygata Ha [OBe BbMHW C  NPOTUBOMOJSIOXKHW  MOCOKA  Ha
pasnpocTpaHeHune, k21= k12 € napameTbp Ha OTpaKeHMeTo Ha BbifHaTa B
nepuoanYHUTE eneKkTpoaHN CTPYKTYpPU, O € napaMeTbp Ha Bb3byxaaHeTo

= —jéR(x) + jk,;S(x) + jaV
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Ha BbfHaTa, C e kanauuTeTa Ha npeobpasyBaTtens Ha eanHULA ObIKUHA,
V e npunoXeHoToO HanpexeHue Bbpxy enekrpoaute, d=(w/v[w])-(TT/\)-jy e
OTMECTBaHe Ha BBLMHOBOTO YMUCMO CnpsiMO TT//\, YNATO MMarnHepHa 4act
OoTpassiBa 3aTUXBAHETO Ha BbJiHATa nopagu 3arybu oT pasnpocTpaHeHue.
Tyk w e brnoeaTa 4YectoTa, v[w] e ckopoctTa Ha SO BbNHa Ha Jlemb kaTto
dyHKUMSA Ha YecToTaTa, A=Ao/2 € nepmnoaa Ha enekTpoaHaTa peweTka, a y
€ 3aTmxBaHeTo Ha BbnHata. OOWKHOBEHO, TeopusiTa M3MoN3Ba
HOpManuanpaHu NnapameTpu, KakTo creasa:

* kp=-k21:Ao— 6e3pasmepeH KoeUUUEHT Ha OTpaXeHne Ha [OBOWKa
enekTpoaun ( T.e Ha eauH Nepuoa Ha npeobpasyBaTtens);

*vso — HeneptypbupaHa dasoBa ckopocTt Ha SO JlemboBaTa BbfiHA Ha
LeHTpanHarta vyectota fo=vso/Ao;

*an — HopManuampaH koeuuneHT Ha Bb3byxaaHe Ha SO BbnHa Ha Jlemb
A
=2 kboeto W e anepTyparta Ha npeobpasysaTensi.

JW/2,

*Yp=Y-Ao— € BbJ/IHOBOTO 3aTUXBaHe 3a eHa AbJPKNHA Ha BbnHaTa B [Np/A];

an =

* D — e Ge3pasmepeH KoedULUMEHT Ha NUHEHa AMCNEepPCUs Ha CKopocTTa
w—w

(v[w] = vso(1 — D — 9)), KOSITO ce u3Bexaa OT OTHOLUEHWETO Mexay
0

rpynosata u (pasoBata CKOPOCT Ha BbfHata D =1 —vg/vs, Ha
LeHTpanHaTta yectoTata Wo;

« Ct — HopmanuaupaH kanaumtet Ct = CA,/W [F/m] (Ha eamH nepuopg ot
npeobpasyBaTens n eanHULa anepTtypa).

0.05 I L 0.04
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- Measured Measured
., 004f-----COMFitted ~  [---- COM Fitted| >
F —
Q @D
S ot
4001 &
S 002 =
= 3
© 000 &
g 0.01 } ____:
O 00122
0.00 dan

e g2
840 850 860 870 880 890 900 910 920

Frequency [MHZz]

durypa 2.23 V3amepeHu ChnpsiMO TEOPETMYHO anpokcUmmupaHata npoBOAUMOCT Ha
pe3oHaTopa
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Toan napameTpudeH MoAen uMma aHanuTU4YHO pelleHne Wu [aea
Bb3MOXHOCT 3a Obp30o npoekTupaHe Ha KOMMOHeHTUTe. HerosaTa
afeKBaTHOCT, B Cnyyasl, € [OEeMOHCTpUpaHa 4pe3 eKCTpakuus Ha
napamMmeTpuTe OT ekcrnepuMeHTanHo n3aMepeHa NPoBOAMMOCT Ha pe3oHaTop
Ha SO BbnHM Ha Jlemb. Ha durypa 2.23 ca nokasaHn u3MepeHaTa Wt
TEOPETUYHO anpoKCMMUpaHaTa NPoOBOAMMOCTU Ha CUHXPOHEH pe3oHaTop Ha
S0 JlemboBa akycTuyHa BbfHa. B peayntaT, ca nonyyYyeHU MOAENHUTE
napametpute (BUX Tabnuua 2.1), KOMTO No3BonsBaT NPOEKTUpPaHEeTo Ha
NPOWN3BOSTHM CTPYKTYPU Ha JIeMBOBM aKyCTUYHU BbITHMW.

Tononorua: 2um geden c-AlN, 270nm gebenu Al enektpoaun, A=6um

COM MapameTpu: CtouHoOCTHN
HenepTtypbupana ckopocT (vg, [M/s]) 10435.05
Hduncnepcusa Ha ckopocTTa (D) 3.5102
Hopmanuaunpan koeduumeHT Ha oTpaxeHune (|kp|) 16.5 107
Hopmawusupan kanauutet (Ct [pF/m]) 81.9
HopmanuaupaH koeduumneHT Ha Bb3byxaaHe (an [Q?]) 13.310°
3atmxsaHe (yr [Np/A]) 9.4810*

Tabnuua 2.1 CTOMHOCTM Ha €EKCNepuMMEHTASNIHO MNOflyYeHU napamMeTpu Ha
TeopuaTa Ha cBbp3aHuTe BbIIHUM (COM)

NMABA 3. TEXHOJNIOIrmMA m nPOTOTUNMPAHE HA PE3OHAHCHM
CTPYKTYPU HA NEMBOBU BbJIHU B NMUE3OEJIEKTPUYEH AIN

Tasu rnaea npeacraensisa odwmpeH o630p Ha n3cneaBaHMaTa CBbp3aHU
C NPOEKTUpPaAHETO, MPOTOTUNMPAHETO U  XapaKTepUsMpaHEeTO Ha
THHKOCINONHU pe3oHaTopu Ha Jlem6oBM akycTu4YHM BbIIHM Ha 6a3aTa Ha AIN
mMembpaHu. [NaBaTa 3ano4ysa C OCHOBOMoNarawarta nbpBa 4EMOHCTpaUnS
Ha TO3W TUM pPe3oHaTopu M NpeacTaBsa eBOMOUNATA HA TOBa HanpasfeHne
B TexHonormsata KbM no gobpu paboTHM xapakTepucTtukn. ToBa BKOYBa
nogobpeHne Ha Ka4yecTBeHUA pakTop, NOTUCKAHE Ha HeXarnHu napasuTHU
BbJIHW, KakTO M BrpageHa TemrnepaTypHa KOMMNeHcauma Ha pe3oHaHcHaTta
yecTtoTa. AOpoTo Ha Te3n uacnegpaHus Oelwle nybnukyBaHo B 0B30pHa
ctatua [23], BegHara cneg npeacrtaBsaHETO UM B NokaHeH aoknag Ha 2012
IEEE Int. Ultrasonic Symposium. W3cnegBaHn ca [Ba OCHOBHM Tuna
pe3oHaTtopu. [bpBMAT TUN pe3oHaTopu KU3nonsesaT pasnpeneneHu
oTpaxaTenu npeacTaBnsiBaly NEepuoanyHN ENeKTPOOHU peLleTKn no
NOBBbPXHOCTTA Ha HanbNHO 3akpeneHa AIN membpaHa, 4oKaTo BTOPUAT TUN
pe3oHaTopu m3nonsBaTt PUKCUPaAHO OTpa)keHme OT CBOOOAHO cToAwwnTe
Kpauwia Ha KOH30MHO 3akpeneHa AIN membpaHa.

3.1 MbpBUAT NPOTOTUN HA TbHKOCNOEH pe3oHaTop Ha SO JlemboBa
aKyCTU4YHa BbJlHA
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Ha curypa 3.2 e ckuumpaHa Tornonorusita Ha TbHKOCITOEH pe3oHaTop Ha
SO BbnHM Ha Jlemb6. TasuM TectoBa CTPyKTypa € CbC CUMETPUYHO
pPa3nonoXeHn NepuoanyHK enekTpoaHn pelleTkn. B ueHTpanHata 4vacT e
pasnonoXeH n3nbyBaTtesn oT nepnoanyHo nogpeneHn npeobpasysaTenn Ha
HaanbXHa akyCcTU4Ha BbiHa. B aBaTa kpasi, CMMEeTPUYHO ca pasnosioXeHN
pasnpegeneHn oTpaxaTtenu c nepuog Ha peweTkata 2 OT nepuoga Ha
na3nbysartens. Bcuukn enektpoam B CTpykTypaTa ca ¢ egHakBa gebenuvHa. B
Tabnuua 3.1 ca 0606LLEHN NPOEKTHUTE NapaMeTpu Ha YCTPOMUCTBOTO.

y4 _ L=nA2+0/4
S o
Si A/%:F_- A k

A=N2  A=\2

@)

i E )

_l_

durypa 3.2. Tononormsa Ha TbHKOcNoeH pe3oHaTop Ha SO BbIHM Ha Jlemb.

HNebenunHa Ha AIN membpaHaTa d 2um
AnepTtypa Ha pe3oHaTtopa W 350 um
[ObmKknHa Ha BbHaTa A 18 um
LLInpoymHa Ha enekTpoanTe B oTpaxarenurte A4 4.5 um
LLnprHa Ha enekTpoauTe B npeobpasysatenmte A/2 9 um
KoedumuneHT Ha meTannsauus 0.5
ObmknHa Ha pe3oHaHcHaTa obnact L 553.5um
bpown enekTpoan B oTpaxartenure 16
bpown enekTpoan B uanbyBaTenumre 30

Tabnuua 3.1 MNpoeKkTHN NnapamMeTpn Ha TbHKOCNOEH pe3oHaTop Ha SO BbHM Ha
Jlem6

Ha dwurypa 3.3 e nokasHa u3mepeHaTa NpoBOAUMMOCT B 6nM30CT Ao
pe3oHaHca Ha TbHkocrnonHuss SO JlemboB pe3oHATop NPOEKTUPaH W
npoToTunupaH cbrnacHo Tabnvua 3.1. JlemboBaTa BbfHa ce
xapaktepusmpa C BUcOKa asoBa ckopocT  oT okosio 10300 m/s,
KadecTBeHUA ¢pakTop Ha pe3oHaHca e 880 konTo gepmHMpa KavyecTBeH
nokasaten QxF =0.5*10"2 s™!, cbuamepum C TO3M Ha BUCOKOC CKOPOCTHMU
NOBBPXHUHHM aKyCTUYHM BbJTHM B KOMMo3nTHaTa cTpykTypa AIN/Diamond/Si

[14]. EPeKTMBHUA KOEMULMNEHT Ha eneKkTpoMexaHuyHa Bpb3ka € KZpp =

0.2572(F4—F,
—n£ A=) _ 0.8%, kbaeTo Fr 1 Fa ca CbOTBETHO YECTOTUTE HA PE30HAaHC
R

N aHTUpe30HaHC.
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durypa 3.3 M3mMepeH 4eCTOTEH OTKNMK Ha NbPBUAT NPOTOTUMNMPAH TbHKOCIOEH
pe3oHaTop Ha SO BbHKU Ha J1lemb

3.2 TobHKocnonHu pe3oHaTopu Ha SO JlemboBa akyCTU4YHa BbilHA C
noaoo6peHu paboTHU XapaKTepPUCTUKN

Cnepn kaTo ce NOCTUrHa nporpec B TEXHOMOMMATa U NPOEKTUPAHETO, ce
pa3paboTnxa BTOPO NOKONEHME NPOTOTUMU HA TbHKOCHOWHN pe3oHaTopu OT
JlemboB Tun. Te3nm pesoHaTopu ©Osaxa MPOEKTUpaHM C  pasfinyHu
npeobpasyBatenn. Ha dourypa 3.11 e nokaszaHa MMUKPOCKOMNCKa CHUMKa Ha
NpOTOTUNUPAaH TbHKOCMOEH pe3oHaTop Ha SO BbMAHW Ha Jlemb, B KOWTO
Bb30OyXgaHeTO Ha BbifiHaTa Ce U3BbpLUBA OT HacpelHo rpebeHoBuaeH
npeobpasyBaTenl CbC enekTpuyeckn csobogHa AonHa noBbpxHoOcT Ha AIN
membpaHata. Ha dwmrypa 3.12 e nokasaHa MWKPOCKOMNCKA CHMMKa Ha
npotoTunupaH Jlem6oB pe3oHaTop CbC MU3NbyBaTesl CbCTaBEH OT
nepuoanyHO noapeneHn npeobpasyBaTenyM Ha HaanbXHaTa akyCTUYHa
BblHA C N2 wnpoynHa Ha Bcekn enektpog wn nepuwod A. [py TO3M
THHKOCIIOEH pe30HaTop Ce N3BbPLUEHU OOMbIHUTENHU NPOLEeCcH Ha euBaHe
N MeTanusaumsi, KOMTo NO3BONABaT CBbP3BAHETO HA AOSHUSA HENPEeKbCHAT
enekTpog KkbM Maca. W pgBaTta pesoHaTopa uv3nons3saT pasnpeneneHu
oTpaxaTenu oT NepuoguUYHU eNeKTPOAHU peLleTkn ¢ nepuod A2 Bbpxy
HanbHO 3akpeneHa membpaHa oT nuesoenekTpudeH AIN.
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Contact Pad
(2 pm Aluminum)

2um AIN/Si | |Membrane border

=40 L

Wi

Metalization of the femb - :
Active Area (300 nm embrane Dimensio
Aluminum) 980 pm x 635 pm

®urypa 3.11 N3rneq ot rope Ha npoToTunupaH JlemboB pe3oHaTop € ropeH HacpeLLHO
rpebeHoBMaeH npeobpasyBaTen

Contact Pad

(2 um Aluminum) Membrane border

Via Hole 2um AIN/Si

Etch Stop

Metalization of the _ .
Active Area (300 nm embrane Dimension
Aluminum) 1160 um x 500 pm

durypa 3.12 N3rneq oT rope Ha npoToTunupaH JlemboB pe3oHaTop C NepUOANYHM

npe06pasyBaTenM Ha HaaJTbXXHa aKyCTU4YHa BbJlHA.
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N3mepeHnTe XxapakTepuCTUKM Ha Te3n pe3oHaTopu ca MoKasaHM Ha
dourypa 3.15 u durypa 3.20. B npoBoANMOCTTa Ha CUHXPOHHUSI Pe30HaTopP
C HacpewHo-rpebeHoBmnaeH npeobpasyesaten (cdourypa 3.15), sacHoO ce
naeHTunumnpaT 4onHus u ropHna pbb Ha 3abpaHeHaTa 3oHa. CkopocTTa
Ha JlemboBaTta SO BbfHa ce onpenens B cpegara Ha 3abpaHeHaTa 30Ha U
Hagxebpnsa 10400 m/s. KoeuumeHTa Ha enekTpoMexaHuyHa Bpb3ka Ha
ycTtponctBoTto e okorno 0.34%. KavectBeHusa dakrtop goctura 1860, kaTo
NpU aCUHXPOHHUTE pe3oHaTopu OT TO3M TUM Ca U3MEPEHN KaydeCTBEHU
daktopu oo 3100 npu 4yectoTa oT okosio 890 MHz.
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_ 0.04 | Q=1860 E P
0 K. *=0.34% 88 |
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' Edge at 850.187 MHz

840 850 860 870 880 890 900 910
Frequency [MHZz]

durypa 3.15 N3mepeH 4ecToTeH OTKNMK Ha JlembOoB pe3oHaTop C ropeH HacpeLHO
rpebeHoBuaeH npeobpasysaten

PesoHaTopa ¢ peavua OT npeobpasyBaTenv Ha HagbXHa akyCTUYHa
BbnHa (purypa 3.20) € C NO CNOXeH YecTOTEH OTKMUK, MNpPU KOWUTO
pe3oHaHCUTe Bb3HMKBAT B 3abpaHeHaTa 30Ha Ha oTpaxaTenute n ce
nosuuMoHMpaT B  3aBUCUMMOCT OT CUHXPOHMU3auusTa MNocpenCTBOM
Ob/KMHaTa S Ha pe3oHaHcHata obnact wmexgy oTpaxaTenure.
KayectBeHuss dhaktop npum Te3um pesoHaTtopum pgoctura o 2580, npwu
3Ha4YuTENHO No-ronam oakTop Ha enekTpoMexaHMyHaTa Bpb3aka.

PaspaboTteHa Oelwe HoBa TOMOMOrMSA Ha HacpewHo-rpebeHOBNOHUS
npeobpasyBaTtenl C ABOWHA enekTpuyHa wwuHa. Ha dwurypa 3.46 Tasu
KOH(puUrypauma e nokasaHa Ha MMUKPOCKOMNCKA CHUMKa Taka KaTto e
npoToTunupaHa. BTopaTa enekTpuyHa WWHA € LMPOKa efBa HSKOJKO
MUKPOHa 1 € hopMmpaHa B OKOSTHOCT Ha KpauliaTta Ha npeobpasyBaTtens.
Mpn TO3M AmM3anH € NOCTUrHaATO edEKTUBHO MOTUCKAHE Ha HeXenaHuTe
HanpPeYyHo pa3npPOCTpaHABALLN CE NAapPa3nUTHU BbITHMW.
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durypa 3.20 YecToTeH OTKNMK Ha TbHKOCNOEH pe3oHaTop Ha SO BbnHa Ha Jlemb

C nepvoanyHa peauua oT npeobpasyBaTeny Ha HaaTbXXHa aKyCTUYHA BbilHa

JuubuuuuuduL

durypa 3.46 Msrnepq ot rope Ha npoToTunupaH JlemboB pesoHaTop ¢ ABOWHA
enekTpu4Ha WnHa
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®urypa 3.51 Tononormst H TemnepaTypHO KOMMNEHCMPAH pe3oHaToOp Ha BbJIHM Ha Jlemb

[An3anHa Ha TbHKOCNOMHK pe3oHaTtopy Ha SO BBLNHM Ha Jlemb Oelle
pasWwnpeH KbM YCTPOMCTBA C KOMMEHCUPaH TemnepaTtypeH KoeuUneHT Ha
pe3oHaHcHaTa YectoTa. ObMKHOBEHO, 6e3 TakaBa KOMMNEHCaLMs pe3oHaHca
nposiBiBa YYBCTBUTENHOCT OT okono -23 ppm/K. [llocturHato 6Gele
TemnepaTtypHo KoMMeHcupaHe B cneundpudHo npoektupaHa AIN/SiO2
KoMnoauTHa membpaHa (Bux curypa 3.51). lNpoToTUnupaHuTe pesoHaTopu
OEeMOHCTpUpaxa HyneB TemnepaTtypeH KoeduUMeHT OT MbPBU NOPSAbK U
koedULMEHT OT BTopu nopaabk B =—31ppb/K? okono Temnepartypa ot 40°C
(purypa 3.64). Tasnm CTOMHOCT € CbU3MepMMa CbC CTOMHOCTUTE 3a
TemnepaTypHO KOMMeEHCUpaHa NOBbPXHUHHA akycTu4yHa BbnHa B ST cpes
Ha KBapu.
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durypa 3.64 Bapunauusa Ha pe3oHaHCHaTa YyectoTa B TemnepatypHua 25°C —95°C.

CneunduyHo 69xa paspaboTeHn TbHKOCNOMHN Pe30HATOPX C KOH30JTHO
3akpenBaHe Ha mMembpaHaTta, Mpu KOeTO BbLIIHOBUTE OTpaxatenu ca oT
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domkcupaH Tvn, n3nonssankm cBobO4HO CTOALWMTE KpauLia Ha membpaHaTa.
TexHonormaTa Ha TO3M TUM YCTPOMCTBA M3UCKBA MNPELMN3HO euBaHe Ha
membpaHaTta oT AIN ¢ Bb3MOXHOCT 3a NOCTUraHe Ha rfagkv U BepTUKaNHK
pbboBe Ha cBoboaHO cTosAWMTE Kpauwa. 3a uenta ©Oe HanpaseH
crneunguyeH n3dop Ha enekTpogHus MmaTepuan, KOUTo B TO3n cnyyan e Pt,
3a pasnuka OT HanmbJIHO 3aKpeneHuTe pe3oHaTopu KbaeTo ce nsnonssa Al.
Ha dourypa 3.67 e nokasaHa MWKPOCKOMNCKA CHMMKA Ha NpOTOTMNMpaH
THHKOCIIOEH pe30oHaTop C KOH3O0SIHO 3akperneHa MembpaHa, kaTto ca
NMOCOMEHN MecTaTa Ha 3akpenBaHe W OTpaxaTernHuTe CTpaHu Ha
YCTPOMCTBOTO.  YCTPOMCTBOTO € C  HacpewHo  rpebeHoBmaeH
npeobpasyBaTern, Kato B HAKOW KOHUrypaumm nMma n OoneH HenpekbCcHaT
enekTpoa KOMTo MoXe fa 6bae enekTpndeckm cBoboeH nm 3aMeceH.

\

Support
tether

o

Mag=1160 X 20 pm EHT = 3.50 kV Signal A = InLens

— WD =15 mm Photo No. = 3030
—

durypa 3.67 CHMMKa OT eneKkTpOHEH MUKPOCKOM Ha KOH30MHO 3akperneH Jlembos
pe3oHaTop.

Ha curypa 3.70 e nokasaHa namepeHaTa paboTHa XapakTepucTuka Ha
edVH TakbB pe3oHaTop B OAM30CT [0 pe3oHaHca. PesoHaTtop e
XapakTepusmpaH nocpeacTtsoM MoauduumpaHaTa ekBuBaneHTHa cxema Ha
Butterworth-Van Dyke (MBVD). KadecTBeHusi (paktop Ha YCTPOMCTBOTO
poctura 3000 KoeTo € B CbMU3MEPMMO C pesynTaTtute MonyvYeHu npu
YCTPOWCTBA C HaNbMHO 3akpeneHn membpanu. KoeduuymeHT aH
enekTpomMexaHn4yHa Bpb3ka Ha pe3oHaTtopa, obaye 3Ha4YMTENHO No-ManbK
nopagu Mankma pasmep Ha npeobpasyBatensa. ManonseaHeto Ha Pt
enekTpoan BOAM OO Marnko Mo rofisiM TemnepatypeH KoedUUMEHT Ha
yectoTaTa oT okono -26 ppm/K.
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durypa 3.70 YecToTeH OTKMMK Ha KOH30JZIHO 3akperneH JlemboB pe3oHaTop C
eNieKTpMYECKN OTBOPEHA AOSHA NOBBLPXHOCT U ropeH npeobpasyBaTern.

3.3 TbHKOCNOEH pe3oHaTop Ha cBbp3aHu SO - A1 aKkyCTUYHM BbJTHM Ha
Jlem6 [96]

Tasn yacTt npeacrtaBda eqHa U3LAIO HOBa KOHLUEMNUMUSA 3a peanmsnpaHeTo
Ha aKyCTUYHM pe30HaHCHW ycTpoucTtBa. ManonsBaHa e KoHuUenuma Ha
CBbp3BaHe Ha [ABa pasfM4yHKM NfacTUHYaTU BbMNHM  MOCPELCTBOM
nepTypbupawmsa edekT Ha enekTpoaHaTa peweTka. B cnyyasa JlemboBaTa
S0 BbnHa B3aumoaencTBa ¢ Jlembosata A1 BbfHaA Ha HeroBaTa KpUTUYHA
yecTtoTa, Kato no To3n HayMH SO BbfHaTa NPexBbpns eHeprya 3a
CbXpaHeHne BbB (pyHOaMeHTarHUA pe3oHaHC Ha HanpeyHaTa akyCTudHa
BbJiHa B nNnactnHaTta. 3a uenta e HeobxoauMo nepuoaa Ha enekTpogHaTa
peweTka ga € paBeH Ha AbikmHata Ha SO BbnHaTta npu 4vecrtoTa
NpuonNu3nTENHO paBHa Ha 4ecTtoTaTa Ha oyHOAMEHTaANHUA Pe30HaHC Ha
HanpeyHata obemMHa akycTM4Ha BbfHA B NnNactuHata. To.a
B3aMMOOeNCTBNE € UNCTpMpaHo Ha durypa 3.73. 1o geTtannHa KapTuHa
Ha B3aMMOLEeNCTBMETO Ce MOoCcTura NocpecTBOM aHanm3 Ha COOCTBEHUTE
YeCTOTW Ha CTPYKTypaTa 4ype3 MeToda Ha KpanHuTe enemeHTu. Ha durypa
3.76 e npeactaBeHa gucnepcusaTa Ha BbIHOBOTO YNCIO B CTPYKTypa ¢ SO-
A1 BbTPELLIHO-BbJTHOBO B3anMoaencTBume. NoeHTndonumpaHa e
cneunduyHa 3abpaHeHa 30Ha C LEHTbP CbBMNajall C KpUTU4HaTa YecToTa
Ha A1 JlemboBaTa BbfHA, YMATO LUMPUHA OnNpedenst MHTEH3MBHOCTTA Ha
B3anmogenctemeTto. NogobHo Ha 3abpaHeHUTe 30HWM Ha OTpaKaTesnHuTe
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eNeKTPOAHM peLleTKM, Taka U TYK KONKOTO € Mo LiMpoka 3abpaHeHaTa 30Ha
TONKOBA MO Marko efiekTpoaa ca HeobxoaMMmM 3a e(peKTUBHOTO 3anaBsiHe
Ha eHeprusATa. 3a pasnuka OT KOHBEHLMOHanHUTe 3abpaHeHu 30HWU, Mpu
Tasn, pe3oHaHca Bb3HUKBA B LiIEHTbpa Ha 3abpaHeHaTta 30Ha, 10KaTO FOPHUS
N OonHUSA pbO Ha 3o0HaTa ocTaBaT crabo NMe3oeneKkTPUYHO CBbP3aHM.

®urypa 3.73 Cxema Ha BbTPELUHO-BBLIIHOB pedpakTop

HabntogaBa ce n manka 3abpaHeHa 30Ha Npu MO HUCKM YECTOTU, KOATO
Bb3HWKBA B pe3ynTaT Ha B3aumogenctaneto mexay SO JlemboBaTta BbHa
N BTOPUS XapMOHUK Ha aHTUCMMeETpUYHaTa JlemboBa BbfiHA OT HaW HUCHK
nopsabk AO. ToBa B3auMMogenucTBMEe He 3anaBs edEeKTUBHO eHeprusaTta
nopagu TscHata cu 3abpaHeHa 30Ha. To Bb3HMKBA garnied OT OCHOBHOTO U
ocTaBa cbC crnaba nnuesoenekTpnyHa Bpb3ka.
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durypa 3.76 [MCNEepCUOHHM XapakTepuctuku. Yectotata Ha dyHOameHTanHus
pe3oHaHc Ha HanpeyHaTta BbiHa fsH=1.291GHz e nony4yeHa 4Ypes oTaeneH aHanma.
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N3cneoBaHaTta nepuoguyHa KreTka, MnokasaHa Ha dwurypa 3.76 e
BCBbLHOCT YacT OT npeobpasyBaTen Ha HaanbXHa akyCTUYHa BbJHA B
nnactvHaTta. Taka enekrpogHaTta pelleTka OT NepuoanyHO NOBTapSLLUM ce
KNneTku npeacrtaengasa nanbysaresn Ha SO BbHa CbCTOSL Ce OT peauua oT
nepuoauyHO HapedeHn HaaTbXHU npeobpasyBatenu ¢ nepuog Ao. Tosu
dakT GnaronpuaTcTBa NpoeKTMpaHeTo Ha pe3oHaTop Ha 6Gasata Ha S0-A1
BbTPELIHO-BL/IHOBO B3aMMOOEWNCTBME, B KOWTO WU3NbyBaTeENs € W
pedpakTop Ha akyCTU4yHaTa BbSlHA, KaTo B AONbISIHEHME MoraT fa ce
NoCTaBAT NAacUBHU pedpakTopn OT ABeTe CTpaHW Ha U3nbyBaTens, KOUTO
aa nognomarat 3anaBsiHETO Ha eHeprusta. TakbB pes3oHaTop Oelle
NPOEKTUpaH, NPOTOTUNMPaH N XapakTepuaupaH Ha 6asata Ha HanbHO
3akpeneHa AIN membpaHa u Al enektpoan. Ha dourypa 3.78 e nokasaH
N3MepPEHNA YECTOTEH OTKITMK Ha TaKbB CUHXPOHEH TbHKOCIOEH pe3oHaTop
3aeHO C MUKPOCKONCKa CHMMKa Ha yCTPONCTBOTO.
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®urypa 3.78. NamepeH 4eCTOTEH OTKIMMK B OKONTHOCT Ha pe30oHaHca Ha BbTPELLHO-
BbJIHOBO CBbP3aH TbHKOCNOEH pe3oHaTop Ha JlemboBu BbAHN SO-A1

3mepeHOTO yCTPOMCTBO MMa LEHTpaneH npeobpasyBaTten u [Ba
OTHOCUTESTHO AbNK pedpakTopa OT ABeTe CTpaHW. Bpb3kaTta KbM JOMNHUS
ernekTpog €  KanauMtmBHa  nNocpeAcTBOM  CPaBHUTENHO  rONsMO
NpUNOKpMBaHe Ha MeTanHata WuHa Ha npeobpasyBaTtens € OONHUSA
HenpekbcHaT enekTpod. To3nm Aus3anH e creumduyHo nogbpaH ¢ ornes
ynecHsaBaHe Ha NpOTOTUNUPaHETO U e C uen ga AeMOHCTpupa edekra Ha
€HeprmmHoO 3anaBsHe MOoCPeaCcTBOM MOCTUTHATUA Pe30HaHC C KayecCTBeH
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drakTop Ha pe3oHaHc oT 2100, konTo e cpaBHUM cbc SO pe3oHaTopuUTE C
OONEH eneKkTpoa 1 pasnpeneneHn oTpaxatenu.

3.4 TbHKOCroeH pe3oHaTop Ha S1 akycTuyHa BbJiHa Ha Jlemb ¢ HyneBa
rpynoBa CKOpoCT

Tasn yact npeacrasda NPUHLKUIMHO HOBO PE€30HAHCHO YCTPOMCTBO KOETO He
ce Hy)Xgae OT OOMbJIHUTENHU OoTpaxkaTeSlHM efleMeHTU 3a 3anaBsiHe Ha
eHepruata. B cnyyasa ce u3nonsea HynesaTa rpyrnoBa CKOPOCT XapakTepHa
3a S1 JlemboBaTa BbBSHA nNpU OMpPedeneHo CbOTHOLWEHME Mexay
Ob/DKMHATa Ha BbfnHata WM gebenuHata Ha nnactuHata.  3a
OEMOHCTPUPAHETO Ha TakbB pPe3oHaATOp € WU3MNoSf3BaH HacpelHo-
rpebeHoBMaEH npeobpasdyBaTesi C pasueneHn enekTpoau, KouTo ce
Xapaktepuampa C nurnca Ha BbTPELIHO OTpaXeHMe Ha BbiHUTE. TakbB
npeobpasyBaTen U3nonaea enekrpoau ¢ wupoymHa A/8. Ha durypa 3.80 e
UINOCTPUPaH pe3oHaTopa C HyrneBa rpynoBa ckopocT Ha S1 JlemboBaTta
BbJIHA. AHann3a Ha YeCTOTHMA OTKINK NOCPeACTBOM METOoda Ha KpanHUTe
efleMeHTM NoKa3Ba e(pekTa Ha 3anaBsiHe Ha BbiHaTa nof npeobpasysaTens
(churypa 3.82), koeTo e cBbp3aHO C Bb3HUKBAHE Ha pe3oHaHC Ha YyecTtoTarta
Ha CUHXPOHM3BM.
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=+
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Si

Plate béfofrﬁétion

®urypa 3.80. Tononorus Ha S1 JlemboB pe3oHaToOp Ha HyrneBa rpynoBa CKOpPOCT B
nnesoenekTpmyHa memobpaHa ot AIN
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durypa 3.82. 3anaesHe Ha eHeprusiTa nog npeobpasyBaTens Npu pe3oHaHC

TakoBa ycTponcTBo Oewwe  NpPOeKTMpaHo, MNPOTOTUMUPAHO U
XapakrepunanpaHo Ha b6asaTta Ha HanbnHo 3akpeneHa AIN membpana c Al
enektpoan. MiamepBaHusTa B LIMPOK YecToTeH amanasoH (durypa 3.83)
nokaseaT nuncarta Ha pe3OHaHCEeH OTKNUK npu JlemboBMTe BBLMAHU OT Haw
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HUCBHK nopsabk A0 1 SO, gokato S1 BbMHATa € C Pe30HaHCEH OTKMUK B
NMbJSIHO CbOTBETCTBME C TeopeTudHute moaenn. dasosara CKOpocT Ha S1
BbJlHaTa Ha pe3oHaHCHaTa YectoTa oT okosio 2 GHz gobnuxasa 17500 m/s,
npu KadectBeH (aktop oT okono 600 wn kKoeduuMeHT Ha
enekTpomexaHnyHaTa Bpb3ka 0.65%.
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durypa 3.83. HeCcToTEH OTKNUK U3SMEPEH B LUMPOK YECTOTEH AManasoH

[JonbnHUTENHN TEopeTUYHU U3cneaBaHnda npenckasaxa nogobpeHve B
3anaBsHETO Ha eHepruaTa, 4pe3 u3nonsBaHe Ha Manbk Opon
OONBITHUTENHN HeoTpaXaTesTHN eneKkTpoan enekTpUYecKn CBbp3aHu KbM
Maca. Te3n enekTpooum ca HYyXHM 3a Ja Hamans KpanHuTe edekTn Ha
npeobpasyBaTensi, CBbp3aHXM C KOHBEPTUPAHE Ha BbJHATA KbM
pa3npocTpaHsaBaLLM ce BbITHU N3BBH nNpeobpasyBartens.

NMABA 4. SO PE3OHAHCHU CTPYKTYPU C TMNPUNOXEHUA B
YECTOTHUA KOHTPON U PAOUO-HECTOTHU OATHULIN

4.1 YecToTeH reHepaTop ¢ pe3oHaTop Ha SO BbiHM Ha Jlemb

[MbpBOHAYanHoO, TbHKOCOMHUTE pe3oHaTopu Ha SO BbAHM Ha Jlemb
bsaxa u3cnegBaHM KaTo YeCTOTHO CcTabunuaupaw KOMMOHEHTU BbLB
BepuraTa Ha 4YecTOTeH reHepaTop. [lpoekTupaHn n npotoTunupaHe 6saxa
ONCKPETHM YNNOBE C ABYBXOA0B pe3oHaTop Ha 6a3aTa Ha nMe3oenekTpuyeH
AIN, kakTo e nokasaHo Ha dourypa 4.2. Ha purypa 4.3 e nokasaHa n3mepeHa,
TUNWYHATa YeCTOTHA XapakTepucTuka Ha Teaun dmnoBe. Pe3oHaTopuTe ce
Xapakrepuaupar ¢ pe3oHaHC B S21 xapakTtepuctmkaTa, KOWTO Bb3HUKBA Npu
okorio 880 MHz, ¢ BHeceHu 3arybu oT okosnio 5dB 1 HaToBapeH kayecTBeH
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daktop Q=720. WsbpaHaTta [ByBXOAOBa KOHCTPYKUMS MNO3BOMsBa
BKMNIOYBAHETO Ha pe3oHaTopa BbB Bepura ¢ nonoxmrenHa obpaTtHa Bpb3ka
cnpsamo wmnpokoneHToB ycunesaten UTO-1023 cnocobeH ga reHepupa 0.5W
n3xogHa MowHocT npu okono 1GHz pabotHa 4ectota. CxemaTta Ha
YeCTOTHUSA reHepaTop e uncTpupaHa Ha durypa 4.5 n cbaobpxa 3dB
Pa3KNoOHUTEN Ha MOLLHOCT, KOWTO MO3BOMsSIBA OTBEXOAHETO Ha 4vacT oT
CUrHana KbM cnekTpaneH aHanusatop. OcBeH C BMCOKaTa CU MOLLHOCT,
N3Non3BaHus TyK ycuneaTen ce xapakrepuampa ¢ U3kniunTeneH HuCHLK 1/f
wym oT -140 dBc/Hz npn 1 Hz oTcTosiHME OT HOocewaTa YyecTtoTa [124].

g FPAR Schematic N FPAR Chips
P
y ’[Z -

Si Si

b P
durypa 4.2 Cxema Ha AByBXOAoB pe3oHaTop Ha SO BbfHa Ha Jlemb npoTtoTunupaH B
yunose. FPAR e abpeBunaTtypaTta nbpBOHa4anHo M3nonssaHa 3a Te3n YCTPONCTBA.

B 1031 ekcnepuMeHT, TbHKOCNONHMA pe3oHaTop Ha SO JlemboBa BbHa
6e HaTtoBapeH ¢ BxogHa mowHocT 24 dBm (250 m\W) Ha pe3oHaHcHaTa cu
yectota oT 880MHz B npoabrmkeHne Ha 5 gHU. He ce HabniogaBaxa
HUKaKBN OTKMOHEHUA W Aerpagaums Ha paboTHUTE XapaKTEPUCTUKU Ha
pe3oHaTopa, KOeTo € AEMOHCTpaumsa 3a Bb3MOXHOCTTaA 3a pabota npwu
BUCOKN MOLLIHOCTW Ha NPOEeKTUpaHNA OBYBXO0B THbHKOCIIOEH pe3oHaTop.

Synchronous FPAR

MKR(250): 879.96MHz
MAGTD (v) -4.97dB 10dB/
PHASE (a) 100.7deg 100deg/
\ /AN
YAV A \
........................... N/
) \
A S \ |
CF: 879.96MHz SPAN: 120MHz

®urypa 4.3 AMNnuTygeH u pasos YecToTeH oTkNMK Ha 880 MHz pe3oHaTop Ha SO BbHM
Ha Jlemb6
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®urypa 4.5 narpama Ha 4eCTOTEH reHepaTop cTabunmsnpaH ¢ AByBXOAOB pe3oHaTop
Ha SO BbNHM Ha Jlemb
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durypa 4.8 OueHka Ha pa3oBMS LWIYM Ha YeCTOTEH reHepartop crabunuavpaH c
pe3oHaTop Ha SO BbHM Ha Jlemb KakTo e nokasaH Ha durypa 4.5

PN Suppression [dBc/Hz]

Bbnpekn OTHOCUTENTHO HUCKUA HaTOBapeH KadecTBeH paktop Ha
pe3oHaTopa, reHepatopa wWnCTpupaH Ha durypa 4.5 nokasa
3abenexnTenHo HUCKM LYMOBE Ha CUrHana U3MEPEH B PEXUM CUrHan
OTHECEH KbM LUYM Ha CUrHanHus aHanusartop. ToBa nusmepaHe, No3BonsiBa
CHeMaHeTO Ha [aHHM 3a LWyMa OT u3MepeHaTa XapakTepucTuka, gaBanku
pobpa npeacrtaBa 3a has3oBMS LIYM KaTo USAMNO, OTYUTAMKM HaKMoOHa OT
30dB/gekaga Ha wyma B OnmM3ocT OO Hocewarta 4vectota. basosus
TEPMUYEH LLUYM Ce U34YMCIsiBa KaTo:

TNF=-174-Po+NF+G, 4.1
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kbaeto Po = 27 dBm e mowHocTTa B cxemara (durypa 4.5), G = 8 dB e
obwaTa 3aryba B cxemaTa, KOSTO BKI1l0YBa BHECEHUTE 3arybu B pe3oHaTopa
n 3dB oTknoHeHa MmowHOCT KbM n3xoaa, NF = 7dB e wymoBaTa KOHCTaHTa
Ha ycuneatens. PesynrtaTute OT Tasu OLEHKa ca rnokasaHun Ha urypa 4.8,
oTnnyasankn -2 dBc/Hz notuckaHe Ha dasosus wym npm 1 Xu, OTCTOSIHME
OT HocellaTa yecTtoTa n -186 dBc/Hz 6a3oB TepmuyeH wym. Ha 6asata Ha
Te31 JaHHM MOXe da ce NPecMeTHE LWymMoBaTa KOHCTaHTa Ha TbHKOCIONHUS
pe3oHaTop aR cbrnacHo opmynara [125]:

3(1Hz) = 10log{0.5|agF; + ag(F,/4Q})]} = —2dBc/Hz, 4.2

kbaeto J(1Hz) = —2dBc/Hz e wyma npu 1Hz oTcTosiHMe OT HocellaTta
yecToTa Fo, adE = 2.2x10°'* Hz e wymoBaTa KOHCTaHTa Ha ycuneaTtens
UTO-1023 [124]. Taka e wu34yucneHata LWyMOBa KOHCTaHTa Ha
pe3oHaTopa aR = 2.1x1073%%/Hz [122], e cpaBHMUMaA C LIyMOBUTE
KOHCTAaHTW Ha HanW [obpute MUKPOAKYCTUYHM pe3oHaTopu Ha
NOBBLPXHMHHU aKyCTUYHU BBIIHM B TO3M 4YeCTOTeH AmanasoH [125],
KOeTO $SICHO OeMOHCTpupa noTeHumana Ha TbHKOCNOMWHAaTa
pe3oHaHCHa TexHonorna Ha SO0 BbAHM Ha Jlem6 kaTto 4acTt oT
WHTEerpasiHMn YeCTOTHU reHepaTopu C HUCHK WymM. CpaBHEHMETO Ha
Te3n pes3yntatu C He3aBMCMMM U3cfegBaHMss No TemaTta e
npegcraseHo Ha Tabnuua 4.1. Ham pobpute pesyntatm oT
pas3fnM4YHNUTE n3cneaBaHuUsa ca CpaBHUTENHO BGNKU3KKN, KOETO NoKa3Ba
cuctemMaTuyHa Bpb3Ka Mexgy W3nons3BaHeTo Ha TO3W Tun
TBbHKOCIIOEH pe30HaTop U HUCKMSA WYM Ha CUrHana.

SO Pezonancuu CTpykTypHu Paborna yectora [Iym [dBc/Hz]
Edge type (CMR) 222 MHz -88 [127]
Edge type (CMR) 483 MHz -88 [128]
Edge type (CMR) 583 MHz -93 [129]
Edge type (CMR) 1.05 GHz -81 [101]
Grating type 880 MHz -92 [121]

Tabnuuya 4.1 ®asoB wym Ha 1KHz 4yecTOTHO OTMecTBaHe OT HocellaTa YyecToTa

4.2 Papmno4yecTtoTeH TpaHccopmaTop Ha HanpexeHue

Bewe n3obpeteH (WO/2012/156818A3) pagnoyecTtoTeH TpaHcgopmaTop
Ha HanpexeHMeTo Ha 6asaTta Ha TbHKOCNOMHUTE pe3oHaTopu Ha SO
JlemboBa akycTMyHa BbSHA. YCTPOMCTBOTO Oelle npoekTupaHo B
CbOTBETCTBME C pa3paboTeHuTe TeopeTUYHU MOAEenu, KaTo nopagwm no-
Huckata 4yectota (423MHz) 6Gewe npegonoyeTeH Au3anH C (PUKCUpPaHU
oTpaxartenu. YcnewHo 6ewe wn3nonssaHa TonosiorMaTra C [OBOWHA
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enekTpMyHa LUMHA 3a MOTUCKAHE Ha HeXenaHWTe HanpeyHu BbIHU B
CTPyKTypaTa.

Out
GND
In
B 19.52 Jd 3w |< 19.52 o
a) Synchronous Design
Out
GND
A/8 "
1 A8

L

\'L 19.5 A > 35 |< 195 A

b) Asynchronous Design

®urypa 4.10 dunsanH Ha pagmnoyectoTeH TpaHcdopmaTop Ha SO BbnHM Ha Jlemb. a)
CbC CMHXPOHHa pe3oHaHCcHa obnact (S) 0) ¢ acuHxpoHHa (AS) pe3oHaHcHa obnact

g

®durypa 4.15. Mukpockoncka CHUMKa Ha npotoTunupaH TpaHcdopmaTtop ¢ 38 uudTa
enekTpoau B npeobpasyBaTtens. OuKCMpaHUTE OoTpaxaTenu ca euBaHuM B Kpauwiarta
nocpencTBOM PeakTUBHO MOHHO eLBaHe.

Ha dwurypa 4.10 ca ckuumpaHu [BaTta OCHOBHW [Au3avHa Ha
pagnoYecToTeH TpaHcopMaTop. YCTPOMCTBOTO NpeAcTaBnsaBa 4BYBXOA0B
THHKOCIIOEH Pe30HaTOp C BXO, KOUTO € cbrnacysaH kbM 50 Ohm 1 ¢ BUCOKO-
nMmnegaHceH uaxon. Ha pesoHaHCcHa yecToTa, eHeprusTa B pe3oHaTopa e
KOHLUEHTpMpaHa KbM M3Xxoga Ha YCTPOMCTBOTO, KOeTo noanomara
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edeKkTMBHaTa TpaHcopMauns Ha HanpeXXeHNeTo, Haped C OTHOLLEHUETO
MeXay BXOOHUS U U3xodeH umnegaHcu. Pasnukarta mexay asata gmsanHa
Ha TpaHcopmaTop € B CMHXPOHM3Ma Ha pe3oHaHcHaTa obnacTt. 3a pasnuka
OT CUHXPOHHUA [OM3aWH, MPU aCUHXPOHHUS pe3oHaHcHaTa obnact e cC
OTMecTeHa AbImkuHa L=nA\/2+A/4. ACUHXPOHHUS AN3alH NoKa3Ba Mo BMCOKU
He HaTOBapeHW KoeULUMEHTU Ha TpaHCHopMaLmd, HO CbLLO Taka ca 1 no-
YYBCTBUTENHU KbM BNUSHUATA HA BbHLUHUTE nMneaaHcu. Taka npy BbHLUEH
umnegaHc 10kQ pgBata Tuna TpaHcdopmMaTopu nokasBaT CXOOHWU
HaToBapeHU KoedULNEHTN Ha TpaHCOpMUPaHE Ha HanNpPeXeHNeTo.

®urypa 4.18 Pagno 4eCToTeH NpMeMHUK C ABa TpaHcopmaTopa, 3aKbCBaLy NHOYKTOPU
N MHTerpanHa cxema paboTeLla Npu HUCKN MOLLHOCTU Ha curHana.

Ha durypa 4.15 e nokasaHa MMKPOCKOMCKa CHUMKA Ha TbHKOCIIOEH
TpaHcopMaTop Taka KakTo e npotoTunupaH MamepBaHeTo nocpeacTBOM
BEKTOpPEeH MpeXOoB aHanmMs3aTop MokasBa MakcumareH KoeuuMeHT Ha
TpaHchopMauus Ha HanpexeHneTo ot G21=22V/V B He-HaToBapeH pexnm
npu oTpaxeHue Ha Bxoga nog -11dB. lNpu gonbAHUTENHO MMMeOaHCHO
HaTOBapBaHe koeuuMeHTa Ha TpaHcopMauma MOXe [a nagHe noa
10V/V. Taka npoTtotunupaHms TpaHcdopmatop ©Oe BrpageH B
pagnoYecTtoTHa cuctema (BuxX. courypa 4.18), KoaTo MOXe Aa oT4eTe curHarn
nog -60dBm npu koHCcymMmupaHa moLHocT oT 10nW.

4.3 paBUMETPUYHMN PE30HAHCHU CEH30pU

Hucknte wymoBe Ha pe3oHaTopa ca npeanocraBka 3a nocrturaHe
Ha BMCOKa pesoniouna B gatymum 6asmpaHu Ha TbHKocnonHute SO
pe3oHaTopu Ha JlemboBM akyCcTUYHM BbMHKU. 3a uenta e Heob6xoaMmMo
AEMOHCTpPUpaAHEeTO Ha OTHOCUTESTHO BUCOKW YYBCTBUTESTHOCTU Ha
pe3oHaTopuUTe KbM CbOTBETHUTE BbHLHWN BNUSAHUSA. bsixa HanpaBeHU
TEOPETUYHM U eKCNepuMeHTanHWM  NpoyyBaHMA Ha  Maco-
YYBCTBUTENHOCTA Ha TbHKOCMOWHU pe3oHaTopu Ha SO JlemboBwu
aKyCTU4YHMU BbBMHM Ha ©GasaTta Ha nuesoenektpuyeH AIN. Tean
pe3oHaTopu 6sixa eKcnepumeHTanHo uscnegBaHu npu getekums Ha
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raz Xylene. AHanUTUYHUTE pel3ynTaTu nokasaxa Heob6xoaAMMOCT OT
M3MNon3BaHeTO Ha aKyCTUYHO TbHKN YYBCTBUTESHU CIlOEBE B TO3N TUN
pe3oHaTopu, C ornen 3ana3sBaHeTo Ha LWYMOBUTE XapaKTEepPUCTUKUN Ha
ycTponcTBata M HUCKUTE 3arybum B TAX, Kato eOdHOBPEMEHHO ce
OEMOHCTpUMpa BUCOKA MAaCO4YyBCTBUTESTHOCT.
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durypa 4.30 YyscTBUTENHOCT KbM ra3 Xylene Ha aByBxoaoB AByBxoaoB SO pe3oHaTop
nokput ¢ 380 nm geben HDMSO (Hexamethyldisiloxane)

YyBCcTBUTENHOCTTAa KbM apgcopbupaH ras Oewe wnamepeHa wu
CpaBHEHa CbC KOHBEHLMOHANHM ra3oBu CEH30pUN Ha NMOBBPXHUHHU U
HarnpeyHu NPUNOBbPXHUHHU aKyCTUYHN BbNHU. B [144] e n3BbpLUEHO
cpaBHeHue Ha nokputm ¢ HMDSO pesoHaTopn Ha HanpeyHwu
NPUNOBBPXHUHHWN BBNHU nNpu YyectoTa 700MHz n Ha NOBBPXHUHHUTE
aKycTu4Hn BbNHU Ha Rayleigh npu 4ectota 430MHz. [1Bata Tuna
pe3oHaTopu ca TeCcTBaHW 3a TAXHaTa YyBCTBUTESTHOCT NO OTHOLWLEHUE
Ha pasnu4yHn XxXMmMuyeckum rasose cpeq kouto U Xylene. B ToOBa
nscnegBaHe ce nocrtura ontummsnpaHe Ha gebennHnte Ha HMDSO
crnoeBeTe C orneg nocTturaHeTo Ha MakcumanHa YyBCTBUTEMHOCT Ha
ceH3opuTte. lpu ontumanHa pebenvHa Ha 4YYBCTBUTENHUSA COWN,
eHeprudara ce rokanusanpa Ha MNOBBbPXHOCTTaA cnod u obycnaesa
BMCOKaTa 4YyBCTBUTENIHOCT Ha YycTpoucTBaTa KbM agcopbupaHute
razoBse [144]. YcTtaHoBeHU ca onTumanHu gedenunHn Ha HMDSO ot
100nm 3a pe3oHaTopa Ha MNPUNOBBLPXHUHHWU aKYCTUYHWU BBJIHU WU
280nm 3a pes3oHaTopa Ha MNOBBLPXHWUHHU aKYCTUYHW BBJIHUW Ha
Rayleigh. W3amepeHu ca 4JyBcTBUTENHOCTM KbM ra3 Xylene,
CbOTBETHO 6.4Hz/ppm n 3.1Hz/ppm. 3BegeHO e 3aknyeHneTo, ye
NPUNOBBbPXHUHHATA akyCcTM4YHa BbSHA € N0 YyBCTBUTENHa npwu
MOoeHTUYHaA AObJDKMHA Ha BbJiHATa B CpaBHEHWE C MNOBBbPXHUHHATA
akycTnyHa BbJiHa Ha Rayleigh. ToBa cpaBHeHue Gewe JONBMAHEHO,
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n3nonseBankn  cblaTa MeTogonorug, C  eKkcnepumeHTanHo
n3crnegBaHe Ha OBYBXOAOB TbHKOCNOEH pe3oHaTop Ha SO BbJIHM Ha
Jlem6, nokput ¢ 380nm peben cnon HMDSO. Ha durypa 4.30 e
nokasaHa usmepeHaTa YyBCTBUTEJNTHOCT Ha TbHKOCJIOMHUA pe3oHaTop
KbM ras Xylene c pasfindyHa KOHLUeEHTpauus. [lpomMeHUTE Ha
pe3oHaHCHaTa 4YecToTa W BHeceHUTe 3arybum ca wnaMepeHwu
nocpencTBOM BEKTOPEH MpeXoB aHanusaTtop. Bcuukm pgaHHuM ca
nonyyeHn OT eauH pe3oHaTop C nocriegoBaTesiHO yBenunyaBaHe Ha
KOHUeHTpauuaTta Ha Xylene B eKCnepuMeHT npu KOMUTO OTKIMKA Ha
YCTPOMCTBOTO € HanbfIHO obpaTum. KpuBaTa Ha 4yBCTBUTENHOCTTA €
npUGIN3NTENHO NMHENHa ¢ HaKmnoH ot -31 Hz/ppm, keTo aednHUpa okomno 5
NMbTU NO BUCOKA YYBCTBUTEMNHOCT OT YyBCTBUTESTHOCTTA Ha pe3oHaTop Ha
NPUNOBBLPXHMHHN aKyCTUYHN BbiHWU [144], paboTew, Ha Gnu3ka 4vecTtoTa.
EoHoBpeMeHHO ¢ ToBa, BHeECEHUTe 3arybu B THHKOCMOWHUS pe3oHaTop
Bapupaxa B pamMknte Ha 1 dB B uenusa guana3oH Ha W3MepBaHU
KOHLEHTpaunn.

AKyCTU4YHa BbIIHA YecToTa YyBCTBUTENHOCT

[MoBbpxHMHHA/KBapy, 430 [MHZz] -7.2 [Hz/ppm] [144]
MpunoBbpxHuHHa/Keapy | 700 [MHZz] -9.1 [Hz/ppm] [144]
SO BbnHa Ha Jlem6 / AIN | 890 [MHZz] -31 [Hz/ppm] [133]

Tabnuua 4.4 YyBcTBMTENHOCT KbM ra3 Xylene Ha gsyeBxogoBu SO pesoHaTopu
nokputn ¢ HMDSO

B Tabnuua 4.4 ca pestloMupaHM MacoBUTE YyBCTBUTENHOCTU Ha TpuUTe
TMNa pe3oHaTopy KbM ra3 xylene. [lo TOYHOTO CpaBHEHME W3NCKBA
HOpManuanpaHe Ha 4YyBCTBUTESTHOCTUTE KbM HOMMHArNHata 4YecToT Ha
ycTponcteara. [lonyyeHuTe HopmanuMsaMpaHum 4YyBCTBUTENHOCTU Ce
cboTHacAT KakTo 5.0:1.3:1.0, cbOTBETHO 3a THLHKOCIIOMHUA pe3oHaTop, 3a
pes3oHaTopHa Ha NPUNOBBbPXHUHHU BbJTHM U 3a pe3oHaTopa Ha NOBbPXHUHHN
BbNHU Ha Rayleigh, koeTo e B A0O6pO CbLOTBETCTBME C NpeacTaBeHuTe
TeopeTuyHn mogenu. B 3akntouyeHue, TbHKOCNoOMHUTE pe3oHaTopu Ha SO
BbJ1Ha Ha Jlemb B meMmbpaHa oT nuesoenektpudeH AIN moraT ga gocturHat
pes3onouma No BUCOKA OT Ta3n Ha KOHBEHUMOHANHWTE pe3oHaTopu Ha
NMOBbPXHUHHM U MNPUMNOBBLPXHMHHU aKyCTUYHU BbNHM BbpXy Keapu,.
[MpoekTnpaHeTo Ha ra3oBW CEH30pPW C BUCOKA pPe3oniouusi M3UCKBa
ONTMMAanHO OTHOLWIEHWE MeXAy YBenMyeHaTa Maco-YyBCTBUTENHOCT U
noBMIaBaHe Ha LWymMa B pe3yntaT Ha YyBenuMyaBaHe Ha 3arybute B
YCTPOMCTBOTO nopaan [obaBeHMst BUCKO3UTET Ha Maco-4yBCTBUTENHUS
cnou n agcopbupaHma ras.

baxa wu3BbplUEeHN wun3cnegBaHusi Ha pPabOTHUTE XapaKTepUCTUKM Ha
TbHKOCNONHUA pe3oHaTop Ha SO BbHa Ha JlemMb ¢ NOBbPXHOCT NOTOMNEHA B
TeyHa cpepa. Pesynrtatute nokasaxa Bb3MOXHOCT Ha YCTPOWMCTBOTO Aa
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onepupa KaTo Maco-4yBCTBUTENEH CEH30p B TeyHa cpeaa. Manonssanku,
eneKkTpUYEeCcKn ekpaHmpaHa AoriHa NoOBbPXHOCT NOCPEACTBOM HernpekbCcHaT
Nno NOBBLPXHOCTTA €NeKTPod pe3oHaTopa oCcTaBa YyBCTBUTENEH CaMO KbM
MEXaHU4yHUTEe CBOMCTBaA He Te4dHocTTa. CpaBHUTENHUM U3MEPBAHUS BbLB
BOLHWM pa3TBOpU Ha sucrose u ethylene glycol npu cpaBHMMM CTOMHOCTU Ha
MacoBaTa NITbTHOCT YMHOXeHa No BUCKO3UTETa MOKa3Ba OTHOCUTESHO MNo-
ronsiMa 4yBCTBUTENHOCT Ha pe3oHaTopa KbM MNbTHOCTTA Ha cpedata u
OTHOCUTESNHO MNO-Marka KbM HeMHaTa BUCKO3HOCT.

4.4 Pe30HaHCHMU CeH30pPUN Ha BbHLUHO HansAraHe

FPAR G-S-G Pico probe

O-ring

B K

------- j Pressure

<+

------- — system

durypa 4.43 HanpeyHo ceyeHne Ha ekcnepuMeHTanHa ycTaHoBKa 3a U3MepBaHe Ha
YYBCTBUTENHOCT KbM BBHLUHO HansaraHe

OcBeH Maco-4yBCTBUTESTHOCT, TbHKOCITOMHUTE Pe30HaTOPU Ha aKyCTUYHU
BbMNHU Ha Jlemb6 npegnonaraT M BUCOKA YyBCTBUTENHOCT KbM BBbHLUHO
HansraHe 3apagn CpaBHUTESHO rONSIMOTO OTHOLLEHME MeXAy nroLwita Ha
membpaHaTta u HenHaTta gebenuHa. B pesynrtat, nuesoenektpudHata AIN
membpaHa ce gedopmupa 3HAYUTENHO MO Bb3AENCTBMETO HA BBHHLUHO
HansraHe 1 ce uHAyuMpa BbLTPELHO MEXaHWYHO HarnpexeHue, KOeTo
NPOMEHs1 enacTUYHOCTTa Ha MembpaHata U BoAM [O OTMECTBaHe Ha
pe3oHaHCHaTa 4YecToTa Ha yCTponcTBoTo. HanpaBeHo 6elle cpaBHUTENHO
TEOPETUYHO U EKCNEPUMEHTANTHO M3creaBaHe Ha YyBCTBUTENHOCTTA KbM
BbHLUHO HansiraHe Ha TbHKOCIIOEH pe3oHaTop onepupaly cboTBeTHO Ha SO,
A1 1n S1 Jlem60BM BBLITHM B pasnnyHUTE YECTOTHN Anana3oHu Ha paboTHaTta
CN Xapaktepuctuka. belwe npeackasaHa um noTBbpAeHa no-ronsmMarta
YyBCTBUTENHOCT Ha JlemboBaTa SO BbfHa B CpaBHEHWE C ocTaHanute
JlemboBu BbNHU. KaTo rnmaBeH mexaHu3bMm bGelle n3BedeH NpomsiHaTa Ha
enacTuyHocTTa Kato yHKUMS Ha pedopmaumara Ha MembpaHaTa npu
NPUIOXKEHO BbBLHWHO HandraHe. B ekcnepumeHTa Oelwe w3nNonsBaH
CUHXPOHEH TBHKOCIIOEH pe3oHaTop Ha JlemMboBM BBLMHM MOHTMpPaAH B
cneumanHo npoekTupaHa cucTeMa C Bb3MOXHOCT 3a W3MepBaHe C
pagnodecToTHa MUKpoOMeTpudHa coHga. Ha durypa 4.43 e ckuumpana
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TecTtoBaTa yCTaHOBKa CbBMECTMMa C 6mm X 6mm 4yMnoBe CbabpKalln
THHKOCMNOEH pe3oHaTop Ha JleMb6oBM aKyCTUYHN BbINHU B NUe30eneKkTpuyHa
membpana ot AIN.

>1: 780.500000 MHz 9.0172mU

/Sl

a) 6)

durypa 4.44 ExcneprMmeHTanHa ycTaHOBKa a) BEKTOpeH MpexoB aHanusatop HP8364B
6) PagnoyvectotHa G-S-G MuKkpo-coHaa u bMKCTypa 3a namepBaHe Ha gudepeHumnanHo
HansaraHe.

Uun c pesoHatop Ha JlemboBM aKyCTUYHM BbAHWM 6€ MOHTUpaH
nocpenCcTBOM MEXaHWUYHO MPUTUCKAHE KbM enacTUYEH MoNIMMepeH NPbCTEH,
NOKpUT ¢ BakyyMmHa rpec. Lucppos gatyuunk Ha HansaraHe GE Duck DPI 705
6e n3non3BaH 3a crnefeHe Ha HansraHeTo OKaTO YEeCTOTHUSA OTKIUK Ha
pe3oHaTop 6Gewe unamepeH nocpeactsBom HP8364B BeKTOpeH MpexoB
aHanusartop. Ha durypa 4.44a e nokasaH namepeHUsa YeCToTeH OTKIUK Ha
pe3oHaTopa B KOMTO SICHO ce BmxaaT pe3oHaHcuTe Ha SO0, A1 n S1 BbnHuTe.
Marnkute pe3oHaHCHU OTKMMUM OT NABO Ha rnaBHUA S1 pe3oHaHC, CbLUo
npuHagnexatr kbM S1 BbnHata. Ha durypa 4.446 e nokasaHa
eKkcnepuMeHTanHara ycTaHoBKa B npouec Ha nsmepsaHe. Ha curypa 4.51
€ [MoKasaHO W3MepeHO W3MEHeHMEeTO Ha pe3OHaHcHaTa 4ecToTa Ha
TbHKOCNOEH pe3oHaTop Ha SO JlemboBa akyCcTMYHa BbHA KaTo OYHKUUSA Ha
BbHLIHOTO HanaraHe go 100kPa. [JemoHcTpupaHa e nobpa NMHENHOCT Ha
OTKNMKa C HaknoH oT -6ppm/kPa [23]. B HesaBucumn wuscrnensaHus,
YyBCTBMTENHOCTTA Ha TO3M TuUN pe3oHaTtopu OGelwe B nocneacreve
3HauyuTenHo nogobpeHo Ha 6GaszaTa Ha KOMMO3UTHU MeMbpanu [160].
Pe3oHaTopu € No HUCKa YyBCTBUTESTHOCT Ce NPOEKTUpaT C ornes Ha TeXHUA
no BWCOK AuHammyeH obxBaT KW ob6paTHO pe3oHaTop C BUCOKa
YyBCTBMUTENHOCT paboTAT NpuM OTHOCUTENHO MO HUCKU AndpepeHumnanHu
HansraHus. MiamepBaHudata no kasaxa, 4ye SO BbnHaTa Ha Jlemb e ¢ Hau
ronsgiMa Y4yBCTBUTENHOCT MO OTHOLLUEHME Ha MPUIIOXKEHO BBLHLUHO HansraHe
CpPsIMO OCTaHanuTe BbfHU Bb3OyAeHW B CTpyKkTypata. MamepBaHudata ¢
HanaraHus oo 100kPa nokasaT obpaTvma nuUHENHa 3aBUCUMOCT MeXay
pe3oHaHCHaTa 4YecToTa W HanaraHeTo ¢ HaknoH ot 6ppm/kPa [23] (Bux Ha
durypa 4.51). CbwectBeHO nogobpsiBaHe Ha 4yBCTBUTENHOCTTA Oelle
peanu3npaHa B NOCNeaCcTBME B Pe30HATOPW BbPXY KOMMO3UTHU MeMbpaHu
[160], kaTo 6sixa mocTurHaTM HMBa OoT 1 ppm/Pa npu 4ectota OT OKOMO
750MHz.
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durypa 4.51 M3amepeHa 4yBCTBUTENHOCT KbM BbBLHLIHO HandraHe Ha CUHXPOHEH
pe3oHaTop Ha SO BbnHa Ha Jlemb npu andepeHumanHo HansaraHe oo 100kPa

NMABA 5. PESOHAHCHU CTPYKTYPU HA A1 JIEMBOBU BbJIHU B
CYB-MUKPOMETPUYHU CITOEBE HA NMUE3OEJIEKTPUYEH LiNbO3

THHKOCNOMHNTE pPEe30HaHCHU CTPykTypn Ha A1 JlemboBn BbNHM B
membpaHa oT nuesoenekTpmyeH LINbOs 6axa nsobpetenn npes 2010r [24]
KaTo CTPYKTYpU C HanMbfHO 3akperneHn MemOpaHu OT enuTakcuanHo
HaHeCceH CNnou, BbpXy KOWTO ca hopMupaHW HacpewHo rpebeHOBUOHU
npeobpasyBatenu. B npoabmkeHne Ha nocnegBanute 7 TOAWHU ce
OCBbLLECTBMN 3HAYMM TEXHONOMMYEH NPOrpec B TpaHcepmpaHeTo Ha ThHKM
NMe3oenekTpuyHM CrioeBe OT MOHOKpucTaneH obpasel, nocpencTBoM
MOHEH-CPe3 1 KOBanNeHTHa Bpb3Kka MeXay TbHKUSA CrOoM 1 HocellaTa OCHOBA
(obukHoBeHO oT Si). Taka TbHKOCNOMHaTa TexHonorna Ha A1 Jlembosu
BbnHU B LINbOs  OGewe npeotkputa n npes 2018 crpyktypata Oele
nogobpeHa n pebpaHaupaHa c abpesunatypata XBAR, KOATO ocTaHa kaTo
LUMPOKO MNPUEeTO HaMMeHOBaHMEe Ha TOo3uM Tun pesoHaTtopu. WMMeHHOo
nocpeacTBOM HOBOTO CUM HauMeHoBaHue [189], ycTponcTBOTO npuaobu
cunHa nonynsapHoOCcT B HaydyHute cpeau. OT ToraBa, Bede 7 TOAWHM,
arpecuBHO ce nybnvkyBaT Han pasnuyHm nybnnkauyum no temarta, NnpeauMHo
OT HayyHu 3BeHa oT Kuatan u CALl. Temata ce paswumpu KbMm
n3cnenBaHeTO Ha Mo WNPOK Kpbr oT Jlemb6osu BbNHU B LiINbO3 kaTo A3, S2
n opyru, kato ce nscnensat n kKomnosntHu LINbOs/SiO2 nnatgopmn. Tesn
ycTponcTBa 6axa mawabupanm oo yectotn Hag 10GHz. PaspaboTeHu 6sxa
HOBW PE30HAaHCHW CTPYKTypu c abpesuaTtypata YBAR, onepupawm Ha
NMbpPBUAT NfacTMHYaTa BbJlHA C HanpeyHa nonspusaums Ha BbfHaTa. 3a
cera Te3u HOBW NPeanoXeHnsa 3a yCTPOMCTBA He marnexaart obelwasawim ¢
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ornen Ha CKOPOLLUHOTO UM MNPaKTUYEeCKO MNPUoXeHWe, HO M3crenBaHudaTa
npoabikaBaT M Ce O4YakBa [da Ce MNOCTUTHE 3HA4YMTENHO NoaodpeHue B
paboOTHUTE NM XapaKTEPUCTUKN B ObaeLLe.

Tasn nocoka B u3cnegBaHusita Bb3HWKHA nopaguM HeobxoammocTTa OT
pe30HaTopu C ronsmM KoeuUUEHT Ha eriekKTpoMexaHudHa Bpb3ka. Mmax
Bb3MOXXHOCT Aa paboTsi OKONo 2 roguHu Nno TemaTta B KayeCTBOTO CU Ha
KOHCYNTaHT KbM CTapTupawiata komnaHms Resonant Inc. 3a ToBa KpaTko
BpeMe, HMUe MNOCTUTHaAXMe 3HaYuTerneH CKOK M OeMOHCTpUpaxme MbpBute
NpakTUYEeCKN 3HaYNMM pe3ynTaTh, KOMTO NOMOrHaxa 3a npuaobmesaHeTo Ha
Tasn TexHomnorns ot ronsam umHayctpuaneH urpad (Murata Manufacturing,
Japan) npe3s 2022r. B pguceptaumsata ca obobuwieHn 4act OT Teau
nacnegBaHus, Kouto npugobuxa NybnnmyYHOCT HO N Ca OCHOBOMoMarawm 3a
MHOyCTpuanu3aumaTa Ha TexHomnoruaTa. 3HadmMm MNpUHOC B MOSeTo ca
n3obpeteHnte A1 pesoHaHCHM CTPYKTYypW, nossonisisawm pabota npwu
OTHOCUTENHO BUCOKN pPagMoO4vyeCcTOTHW MOLLHOCTU. ToBa ca CTPYKTypu C
aKyCTU4YHO aebdenu enekrpoau B HacpeLwHo-rpebeHoBNaHMSA
npeobpasyBaTesi, KOMTO  3HAYUTENHO  HamansaeaT  NapasuTHUTE
CbMPOTMBIAIEHNA W YyBenuyaBaT TonfMHHATa npoBoAMMOCT. B Teau
CTPYKTYpU, OCHOBHUA npobriem Gelle Bb3MOXHOCTTaA Ja ce npoektupar
yCTpOMCTBA C MNOATMCHATWU MNapasnuTHM BbSIHW, KOMTO B crydvad
npeacraensaBaxa XxmMbpnaHu BbIHU Ha B3anmoaencrtene Ha A1 Jlemboara
BbJIHa Cc JlemboBuTE BbITHU OT NO-HUCHK nopsaabk A0, SO, KakTo 1 NO BUCOKU
XapMoHuumn Ha A1 BbnHaTta. YCTaHOBM ce, Ye LIMpUHaTa Ha enexkTpoauTe B
HacpeLwHo-rpebeHoBMaHUSA NnpeobpasyBaTen Tpsabea aa 6bae No manka oT
0.3 oT nepnoga Ha npeobpasyBaTens, gokato gebennHaTta nm Tpsabea ga e
TakaBa, Ye A3 BbsiHaTa B enekrpoga v A1 BbfHaTa U3BbH HEro ga umar
6nmn3kn yectotn. ToBa ycrnoBume ce CBbp3Ba C OCUIypsSBAHETO Ha HUCKK
BEPTUKariHM MEeXaHUYHM HanpeXeHus Ha uHTepdenca mexagy enekrpoaute
n membpaHarta oT LiINbOs. ToBa ycnosue e nntoctpmpaHo Ha durypa 5.4,
KbOEeTO Ce BWkKAa MPOCTPAHCTBEHOTO MOSIOXKEHNE Ha eKcTpemymuTte (B
CUHBO N YEePBEHO) Ha HaNPe4YHOTO OTMEeCTBaHe Ha YaCcTULMTE B KOMMO3UTHA
membpaHa C HenpekbcHaT pfgeben enekTpog npuv  YCroBMETO Ha
CUHXPOHU3BM Mexay A1 n A3 BbnHuTe. Ha durypa 5.5 e vnioctpupaHo
NPOCTPAHCTBEHOTO pa3snpedeneHne Ha A1 BbnHata B CTPyKTypa C
aKyCTM4HO oebenu n oTHOCUTENHO TECHM eNnekTpoau B npeobpasyBaTtens.
To3n TMN amsanH e 6e3 aHanor cpeg Apyrute BUMAOOBE MUKPOAKYCTUYHU
yctponctBa. [lo npaBuno, CcTpykTypute ¢ pgeben enektpog ce
Xapaktepuampar 4ecTto C ronemm 3arydbm M HUCBK KOEMUUMEHT Ha
eneKkTpoMexaHn4YHa Bpb3Ka.
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durypa 5.5 HanpeyHo oTmecTBaHe Ha yacTuuuTe B npeobpasysarten ¢ 440nm gebenu
eneKkTpoaun oT anyMmnHUin, ¢ koeduumMeHT Ha meTanuaaums mt=0.3 dopMmmnpaHn BbpXy
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durypa 5.23 Ckuua Ha OTMECTBAHETO Ha YacTuuuTe B TBbpAo-3akpeneH A1 Jlembos
pe3oHaTop BbpXy oTpaxaTten Ha Bragg [169].

53



Al

Si02

Si02

Al

Si02

W

Si02

Si02

Si02

durypa 5.24 CkuMua Ha OTMeCTBaHETO Ha 4acTuuute B MuedecTasniHoO 3akpeneH
pesoHaTop Ha A1 JlemboBa BbfHa Ha 6asata Ha nuegectann OPMUPaAHU KaTo

oTpaxaTtenu Ha bper [170]

B koHTekcTa Ha cb3gaBaHeTo Ha A1 Jlemb6oBu ycTponcTtea ¢ nogobpeHa
YCTOMYMBOCT Ha MOLLHOCT ce wusobpeTtuxa ycTpomctBa Ha 6Gasata Ha
pednekTopu Ha Bragg (Bwx curypa 5.23) n nuegectanm dopmmpaHn Kkato
pednekTopu Ha bper (BuxX curypa 5.24), Konto ocurypssat e(pekTmseH NbT
3a oxnaxpgaHe Ha CTpyKTypuTe npu paboTa Ha OTHOCUTENHO MO-BMCOKM

MOLLHOCTMW.

durypa 5.28 CumeTtpuyHa cxema Ha PY comntbp Ha A1 Jlem6oBM BBbIHK [172]

Hyxxgata OT pe3oHaTopy C USKIKYUTENHO BUCOKM akTopu Ha
eneKkTpoMexaHnyHa Bpb3ka AoBede A0 U300peTssBaHETO Ha 3aBbPTEHMU
cpesoBe Ha LINbO3 B okonHocT Ha 120°Y-X [30], konto gemoHcTpupat 30%
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NO-BUCOK KOEMUUMEHT Ha erfieKTpoMexaHW4yHa Bpb3Ka CNpAMO HOMWHana
aeMoHcTpupaH oT Z-Y LiNbOs. Pe3oHaHCHU CTpykTypu 6asmpaHn Ha Te3u
n3obpeteHna 6axa M3non3BaHM 3a NPOEKTUPaHETO U NPOTOTUNMPAHETO Ha
LUMPOKONEHTOBN untpu npu 4vectotm Hag 4GHz. 3a uenta 6Gewe
n3obpeteHa cneumdunyHa KoHpuUrypaumss Ha punTpuTte, KOSTO KU3Nonaea
paBHOMEPHO pasnpeaeneHn pe3oHaTopu ¢ NpUGIN3NTENHO eqHaKBM NIIOLLN
C orneg nogobpsiBaHETO Ha HagexaHoCTTa Ha ycTpoucTteBata [172].
Cxemata Ha (hunTbp € pasnpenernieHn pe3oHaTopu € nokasaHa Ha durypa
5.28. lNo cbuiecTBo, ToBa € cxema C 5 pesoHaTopa OT KOUTO ABa ca
3aKbcsABaLWM KbM Maca u Tpu ca nocnegoBaTesniHO CBbp3aHW Mexay Bxoaa
M u3xoda Ha YCTPOUCTBOTO. Bcekn OT 3akbcsBalunTe pesoHaTopn e
pasgerieH Ha 4 CbCTaBHM pe3oHaTopa C orfen nocTuraHeTo Ha MeMmbpaHu ¢
no gobpa mexaHunyHa ycTonmymBocT. [lo aHanorus, gBa OT cepurHuTe
pe3oHaTopu ca pa3ferieHn Ha [Ba CbCTaBHM pe3oHaTopa, BCekn. Toau tun
cxema Oewe npunoxeHa B MNPOEKTUPAHETO Ha NbpBUAT UNTLP 3a
YeCTOTHa neHTa n79, KoMTo n3abpxa go 31dBm BxogHa mowHocT [29]. Ha
durypa 5.32 e nokasaHa wu3MepeHata S21 xapakTepucTMka Ha
NPOTOTUNUPaAHNA (UNTbP B CpPaBHEHME C rojflydyeHaTa MnocpeacTBOM
YNCIEHN CUMYNaLMN.
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durypa 5.32 CpaBHeHre Ha S21 xapakTepucTUKUTE Ha U3MEPEH U CUMynMpaH n79
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[MpoekTnpaHeTo NOCPeacTBOM YMUCIEHM ONTUMMU3ALMN HA TaKbB PUNTHLP
M3NCKBA WHTErpMpaHeTO Ha pasfMyHM aHanUTUYHU MHCTPYMEHTU. 3a
CaMOTO ONTMMM3MPAHE Ce U3MOoSi3Ba cpeda 3a aHanu3 Ha pagnuoyvyeCcTOTHU
npudopn KOATO € CBbp3aHa KbM aHanuTUYeH WHCTPYMEHT 6GasupaH Ha
MeToda Ha KpanHUTe efieMEHTU 3a CMMYauma Ha akyCTUYHUTE pe3oHaTopu.
B ponbriHeHue, ce oTyuMTaT napasuTHUTE HaBOAKM Ha CBbp3BaluuTe
enekTpoanm B cxemata Ha QunTbpa MOCPeACTBOM WHCTPYMEHT 3a
enekTpoMarHMTeH aHanua, KOMTO CbLLO € ba3upaH Ha MeToAda Ha KpanHuTe
ernemMeHTMu.

Mpe3 Te3n 2 roanHn B KOUTO aKTMBHO Ce 3aHMMaBaX C Pe30HaHCHUTE
ycTtponctea Ha A1 Jlemb0BM BbIHKU, CTaHaxX aBTOP M CbaBTOP B MHOXECTBO
naTeHTn, KOUTO HEe ca npeacraBeHn B Ta3um auceptauusi. MHoro ot
AeTannuTe CBbp3aHu C MHOyCcTpuanmsaumsta Ha ycTpoucTearta Bce oLle ca
KOH(pmnaeHumnanHm n He morat ga 6baart msnoxeHn Tyk. Bce nak, MHoro
Hella ce m3AcHABaAT B MOKaHeH aokrnag Ha Resonant Inc. (komnaHus Ha
Murata Manufacturing) Ha 2025 Int. IEEE Ultrasomic Symposium B YTpexT,
HuoepnaHgus [193], KbOeTO CbLWO Ce OTKpOosiBa NnpakTnyeckata CTOMHOCT
Ha CUMETPUYHO CTPYKTYypupaHuTe pe3oHaTopu NpeacTaBeHW B MaTeHT OT
HacToswaTa guceptaums [192].

NMABA 6. KPATKO ONMMCAHUE HA AUCEPTALIUATA U NMPUHOCHU

MmaBa 1 npeacraensisa BbBedeHMe B NOMETo C uen ga geduHupa
KOHTEKCTa Ha m3crnegBaHuaTa npeacraBeHn B guceptauuaTta. OCHOBHUTE
MUKPO-aKyCTUYHN TEXHOMNOrMu ca pasrrejaHu 3aefHo ¢ nporpeca vm Ao
aeHc. Tpwu oToenHu pes3oHaHCHUM TexHonorMm ca usBegeHwn. Toea ca
THbHKOCITIOMHATa  TEXHOMOorus Ha  0BeMHM  aKyCTU4HU BbI1HM,
paguMoyecToTHaTa TEXHONOrMsi Ha MOBBLPXHUHHU aKyCTUYHW BbIHU U
THbHKOCINONHATa pe3oHaHCHa TexHomnorna Ha JlemMboBM akyCTUYHU BBITHM.
TbHKOCNOMHaTa JlemboBa pe3oHaHCHa TEXHOMNOrMsi Ha npakTuka ce
OCHOBoOMoONara 4Ypes pesynratute B Tasun anceptaund. Tpsabsa obave aa ce
oTbenexu , 4e Mma OnNMTU 3a peanu3vpaHe Ha TbHKOCMOWHM JlemboBM
ycTponcTea npe3 80Te roaMHn Ha MUHaNMA BEK, HO TbHKOCNONHK Jlemb6oBu
pe3oHaTopu ca cneunduyHo paspaboTeHn 1 JEMOHCTPUPAHN 3a NPbLB MbT
B nybnukauus oT Tasu guceptauus. B TOo3M cMucbn, kKato uen Ha
ancepTtauusaTa e noctaBeHa paspaboTBaHeTo Ha JlemboBaTa ThbHKOCNONHA
pe30HaHCHa TEeXHOMorus, 3anoyYBankn OoT HerHUTe PU3NYHU PYHOAMEHTH.
N3cneoBaHuaTa BKAOYBAT TEOPETUYHKW, MPOU3BOACTBEHM W MNPUMOXHN
acnekTm M ca npoBedeHn B nNpoabibkeHne Ha 15 rognHn. TbHKOCNOMHU
JlemboBu pesoHaTtopu 6a3mpann Ha AIN n LINbOs TbHKM nnesoenekTpuyHm
cnoese ca AeMOHCTpUpaHN 1 U3crnensaHu B guceptauusaTa.

FnaBa 2 onncea pa3paboTBaHETO Ha aHANUTUYHM UHCTPYMEHTM B Nogkpena

Ha NPOEKTMPAHETO Ha TbHKOCNOWHK JlemboBn pesoHaTopu. o cbliecTBo

paspaboTeHnTe mMogenu npencraBnsBaT pasllMpsiBaHe M ajanTupaHe Ha
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N3BECTHM MOENU Npu MPOEKTUPaAHETO Ha YCTPOMCTBA Ha MOBBbPXHUHHMU
aKyCcTuyHn BbJSHUN. B cekuma 2.1 e npencraBeH nosieBM aHanus3 Ha
pas3npocTpaHeHMeTo Ha J1IeMboBM BBbHU B TbHKMU MNACTUHU C NEPUOANYHN
eneKkTPOAHN peLLleTKM No MOBbPXHOCTUTE. AHanu3a e paspaboTeH Ha
OoCHoBaTa Ha Teopemarta Ha Floquet-Bloch 3a pasnpocTpaHeHne Ha BbiHU B
nepuoanyHn CTpyktypu. B cekumna 2.2 meTtoga Ha dyHkumnte Ha Green e
agantTupaH KbM aHanm3a Ha Bb30yxgaHeTo Ha JlemMboBM BbHU
NnocpencTBOM HacpeLuHo-rpebeHoBMaHN NpeobpasyBaTtenn n nepnoanyHm
peauuM OT npeobpasyBaTenn Ha HaLNMbXHA  aKYCTUYHU  BbIIHW.
PaspaboTkute paswupsiBat aHanuTU4HUTE MeToaM BbB u3MKaTa Ha
aKyCTuyHMTe  BbfHW. Peguua  MSKNKOYUTENHM  KHUMKM  onuceaTt
KOHBEHUMOHAaNHUTE Teopun, KOUTO npeacTaBnaBaT (yHOaMeHTa Ha
mMoaenuTte paspaboteHn B Ta3u auceptaumsa. [193 -197]. C Bb3HUKBAHETO
Ha BWCOKO MPOAYKTUMBHU MalLUMHM W cOoTyep 3a aHanui3 nocpencTBOM
MeTo4a Ha KpanHUTe enemMeHTn, (PoKyCbT Ha TeopeTUYHUTE pa3paboTku ce
N3MeCTN KbM pa3paboTBaHETO Ha e(PeKTUBHM Npoueaypu 1 anroputMmn 3a
NpoeKkTUpaHe 1 aHanua Ha pe3oHaHCHU CTPYKTYpu 6asmpaHn Ha aKyCTUYHMU
Bb/IHM Ha Jlemb. B cekuus 2.3 ca npeactaBeHM metoan 3a 6bp3 aHanu3
nocpencTBOM MeTOJa Ha KpawnHuTe enemMeHTU B cpepa Ha Multiphysics
COMSOL, kouto MoraT ga 6baaT OMPEKTHO CPaBHEHU C aHanUTUYHUTE
WHCTPYMEHTN paspaboTeHn B cekuum 2.1 n 2.2. BbBeaeH e aHanun3 Ha
aucnepcmaTa Ha BBMHOBOTO YUCNO B paBHMHATA Ha Audopakuus Ha
BbNHata. 3a uenta ca aHanuaumpaHn 3D nepuoanyHn CTPYKTYpU
nocpencTBOM MeTOoa Ha KpanHuTe eniemMeHTU. B CMHXPOH C pesyntatute ot
aHanusa npeacrtaBeH B cekuuun 2.1, 2,2 n 2.3, B cekumsa 2.4 e BbBedeH
dopmanuama Ha ,CBbp3aHUTE-BbIHU® 3a npoekTupaHe Ha Jlembosu
pe3oHaTtopu. Ton npeactasBnaBa PEHOMEHOMNOIMYHaA TEOPUS C HAKOISIKO
napamMmeTbpa onuceBalLm Bb3byXOaHETO U pas3npoOCTPaHEHNETO Ha BbIHUTE
B nepuoaundHn cpean. W3segeHn ca MeToauM 3a  aHanuTU4HO W
eKCNepuMeHTanHo noriydyaBaHe Ha Te3uM napameTpu. Ws3BepeHa e
eKBMBaNeHTHa enekTpuyecka cxema Ha JlemboBuTe pe3oHaTopu, KOATO €
CbBMECTUMa C TeopusiTa Ha CBbp3aHUTE BbJIHW. PaspaboTteHuTte
aHanNUTUYHN  WUHCTPYMEHTM Ca WU3MNOM3BaHW B MNPOEKTUPAHETO Ha
ycTponcTBarta npeacTtaBeHun B crieBawimTe rnasu.

lmaBa 3 e nocBeTeHa Ha nMPOEKTUPAHETO, MNPOTOTUMUPAHETO W
XapakTepusmpaHeTo Ha TbHKOCIIOMHU pe3oHaTopu Ha JleMboBKu akyCTUYHM
BbJIHM B C-TeKCTypupaH nuesoenektpudeH AIN nspacHat Bbpxy cumnuumnesa
nognoxka (tunudHo 4" - 6"). Cekuma 3.1 nokaseBa nNbpBUTE U
OocHoBomnonarawy npoToTunM Ha TbHKocnoeH SO JlemboB pesoHaTop.
PaspaboTBaHeTO Ha Te3n pe3oHaTopu Npeaxoxaa no BpeMe narpakgaHeTo
Ha HeoBxooMMUTE aHaNUTUYHN UHCTPYMEHTM 3a ONTUMM3aUMS Ha An3anHa.
B cnyyas ycTtponcTBaTa ca MNpPOEKTUPaHM KaTo TECTOBM CTPYKTYpWU 3a
n3cnenBaHe Ha NPUNOXMMOCTTA N TEXHONOMMYHaTa CbBMECTUMOCT Ha TO3U
TN PE30HAHCHU CTPYKTYpU. Te3n nbpBOHAYanHW pesynrtatu nogyepraxa
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HeoOxoAMMOCTTa OT npeodondABaHEeTO Ha peguua  MPOeKTHU ¢
NpoOn3BOACTBEHN CrnabocTM Ha TexHosorMsaTa, KaTo CbLEBPEMEHHO
nokasaxa noOTeHUMana Ha Tas3M TexHonormsas 1M MOoTMBUpaxa
npoab/kaBaHETO Ha uacnegpaHusta B Tasn obnact. B cekuma 3.2 SO
JlemboBKM pesoHaToOpu CbC 3HAYUTENHO NOAOOPEHN AM3aNH N TEXHOMOrUS
ca NpoTOoTMNNPaHU U XxapaktepuampaHu. [leMOHCTpupaHu ca eaHOBXO40BU
N OBYBXOLOBW pe30HaTopu C BUCOKM KadyecTBeHU dpakTopu. [poekTnpaHn u
npototunupaxHn ca n SO JlemboBn pesoHatopu kato MEMC cTpykTypmn C
KOH30MHO 3aKkpeneHa MemMbpaHa W  pasfnuMyHM  KOHUrypaumm Ha
npeobpasyBaTtensa C orfeq nosiydaBaHETO Ha YCTPOMCTBA C MOBULLEH
KoeoMUMEHT Ha enekTpoMexaHuM4yHa Bpb3Ka. OcbuiectBeHO €
ONTMMU3NPAHE Ha [OM3alHa MO OTHOLUEHWE MNOTUCKAHEeTO Ha HeXenaHu
napasMTHMU HanpeyHu BbBISIHM B CTpyKTypata. HoB ams3anMH C [OBOWHA
enekTpuyecka LWmMHa € BbBeAeH B NPOeKTMpaHeTo Ha JlemboBu pe3oHaTopu
C MOATUCHATM NapasuTHU HanpeyHn BbNHW. [lpoekTupaHM ca Ku ca
npoToTunupanu SO JlemboBM pe3oHaTopu C TeMnepaTypHa KOMMNEHcaUnNd Ha
yectoTarta B KOMNOo3nTHU AIN/SiO2 membpanun. Cekumsa 3.3 nokassa HOB TUNM
PEe30HaHCHO YCTPOMUCTBO (OYHKUMOHMPALLO Ha OCHOBaTa Ha BbLIIHOBO
KoHBepTupaHe Mexay SO0 BbnHa Ha Jlem6 n A1 BbnHaTta Ha Jlemb Ha
HenHaTa KpUTUYHa 4YectoTa. To3M HOB NPUHLUIM HA PE30HAHCHO YCTPOUCTBO
€ TEOpPEeTUYHO OonucaH W eKCNnepuMeHTanHo MNOoTBbPAEH MOCPEACTBOM
NPOTOTUNNPAHETO Ha NPBB MO poAda Cn akyCTUYeH pesoHaTtop. [lpeam ToBa
n3obpeteHne, 3anaBsAHETO Ha €eHeprna B aKyCTUYHW pe3oHaTopu e
OCbLLECTBABAHO MNOCPEeACTBOM pasfnYyHN BMOOBE aKyCTUYHU OTpaxaTenw,
OokaTto B TO3M crnydam BbfHaTa pedpaktMpa U ce CcBbp3Ba C
dyHOameHTanHMa pes3oHaHC Ha HanpeyHata akyCTuyHa BbfHa B
nnactuHata. Hakpas, eauH HoB BuA pe3oHaTop 6asupan Ha S1 Jlembosa
Bb/lHA C HyneBa TrpyrnoBa CKOPOCT € TEeOpeTU4YHO OnucaH W
eKCNepuMeHTanHo [AeMOHCTpupaH. To3um Tun pe3oHaTop He U3MCKBa
oTpaxaTtnu W Kn3Non3Ba He oTpaxaTeneH HacpelHo-rpebeHoBuaEH
npeobpasyBaTten C pasueneHn enekTpoauM W HHAKONKO npennasBalim
enekTpoda oT BCsika CTpaHa Ha npeobpasysaTens.

MmaBa 4 npeactaBsa pabortata no m3crnegBaHe Ha MNPUIIOXKUMOCTTA Ha
TbHKOCINOMHaTa TexHonorns 6asmpaHa Ha SO BbnHWM Ha Jlemb6 B AIN
meMbpaHu. [JeMOHCTpUpaH € YeCTOTEH reHepaTop C HUCHK LYM, B KOUTO
JlemboBusi pe3oHaTop ce M3Mnosn3Ba KaTo ctabunuampall, enemMeHT B Cxema
C nonoxumtenHa obpaTtHa Bpb3ka. Bb3aMOXXHOCTTa 3a paboTa npu HUCHK LLYM
ce cbyeTaBa C MHoro pfobpata rpaBMMETpUMYHa YyBCTBUTENHOCT Ha
yCTponcTBaTa M paskpuBa noTeHumnan 3a NpUNoXeHus B ra3oBu XMMUYHU
CEeH30pu C BUCcOKa pesontouuns. PesoHaTtopute 6asmpanu Ha SO Jlembosa
BbJfiHa nokasaxa obeulaBawia edeKkTMBHOCT npu pabota B TeYHW cpeaum.
YcTtponcTtBata 3anasBaT pe3oHaHCHaTa CU  CbLHOCT W nposiBsABat
YyBCTBMTENHOCT KbM BWCKO3UTETA M MNMABbTHOCTTA Ha cpepata. Tasu
YyBCTBUTENHOCT € MU3CcreaBaHa TeOpPEeTUYHO M EKCNEePUMEHTAsHO, KaTo €
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n3BefeHa NPUNOXMMOCTTa Ha Te3n YCTPOUCTBA B XUMWYHU BMO-CEH30pM.
Cbwo Taka, pe3oHaHCHUTE CTPykTypu 6asmpaHum Ha SO BbnHa Ha Jlemb
nokasaxa BUCOKA  YYBCTBUTENIHOCT  KbM BBbHLLHO HansaraHe.
UyBCTBUTENMHOCTTA KbM HandraHe e uscnegBaHa TEOPETUYHO W
eKCcrnepuMeHTarHo. YCTPOMCTBOTO [OEMOHCTPMpPA Bb3MOXHOCT 3a
3HauMTenHo nogobpeHune B pesonoumsita oo ctonHoctn nog 1Pa. He Ha
nocnegHo  MsCTO, nNpeactaBeH €  n3obpeTeH  pagMo4vecTOTeH
TpaHcdopMaTop Ha HanpexeHune. TpaHcdopmaTopa € NPUIIoXKeH B cxema
Ha HMUCKO MOLLEH KOMYHMKaumMoHeH moayn. [NpencraBeHuTe B Tasu rnaea
pa3paboTkM nokasBaT cneumpuiHuTe npegMmcTBa Ha TbHKOCoOMHaTa
TexHonorust Ha SO JlemboBM akyCTUYHU BBLIHU B NPUMIOXKEHNA CBBbP3aHN C
HUCKO-LUYMHW TeHepaTopu, AdaTtyuumM C BUCOKA pPe30Siouust M BUCOKO
ehekTnBHN paanmoyectoTHn TpaHchopmaTopu. [punoxenmata Ha AIN
pe3oHaTopu 6asmpaHn Ha S1 BbNHM Ha JlemMb m3rnexaa Cbo Bb3MOXHO
npu un3nonsBaHe Ha ABYCTpaHHA cxeMa 3a Bb3byXgaHe Ha BbfHaTa.
Bbnpekn, ye koeuumeHTa Ha enekTpoMexaHuyHa CTPyKTypa B Tesu
CTPYKTYypu ocTaBa no cnabd oT TO31 4EMOHCTPUPAH B PE30HAHCHU CTPYKTYpU
Ha 0DEMHW aKyCTUYHW BBIIHW, NPUMAOXKEHMETO MMa uHAycTpuaneH pokyc
nopagu npeaumcTsea B LeHaTa Ha NpoOn3BOACTBOTO.

FmaBa 5 nokasBa paspaboTBaHETO Ha TbHKOCNOMHATa pPe3OHaHCHAa
TexHonormss Ha A1 JlemboBM BbBbMAHKW, 3anodBaMkm OT UNYHUTE
dyHgameHTn. OCHOBHOTO MPUIIOXKEHME Ha TO3UM TUM YCTPOMUCTBaA € B
LUMPOKONEHTOBM (PUNTPU 3a TenekoMyHuMKauuute OT MNeTo M LWecCTo
nokoneHne. OCHOBHUTE MOCTMXKEHUA Ha paboTata ca CBbp3aHU C
NPOEKTUPAHETO Ha  LUMPOKOSIEHTOBM  PE30HATOPU CbBMECTUMM C
pagnoYecTOTHUTE MOLLHOCTM B CbBPEMEHHUTE TeneKkoMyHuKauuu. Tpwu
NPOTOTMNA Ha LUMPOKONEHTOBM (PUNTPU ca AEMOHCTpupaHn Ha 6asarta Ha
cegem knioyosu nateHta. OCHOBHUTE MPUMHOCK BKOYBAT MNPOEKTMPAHETO
Ha pPEe30HaHCHM CTPYKTYpU C aKycTuyHo naebenn enektpoan B
npeobpasyBaTens, n3obpeTsiBaHETO Ha Y Cpe3oBe Ha NUE30ENEeKTPUYHMS
LiINbOs 3a nonydaBaHe Ha MakcumanHa LWUPOYMHA Ha neHTata Ha
nponyckaHe, n3obpeTsiBaHETO Ha (UNTbPEH Au3anH C pasnpegeneHu
pe3oHaTopuM CbC CXOAHA MfowW, Ha nNUe30enekTpuyHnTe mMembpaHu,
n3obpetasaHeTo Ha A1 JlemboB pe3oHaTop BbpXY aKyCTUYEH OTpaXkaTesn oT
Bragg Tmn n n3obpeTtaBaHETO Ha HOB TUM PE30OHAHCHWU CTPYKTYpPU BbPXY
nuegectanm oT Bragg Ttuin. A1 JlemboBute pesoHatopu ce
MHAOYCTPpUanuampaT B MOMEHTa B MPOAYKTU C U3KMIOYNTENHO LUMPOKN NIEHTH
Ha TeNeKOMYHUKaUNOHHUTE OUnTpu B YeCTOTHUSA ananasoH 4GHz — 7GHz.

A. Hay4yHu npuHocu

A.1 N306peTeH e HOB Krac paamMov4eCTOTHU MUKPO-aKyCTUYHU pe3oHaTopu
Ha 6aszaTa Ha TbHKM MME30ENEKTPUYHN CIIOEBE. TBbHKOCNOMHaTa
TexHonorns 6asnpaHa Ha JlemboBKu akyCTUYHW BbIHW € NpeacTtaBeHa 3a
npbB NbT. EaHoBX00BM 1 AByBxogosu SO JlemboBum pesoHaTopu € BUCOKa
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NPOU3BOAUTENHOCT Ca NPOEKTUPaHU, NPOTOTUNUPAHN N XapaKTepusmpaHu
BbPXY HaMbfIHO 3aKpeneHu N KoH30MHo 3akpeneHn AIN membpaHu. HoBa
pe3oHaTopHa CTPYKTypa C ABOMHA efiekTpuMyecka LWiMHa e npeasioxeHa 3a
NOTUCKaHE Ha HeXenaHuTe HanpevyHu napasvTHU BbIHW B CTPyKTypaTa.
PaspaboteHn ca SO JlembGoBM pe3oHaTOpU C BrpageHa TemnepartypHa
KOMMeHcauusi Ha YectoTtaTa Ha 6a3ata Ha KoMno3uTHM AIN/SiO2 membpaHu.
A2. PaspaboTeHa e TeopeTMyHa pamKa 3a MoAenimpaHe u onTMMmusaums Ha
THHKOCITONMHN pe3oHaTopu Ha JleMboBM aKyCTUYHU BBbIiHW. PaswmnpeHn u
aganTupaHu ca aHanuTU4YHKU MoAdenn Ha basata Ha Teopemarta Ha Floquet-
Bloch n dyHkumnte Ha Green. AHanUTUYHUTE Npouenypu ca oboraTeHu
ype3 WM3MNOM3BaHeTO Ha aHanu3 nocpeacTBOM MeToda Ha KpauHuTe
enemMeHTn. PaspaboTeHata aHannTUYHa pamMKa € CUHEPIrMYHO MHTEerpmupaHa
C Mofefla Ha CBbp3aHUTE BbLIIHU 3a MNPOEKTUPaHe U ONTMMU3auus Ha
MUKPOBBJTHOBM aKyCTUYHU nprubopu.

A3. lpennoxeHn v NpoTOTUNMPAHM Ca NPUHLMUMNHO HOB TUM Pe30HaHCHU
CTPYKTYpu Ha JlemMboBM aKyCTMYHM BbMHW. HOBa pe3oHaHCHa CTPyKTypa
6asvpaHa Ha B3ammopgencteneto mexagy SO m A1 JlemboBu BBLIHM €
npoekTupaHa, NpoToTUNUPaHa W xapakTepusvpaHa 3a NpbB NbT. HoBa
pe3oHaHCHa cTpykTypa 6asnpaHa Ha S1 JlemboBa BbHa C HyneBa rpynosa
CKOPOCT € NpoeKTUpaHa, NpoToTUNMpPaHa U xapaktepusnpaHa 3a nNpbs MbT.
N306peTeH e pagnoyecToTeH TpaHcopMmaTop Ha HanpexeHne 6asmpaH Ha
SO0 JlemboBa pesoHaHcHa cTpyktypa (WIPO Patent Application
WO/2012/156818A2). TpaHcdopmatopa € NpoeKkTupaH, NpoToTUnNupaH u
WHTEerpupaH B KOMyHUKaLMOHHA cxemMa paboTella C U3KITYUTENHO HUCKA
KOHCYyMMpaHa MOLLHOCT.

A4. HanpaBeHu ca nscnegsaHus BbB Bpb3ka C NPaKTUYHUTE NPUITOXKEHUSN
Ha TbHKOCcnonHuTe JlemboBu pe3oHaTopu. YecToTeH reHepaTop C HUCHK
WwyMm, ctabununamnpan nocpeactsom SO JlemboB pe3oHaTop € npoeKkTUpaH,
NPOTOTUNUPAH N XapaKTepuanpaH 3a NpbB NbT B CXEMa C BUCOKA MOLLHOCT
N HUCBK Ba3oB TepmuyeH Wwym. Hoeu Bucoko yvysctButenHn SO JlemboBu
PE30HAHCHN JaTyuMuM Ha BBHLWHO HandraHe W Maca ca Wu3cregBaHu
TEOPETUYHO N eKCNEPUMEHTArNHO C orfneq Ha nogobpsiBaHETO Ha TaAxHaTa
pesontouuns. O4yepTaHn ca NpUHUMNNTE 3a NPOEKTUPaHE U NPUNOXKEHNETO
Ha Te3n pPe3OHaHCHU JaTynum.

AS5. MN300peTeH € TbHKOCMOEeH pe3oHaTop Ha A1 JlemboBa BbnHa C
paswnpeHa YeCcToTHa feHTa 1 nosuweHa paboTtHa MoLwHocT. HoBaTvBeEH
ON3alH ¢ akycTnyHo gebenu enekrpoam Ha npeobpasyBaTens KakTo U CbC
CUMETPUYHO CTPYKTYpUpaHe Ha pe3oHaTopa 3a NoTUCKaHe Ha napasuTHUTE
BbJ/IHN € OCbLLECTBEH BbPXY NUE30ENEKTPUYHN NIAaCTUHU OT 3aBBbPTSH Y-
cpe3 Ha LiNbOs. N306peTeHa e HoBa KOHLENUMA 3a PE30HAHCHO YCTPOMCTBO
Ha A1 JlemboBa BbNHA BbPXy nMedecTann CTPYKTYpUpaHU KaTo
pednekTopu Ha Bragg.
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B. Hay4yHO-npunoXxHu npnHocu

B1. PaspaboTteHaTta TeopeTMyHa pamMKa € BrpageHa B codTyep 3a
NpoekTMpaHe Ha TbHKOCNOMHK JlemboBu pesoHatopu. CodTyepa
Nno3BonsiBa MNPOEKTUPAHETO Ha MNPakTU4YeCcKM 3HA4YMMU PE30HAHCHU
CTPYKTYypu 6asnpanm Ha SO BbMAHW Ha Jlemb. V3BbpLUEHO € MHTerpupaHe
KbM KOHBEHLUMOHANHM CUMYNaTopu 3a paguvoyvyecTOTEH aHanua, KOeTo
nognomara UHAYCTPUAnHOTO NPoeKTUpaHe Ha Taknea pe3oHaTopMu.

B2. KaTto yacT oT ekun, aBTopbT NPOEKTUpa NbPBUAT camocbrinacyBaH n79
dUNTbP C HUCKN BHECEHM 3arybu B NneHTata Ha nponyckaHe U CTPbMHMU
dunTpoBM xapakTepuctukn. PaspaboTteHa belle cuctema 3a onTMMmnsaums
KOATO CMHEPrnMYyHO KOMOMHMpA aKyCTUYHM MOAENN, eNeKTPOMarHUTHU
MOAENW W MOAENM 3a pPaguoyecToTHO onTumMmanpaHe. Pesyntatute
nponpasmnxa NbTH Ha 3HAYUMM YaCTHU MHBECTULMM B TEXHONOIMATA, KOUTO
goBegoxa OO npuvaobmBaHETO M OT TFonNaAM  MHAYCTPUAaneH urpad u
nocneneanoTo U MHOYCTpManuampaHe.

C. MNpnnoxHun npuHocu

C1. Kato vact ot eknn, MEMC TtexHonornata e cneyndunyHo agantupaHa
KbM HeobxoguMmuTe CTaHOapTW 3a YChnewHo MnpoTOoTUNMpaHe Ha
THHKOCNONHKU JleMboBW pe3oHaHCHU CTPYKTypu. PaspaboTeHnte gnarpamm
Ha npouecuTe no3BonM npoTtoTunupaHeTo Ha JlemboBu pe3oHaTopu
basupanu Ha nnesoenekTpudeH AlN.

C2. KaTto 4acT ot ekun, ce pa3paboT KOMyHMKALMOHHA CUCTEMA C HUCKa
KOHCyMMpaHa  MOWHOCT  4pe3  crneuyupuyHo  MHTerpupaHe  Ha
TpaHcdhopMaTopHU YmnoBe BasnpaHu Ha JleMboBK BBbIHM.
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SUMMARY

The doctorate of science thesis entitled "The thin-flm Lamb wave
Resonator Technology" summarizes the scientific contributions of the author
on the topic of thin film Lamb wave resonator technology, which was
developed from the fundamentals up and includes large amount of
theoretical and experimental contributions. The thesis contents cover 30
research publications and 8 US patents. The total amount of citations on the
included research, excluding the self-citation, is exceeding 800 as of October
2025. An, important update on the SO Lamb wave resonator technology was
presented as an invited talk at the 2012 Int. IEEE Ultrasonic Symposium in
Dresden, Germany. The next important leap of the technology related to the
design of 5G communication filters based on the A1 Lamb wave was
reported at the 2019 Int. IEEE Ultrasonic Symposium in Glasgow, Scotland.
Recently, the technology has been brought to mass production with main
application in the wideband 5G wireless communication systems.

Over the course of research number of advantages of the AIN based SO
Lamb wave have been revealed mainly in the timing and sensing domains.
Independently from the first publication [1], STMicroelectronics in France has
presented their original work on the topic few months later [20], which was
followed by an independent publication by Pisano’s group at University of
California Berkeley, USA [21,22] and opened the field for many researchers
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to earn their PhDs and to establish full academic positions. The application
of this first-generation Lamb wave technology in RF communication filters,
remained limited in RF filter technologies as the demonstrated resonance-
to-antiresonance fractional bandwidth remained inferior to the well-
established thin film bulk acoustic wave technology [23]. About 5 years after
the thin-film Lamb wave resonator invention, the focus got extended not only
on frequency scaling but also on devices with wide resonance-to-
antiresonance fractional bandwidth, which required significantly larger
electromechanical couplings. This necessity has been motivated by the
requirements of the 5G telecommunications, which prioritized some new
filters above 4GHz with frequency bandwidths of about 10% and above. In
2010 a breakthrough in the Lamb wave resonator technology have been
made by M. Kadota et. al [24] demonstrating devices above 4GHz range with
resonance-to-antiresonance fractional passbands of about 7%. These
devices employed the A1 Lamb wave in epitaxially grown Z-cut LiINbOs3 thin
film. Later with the advancement in the piezoelectric-on-insulator technology
[25] this concept has been revisited [26]. During the last 7 years numerous
specific inventions brought the A1 Lamb wave technology to industrial
maturity. Some of these key enabling inventions are also presented in this
doctorate of science thesis.
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GENERAL DESCRIPTION OF THE THESIS

Relevance of the topic

The thin-film electro-acoustic technology is a relatively new domain in
research and innovation. It was founded with the invention of the thin-film
bulk acoustic wave resonators back in the early 90s by K. Lakin from the
lowa State University in USA. This technology is actively being developed,
demonstrating  significant  industrial  viability.  Currently, these
micromechanical devices are employed in the mass market
telecommunications as radio-frequency filters, demonstrating low losses and
steep skirts. Significant research and development are focused on the
development of various physical sensors (e.g gravimetric, pressure,
temperature). During the last 20 years, the research in this field have been
extended towards thin-film devices employing surface acoustic waves and
Lamb waves. As a result, significant leap in performance and frequency of
operation was achieved in telecommunication filters. Currently, the thin-film
electro-acoustic filters are employed in mobile communications in the
frequency range 0.7 GHz — 7 GHz. Different thin-film devices are employed
within this frequency range. For frequencies bellow 3GHz the thin-fil surface
acoustic technology is dominating, while for the frequency range above 5
GHz the thin-film technology Lamb wave is dominating. In the 3GHz — 5 GHz
range the thin film bulk acoustic wave technology is without competition. The
author of this thesis contributed significantly towards the research and
innovation of all three types of thin-film resonant devices. In this thesis, only
the contributions related to the thin-film Lamb wave resonator technology are
considered. The low cost and technological compatibility with the integrated
circuit technology makes this technology a promising candidate for
application in next generation microwave integrated circuit devices. To this
end the thin-film Lamb wave resonator technology is widely used in filters
and multiplexers for the frequency band 5 GHz — 7 GHz. In addition, the
market for the thin film resonator technology is extending towards highly
sensitive, IC compatible gravimetric, pressure and temperature sensors.
Large amount of contemporary research efforts is focused on the specific
advantages of the thin-film Lamb wave technology with regard to the design
of various high-performance sensors. In this thesis all aspects of the thin-film
Lamb wave technology research are presented. More specifically,
considered is the micromachining technology of Lamb wave resonators on
piezoelectric thin-flm membranes of aluminum nitride (AIN) and lithium
niobate (LiINbO3), further efficient modeling routines are developed to assist
the design and the optimization of the thin-film Lamb wave devices. The
state-of-art of the thin-film Lamb wave technology is laid out along with the
specific scientific contributions and the latest aspects of the ongoing
research efforts.



Objectives of the thesis, main problems addressed and research
methods applied

The thesis considers the development of the thin-film Lamb wave
resonator technology from the fundamentals up. It proposes systematic
research regarding the theoretical, the technological and the application
related aspects of the technology, starting from its physical foundations.
Within this context, the thesis claims to be part of the invention and the
foundation of the thin-film Lamb wave resonator technology, which
practically was initiated with the first refereed publication in the beginning of
2005 in Applied Physics Letters. The thesis objective is defined as research
on the thin-film Lamb wave technology in its theoretical, technological and
applications related aspects. The problems solved as part of this thesis are
formulated as:

e Development of analytic models for efficient analysis of Lamb wave
resonant structures;

e Design of Lamb wave resonance structures with high Q factor;

e Adapting the MEMS technology towards the micromachining of micro-
acoustic Lamb wave;

e Fabrication and characterization of thin-film Lab wave resonators with
enhanced performance and inherent temperature compensation;

e Invention of novel resonant topologies based on acoustic Lamb
waves.

e Design and characterization of low noise oscillators stabilized with
thin-film Lamb wave resonators;

e Characterization of thin-flm Lamb wave gravimetric and pressure
Sensors;

e Invention of thin-film Lamb wave resonant voltage transformers with
application in near-zero power transceivers;

¢ Invention of wideband thin-film Lamb wave resonators;

e Design, fabrication and characterization of  wideband
telecommunication filters above 4GHz;

Scientific novelty

The research topic is new and modern by origin. The research was
initiated with the submission of the first experimental data in 2004 and is
active up to date, while demonstrating some industrially viable solutions.
From the very beginning, the research was conducted in a very competitive
environment together with renowned universities in USA, while during the
last 10 — 15 years, research teams from Japan, China and Singapore have
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been actively contributing. Most of the colleagues working on this topic have
already been promoted to full professor positions in the top 100 ranked
universities worldwide. The research and innovations on the thin-film Lamb
wave resonator technology remained limited to research organizations with
access to cleanroom environments with utilized MEMS technology. The
financial threshold for this type of research is relatively big and limits the
inclusion of excessively broad research community. Thus, the number of
generated citations in such environment is also limited. Currently the
technology is industrially developed only in high-tech countries like USA,
Japan and China.

The presented work includes few new aspects of the research, which
were developed in synergy in view of achieving the thesis objective. These
aspects are as follow:

e The development of the theoretical modeling tools represents an
adaptation of the analytical models for the analysis of surface acoustic
waves towards the Lamb wave resonator analysis. For the first time
Lamb wave resonators are analyzed by means of the coupling-of-
modes theory. New methods for finite element analysis were
elaborated and applied to the analysis of thin-flm Lamb wave
structures.

e For the first time were fabricated thin-film Lamb wave resonant
structures. The employed technology is adapted from the industrial
thin-film bulk acoustic wave resonator technology by introducing
additional technological routines, specific for the Lamb wave
resonator structures. Subsequently, the technology was adapted to
piezoelectric layers formed by layer transfer techniques.

¢ Invented are Lamb wave resonators with intermode A1-S0 Lamb wave
coupling. Invented are Lamb wave resonators employing a zero-group
velocity S1 Lamb wave. Invented are wideband A1 Lamb wave
resonators for operation at high frequency with moderate power
handling. Invented are resonance structures with periodically
structured pedestals.

e New applications in frequency control and high-resolution sensing are
identified.

Practical relevance

The thin-film Lamb wave resonator technology is considered an important
subdomain of the micro-acoustic wave technology. The results included in
this thesis have always been leading and at the forefront of the research on
this filed at the time of their publication. Accordingly, the research was
conducted quite ahead from any practical applications. During the research
and innovation efforts certain advances of the thin-flm Lamb wave
resonators were outlined. More specifically, the ability to achieve low noise
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performance in oscillators stabilized with thin-film Lamb wave resonators in
combination with the highly sensitive response to gravimetric and ambient
pressure biases promote the use of these devices in sensors with high
resolutions. The Lamb wave voltage transformers represent an entirely new
type of applications in the low power communications. The thin-film Lamb
wave resonators employing S1 mode in AIN and A1 mode in LiNbO3
membranes have demonstrated advantages for telecom filter applications.
In May 2025, Murata Manufacturing (Japan) announced the first ever
commercial wideband Wi-Fi filter based on the A1 Lamb wave resonators.
The field is still in development and new industrially relevant applications are
expected.

Approval
The results from this thesis are:
e published in 21 refereed and indexed journals with IF;

e presented and published in 8 refereed and indexed in international
IEEE conferences on the subject;

e presented and published in 1 refereed conference GOMACTech
(microcircuit applications for government systems) in USA;

e published in 8 US patents;

Citations: More than 800 citations (excluding self-citations) of the related
published research are seen in SCOPUS, as of October 2025. It is noted that
the average IF of the field is in the range of 2.

Publications

The main results are published in renowned scientific journals as Applied
Physics Letters (AIP), Journal of Applied Physics (AIP), Transactions in
UFFC (IEEE), Journal of Microelectromechanical Systems (IEEE), Journal
of Micromechanics and Microengineering (IOP), Sensors and Actuators B
(Elsevier), Solid-State Electronics (Elsevier), Ultrasonics (Elsevier),
Electronics Letters (IET). Significant summary of the results was presented
as an invited talk at the 2012 IEEE Int. Ultrasonic. Symposium.

The diversification of the publications towards wider number of scientific
journals was intentional in view of achieving maximal publicity of the
achieved results.

Structure and contents of the thesis

This thesis includes 281 pages and consists of introduction, 4 chapters,
description of research contributions, list of included publications (38 in total),
references including 198 public sources, and closing remarks. The thesis
includes about 204 figures, 21 tables and 54 formulas. The enumeration of
the figures, formulas, tables and references in this thesis summary
corresponds to the one used in the thesis work.
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SUMMARY OF CONTENTS

CHAPTER 1. STATE OF THE ART MICROACOUSTICS BEFORE AND
AFTER THE INVENTION OF THE THIN FILM LAMB WAVE RESONATOR
TECHNOLOGY

The research on thin film Lamb wave resonator technology started back in
2005 with the first scientific publications on the topic [1,2]. During the
following 10 years there have been very intensive research on this subject,
which continues up to date. The emergence of this research direction has
been stimulated by the necessity for increasing the frequency of operation,
while employing state of art deep ultraviolet (DUV) lithography systems. Two
main branches of the micro acoustic technology were dominating at that
time. The surface acoustic wave (SAW) technology was represented by the
leaky surface acoustic wave (LSAW) and the temperature compensated
surface acoustic wave (TC-SAW) topologies, which were characterized with
low cost and relatively easy manufacturing but also with relatively low
performance characteristics. These were limited in both quality (Q) factors
and frequency of operation. Thus, the commercially viable SAW products
reached maximum frequency bellow 3.0GHz. The other technology, that
dominated the market was the thin film bulk acoustic wave (BAW) technology
which offered significant advantages in the frequency range above 2GHz in
terms of very high Q factors and robust frequency scaling which does not
require complicated lithography processes. Follows a brief review on the
evolution of those key technologies, including the time prior and after the
invention of the thin-film Lamb wave resonator technology. This review is
meant to provide the context in which the Lamb wave technology research
was initiated by the author of this thesis as well as the overall evolution of
these technologies, including the Lamb wave technology, up to date.

1.1 The radio frequency bulk acoustic wave resonator technology
Radio frequency bulk acoustic wave technology originates from the
invention of the thin film bulk resonator technology, based on c-textured AIN
films on Silicon substrate, more than 30 years ago by Kenneth Lakin [3] from
lowa state University, USA. The device concept was further promoted and
brought to commercial viability by Rich Ruby [4], initially as part of HP Labs,
Palo Alto, CA, USA. He introduced the first FBAR (film bulk acoustic
resonator) product for cell phone applications in 2000 — 2001. The following
decade was the decade of the thin film bulk acoustic wave resonator
technology, which performance has reached unprecedented for the micro
acoustic technology figures of merit. This first-generation technology has
demonstrated Q factor of 5000 at 2GHz, while temperature coefficient of
frequency (TCF) and power handling exceeded the state of art surface
acoustic wave technology. Unlike, the surface acoustic wave technology, the
resonance frequency ‘f’ of bulk acoustic wave resonators is determined by
the device thickness ‘d’ approximately as f=V/(2d), where V is the acoustic

7



wave velocity. This aspect of the technology, makes the thickness control
and thickness uniformity along the wafer very critical for achieving high yield
in mass production. This requires additional trimming and frequency setting
procedures, which makes the technology more expensive than its surface
acoustic wave counterpart. Therefore, significant research efforts were
directed towards the frequency range enhancement and performance
improvement of surface acoustic wave technology at this time. About 15
years ago, the Sc doped AIN film was invented by M. Akiyama [5],
demonstrating a significant boost in piezoelectric response as function of Sc
concentration. This technology has further been implemented in the FBARs
with specific interest to boost the resonance — to — antiresonance (R-aR)
fractional bandwidth to levels suitable for wider band applications. Further,
the moderate increase of the dielectric permittivity enabled some size
reduction in the RF filter die size. The first promising results were published
right after the discovery of the material [6, 7] and the research continues up
to date. As result the second-generation bulk acoustic wave resonators
technology widely use Sc doped AIN thin films with Sc concentrations of
about 10% and larger. Currently, AIScN thin films with Sc concentrations in
excess of 30% are needed for the design of sub 7 GHz filters with relatively
large bandwidths. Electromechanical coupling in excess of 20% with Q factor
in excess of 1000 have been recently demonstrated at 6 GHz [8]. This
frequency range becomes challenging, especially when it comes to large
volume production, where functional and thickness uniformity along 6" and
8" wafers, as well as wafer to wafer repeatability is a must. There is, already,
a significant leap forward in this domain, although further improvements are
needed [9]. One specific challenge is related to the frequency scaling above
4 GHz, where the AIScN become as thin as 250nm and the thickness and
functional uniformity becomes more difficult to achieve. Above 6 GHz, is
more appropriate the use of bulk acoustic wave resonators employing
multilayered piezoelectric structures with opposite polarity of the adjacent
piezoelectric thin films. Such structures are generally able to support higher
overtone bulk acoustic wave thickness mode resonances, while retaining the
electromechanical coupling and Q factors. Further, due to the smaller
loading effects of the electrodes in such structures the AIScN film
thicknesses are significantly larger than those in their fundamental mode
counterparts. The latter imposes better process control inherent for the
deposition of thicker AIScN films. One very important aspect of working with
higher overtone multilayered thin films is the ability to enhance the power
handling capabilities of the technology, provided that the devices
demonstrate high Q factors comparable to the fundamental mode
technology. The frequency scaling rules in RF filters, require the use of
resonators which electrode border to area ratio scales as 1/f (here f is the
frequency), the area scales with 1/f2, and the resonator volume scales with
1/f. As a result, fundamental mode resonators for sub 7 GHz filters become
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too small in volume, which imposes large energy densities and limited power
handling. Further the heat resistance increases as the area of the devices
becomes smaller and becomes more difficult to release the heat out from the
resonator when operating under high powers. Finally, the electrode area to
border ratio decrease with frequency, which makes the edge effects
dominating the performance through loss of Q factor and increase of
spurious mode content. All this is a strong motivation for the ongoing
development of the overtone bulk acoustic wave technology. Currently
Akoustis Inc. (a SpaceX subsidiary) is the company developing this
technology for the market. The technology aspects include deposition of
epitaxial and polycrystalline AIScN films, along with polarity inversion
techniques and layer transfer techniques as part of the resonator and filter
fabrication [10]. This technology facilitates the frequency scaling between
5GHz and 15GHz with good prospects for mass production evolving thus
into a third-generation technology with specific application in the high
frequency range. A new and quite promising direction is the use of
ferroelectric behavior of Sc doped AIN with Sc concentration near 30%.
Frequency tuning and intrinsic polarization switching of film bulk acoustic
resonators (FBARSs), based on sputtered AIScN piezoelectric thin films have
recently been demonstrated [11].

1.2 The radio frequency surface acoustic wave resonator technology

Over the time the RF surface micro-acoustic wave technology has evolved
through three distinctive stages (three technology generations). Starting with
the leaky surface acoustic wave (LSAW) on rotated 36° — 48° Y-cut of
LiTaOs, about 20 years ago upgrading to temperature compensated surface
acoustic wave (TC-SAW) on 128°Y-cut LINbOs and about 10 years ago
evolved to incredibly high-performance surface acoustic wave (I.H.P SAW)
technology on piezoelectric on insulator (POI) substrates [12]. Usually, the
piezoelectric thin films are LiTaOs or LiINbO3 single crystal platelets with
rotated Y-cut crystal orientation. In its nature the [.H.P SAW technology
belongs to the class of Love waves. More specifically, these are acoustic
wave with predominantly shear polarization guided by a lower velocity layer
(e.g LiTaO3) on top of a high velocity substrate (e.g Si). One important
advantage of the surface acoustic wave technology is that frequency scaling
is defined by means of lithography, while the substrate thickness is not of big
importance. The waves are excited by means interdigital transducer (IDT),
who’s pitch ‘p’ determines the resonance frequency approximately as
f=V/(2p), where V is the surface acoustic wave velocity. This latest (3™)
generation of surface acoustic wave technology is currently dominating the
market for frequencies up to 3GHz, offering performance characteristics
comparable and often exceeding that of state of art bulk acoustic wave
technology, while keeping the technology robust. Beside the investigations
aiming at increase of the Q factor and improvement in the temperature
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stability during the second technology generation, significant research efforts
have been directed towards utilization of surface acoustic waves on high
velocity substrates, where the acoustic wave velocity may exceed 10000
m/s, which is more than two times larger than that of the surface acoustic
waves on conventional substrates like LiTaO3z and LiNbO3 substrates. The
latter is providing an ability to scale the frequency, while keeping the
lithography robust. Within the technological race with the bulk acoustic wave
technology, it was shown that the AIN/Diamond system can offer almost the
highest SAW velocity in nature [13]. It follows from the fact that the surface
acoustic wave in diamond has the highest velocity among all materials, and
thus, when combined with a piezoelectric layer provides a good platform for
high frequency SAW devices [14]. For more than 10 years this has been a
dominating research activity in the field of microwave acoustics although with
limited practical success. The main issue with the diamond-based structures
is the use of polycrystalline diamond, which offers limited Q-factors owing to
the enhanced mechanic losses in the material. Within these efforts it was
recognized the potential of the thin SO mode Lamb wave in thin AIN films.
The mode has low velocity dispersion and acoustic wave velocity of up to
10000 m/s with low acoustic losses. These characteristics have made the
S0 Lamb wave a promising alternative to the high velocity surface acoustic
waves. This specific development is discussed more in detail in the next
section. Currently, the research on surface acoustic waves is mainly focused
on the ability to scale the frequency of the piezoelectric on insulator-based
surface acoustic wave technology up to the 6 - 7 GHz frequency range. One
option in the frequency scaling is through technological advances in
lithography, which enable the state of art POI substrates to be used up to
5GHz [15]. Unfortunately, that often requires lithography beyond the
resolution of the DUV systems, which makes this approach commercially not
viable. Another option, currently in investigation is the use of specific cut of
piezoelectric LiNbO3 layer on top of high velocity 4H-SiC substrate that
support longitudinal leaky surface acoustic wave (LLSAW) with large
electromechanical coupling [16]. This acoustic wave has 50% larger velocity
than the conventional SAW and allows the design of devices with 50% larger
IDT pitches at the same frequency. In this specific high velocity surface
acoustic wave concept, the polycrystalline diamond is replaced by 4H-SiC,
which is a material with very high acoustic Q and high acoustic velocity.
Alternatively, the high velocity material under the piezoelectric layer can be
replaced by dielectric acoustic mirror consisting of layers with alternating
acoustic impedances and velocities [17]. This technological development is
still in progress and if successful can offer solutions for wide band filters like
n79, Wi-Fi 5, Wi-Fi 6.
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1.3 The radio frequency Lamb wave resonator technology

Although we consider three distinctive technologies, in fact those are
having common physical ground. These are employing micro-acoustic
waves guided in solid media. On figure 1.1, dispersion characteristics of the
first two orders of Lamb waves propagating in platelet with thickness ‘d’ are
shown. The wave number Kxy=211/A is the lateral wavenumber defined by
the lateral wavelength A. The AO wave, known also as the lowest order
antisymmetric Lamb mode, is the lowest velocity guided wave in the platelet
and is exhibiting mainly a vertical shear polarization. The SO wave, known
as the lowest order symmetric Lamb mode, is a high velocity and low
dispersion mode when propagating in acoustically thin platelets. The velocity
approaches that of the longitudinal acoustic wave velocity in the material,
owing to the predominantly longitudinal polarization of the wave. The A1
wave, known also as the first order antisymmetric Lamb mode, originates
from the fundamental shear acoustic wave resonance along the platelet
thickness. This mode has a cut-off frequency coinciding with the thickness
shear wave resonance. The S1 wave, known also as the first order
symmetric Lamb mode, originates from the fundamental longitudinal
acoustic wave resonance along the platelet thickness. This mode has a cut-
off frequency bellow the thickness longitudinal wave resonance fr. For
acoustically thick plate (Kxyd>>1) the dispersion curves of all Lamb waves
converge to the dispersion of surface acoustic wave in the media. Thus, the
surface acoustic wave appears as the Lamb wave limit in semi-infinite
substrate, while the various bulk wave resonances along the thickness
appear as the corresponding Lamb wave limit at zero Kxy (infinite lateral
wavelength).
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Figure 1.1 Lower order Lamb waves in acoustically thin platelets a) Lamb wave
polarization b) Lamb wave dispersion

As discussed above, the thin film Lamb wave resonator technology has
been invented to address issues with frequency scaling in devices controlled
with transducer pitch such as surface acoustic wave devices. Thus, the first

11



device prototypes [1, 2] employed the SO Lamb wave in AIN thin film
membrane, which is known for its very high velocity of up to 10 000 m/s and
low dispersion when propagating in acoustically thin platelets [18]. In fact the
S0 mode in AIN membranes exhibit weaker velocity dispersion and larger
electromechanical coupling as compared to the 1st order Sezawa (surface
acoustic wave) mode in AIN/Diamond/Si substrate [18].
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Figure 1.2. Propagation and excitation characteristics of fast acoustic modes in AIN thin
film structures. a) Velocity dispersions b) Electromechanical couplings

In Figure 1.2 the velocity dispersions and the electromechanical couplings
are shown as calculated using Adler’s technique [19], for the first two surface
acoustic wave modes in ALN/Diamond structure and the SO Lamb wave in
AIN thin film membrane. For the 0th SAW mode AIN thicknesses greater than
0.8A, offer reduced sensitivity but the wave velocity is unacceptably low. The
1st SAW mode demonstrates both reduced sensitivity and high velocity in
the range 0.4A — 0.5\ thick AIN. The SO mode exhibits low velocity dispersion
for membrane thicknesses below 0.3\, while offering at the same time high
acoustic wave velocity. Both the 1st SAW and the SO have comparable
couplings considerably higher than the coupling of the Oth SAW mode. At
AIN thickness of 0.4A the 1st SAW exhibits a coupling close to the maximum
achievable which matches well with the decreased sensitivity to AIN
thicknesses discussed above. The SO mode exhibits its maximum coupling
at an AIN thickness of around 0.45\ in excitation driven by a regular
interdigital transducer (IDT). Other transduction schemes can offer
significantly larger electromechanical couplings at thinner AIN.

Over the course of investigation number of advantages of the SO Lamb
wave have been revealed mainly in the timing and sensing domains.
Independently from the first publication [1], STMicroelectronics in France has
published their original work on the topic few months later [20], which was
followed by an independent publication by Pisano’s group at University of
California Berkeley, USA [21,22] and opened the field for many researchers
to earn their PhDs and to establish full academic positions. The application
of this first-generation Lamb wave technology in RF communication filters,
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remained limited in RF filter technologies as the demonstrated resonance-
to-antiresonance fractional bandwidth remained inferior to the well-
established thin film bulk acoustic wave technology [23]. About 5 years after
this invention, the focus got extended not only on frequency scaling but also
on devices with wide resonance-to-antiresonance (R-aR) fractional
bandwidth, which required significantly larger electromechanical couplings.
This necessity has been motivated by the requirements of the 5G
telecommunications, which prioritized some new filters above 4GHz with R-
aR of about 10% and above. These requirements were met by the bulk
acoustic wave technology employing a Sc doped AIN thin films with Sc
concentration of 30% and above. This research direction has been clearly
set after 2010, based on the promising initial results [5-7]. Also, in 2010
significant leap forward in the Lamb wave resonator technology have been
made by M. Kadota et. al [24] demonstrating devices above 4GHz range with
R-aR of about 7%. These devices employed the A1 Lamb wave in epitaxially
grown Z-cut LiNbOsz thin film. Later with the advancement in the
piezoelectric-on-insulator (POIl) technology [25], this concept has been
revisited employing microelectromechanical system (MEMS) structures with
two narrow electrodes with relatively large distance to each other,
resembling the excitation scheme of a lateral field excited bulk acoustic
resonator [26]. Combining the latter concept with the interdigital transducer
concept employed by Kadota [24] resulted in an admittance scalable device
with large R-aR bandwidths, that have been named as XBAR (laterally
excited thin film bulk acoustic resonator) [27]. These first devices, using thin
electrodes on thermally resistive LiINbO3 have limited ability to dissipate heat
and were no suited for high power handling, required in contemporary
communication systems. In a following technological leap, a structure with
thick electrodes and retained performance was proposed [28], which has
brought the ability to design and prototype the first wide band Lamb wave
filter (n79 band) above 4 GHz [29]. Finally, a significant leap in A1 mode
electromechanical coupling was achieved with the invention of the 120°Y
family of LiNbO3 rotated cuts [30] These achievements have shaped the
second-generation Lamb wave technology, while opening the possibility to
apply the Lamb wave technology in communication filters for 5G. As a result
the research on wide R-aR bandwidth devices has become a very hot topic
during the last 5 years. Wide band devices employing the SO Lamb wave
[31], the SO-like surface acoustic wave [32], the SHO plate acoustic wave
[33] as well as the SH1 plate acoustic wave [34] have been proposed. It is
further noted that the Lamb wave resonator technology is mainly dealing with
Lamb waves in acoustically thin piezoelectric platelets (i.e d/A<1) due to the
unique propagation and excitation characteristics of the waves in this design
window.
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CHAPTER 2. ANALYSIS OF THE PROPAGATION AND THE
EXCITATION CHARACTERISTICS OF S0 LAMB WAVE

2.1 Field analysis of S0 Lamb wave propagation under periodic strip
gratings [35]
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Figure 2.2. Plate wave grating structures. a) single side b) double side gratings

In this section the structures sketched on figure 2.2 are analyzed. The
general solution for the components of the acousto-electric field is derived in
agreement with the Floquet-Bloch theorem as follows:

U = Dpe—oo Z?zl OinAin [cos( i nZ) — Tin SiN( ai’nz)]e_jﬂnx
s = Tz Zins O Bin[Sin(@in2) + iy cos(agnz)]e /o, (2.6)
0 = B0 551 Oin Cin[SIN( @i 2) + Ty cOS( i) |07

21n

where, B, = B +T(A the pitch of the periodic grating), is the nt" (n €

(—o0 = ) spatial harmonic of the wavenumber, B is the Floquet
wavenumber, a,(B,) is the wavenumber along the Y axis of the n'"
spatial harmonic. For each harmonic, the three components of the
field u1™, us(™ n ¢(™ are connected through the wave amplitudes An,
Bn and Cn which are derived as an eigen-vector for the eigen values
a,(B,) of a homogenous linear system of equations, which is formed by
substituting the general solution above into the Poisson’s and wave
propagation differential equations. The constants 0;, and t;, are derived
as eigen-vectors of a linear system of equations derived from the electrical
and the mechanical boundary conditions. The approximation used here
presumes a zero-charge density on the platelet surfaces, while the
mechanical boundary conditions are applied in a first order of approximation

14



as derived by Datta-Hussinger [36,37]. Within this approximation, the normal
stresses on the platelet surfaces are linearly dependent on the electrode
grating thickness h as follows:

TSP = h{uyp'w? + ¢ [T + 29 [50x + 1) — 60 — 1]}, 211a

T = uzw?hp', 2.11b

where h is the thickness of the electrodes of the periodic grating, p' is the
electrode mass density, n=a/A is the metallization ratio of the grating, c'=4’
(N+)/(N'+21'), N, p' are the effective elastic constant, and the Lame
constants of the electrodes.

Substituting the general solution in the boundary condition equations we
arrive at 3xn linear system of equations:

V50 Win(B) = 12 1 Nn oo Orq Aug cOS( i /24) S0 {452

pC — —

L=, [, - 2(q n)]}, 2.14
hp' .

Y Ounlin(B) = =25 wicrs T Y S T 01Bq sin( agnd/24),

VS@i,n'Qi,n(.B) =0,

which is solved under the coupling of modes approximation (n=0, -1),
interpreted as connection between incoming and reflected wave from the
grating structure. As an end result, we obtain the dispersion characteristics
of the Floquet wavenumber B(w).

In figure 2.3 the real and the imaginary parts of the Lamb wave
propagation constant are shown as a function of frequency for the
symmetrically and asymmetrically loaded plates for equal electrode and
plate thicknesses. The frequency is normalized to the central frequency of
the bulk longitudinal wave propagating in the X’ direction. The centers of the
stopbands coincide with the continuously loaded Lamb wave velocities
(reflections omitted), thus giving rise to a slowing down effect. A similar but
somewhat different effect is observed in the stop band characteristics of the
surface transverse waves. It can be seen that outside the stop band the
dispersion tends to approach that of the continuously loaded Lamb wave.
The increase of the stopband indicates enhanced reflectivity in the case of
double side grating configurations. The variation of the upper stopband edge
with both the grating strip and plate thickness is lower than that of the lower
stopband edge (as can be seen in Fig. 2.4 and Fig. 2.5 in the thesis).
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Figure 2.3 Comparison between the dispersion curves for the SO wave in one- and
double-sided grating configurations respectively. The labels “S-Loaded” and “A-Loaded”
are used to denote the symmetric and asymmetric continuously loaded Lamb wave
respectively.

The latter is due to the slowing down effect and is expectedly weaker for
the single side grating configurations in comparison with the double side
grating configurations. The observed slowing effect has a relatively complex
nature due to a variety of factors acting simultaneously. Thus, the deposition
of grating strips leads to an effective increase of the plate thickness, which
causes a decrease in the velocity. Another slowing down effect arises from
the lower velocity of propagation in the aluminum strips. In addition, the
reflection induced contributes towards a further slowdown of the wave at the
lower stop band edge and towards increase in the propagation velocity at
the upper stopband edge. Therefore, the behavior of the stopband results
from simultaneously acting processes of different origins. Thus, the
sensitivity of the lower stopband edge can be much greater than that of the
upper stopband edge. The observed behavior is of primary importance for
the design of Lamb wave based resonant structures. As it is well known,
such devices involve operation at frequencies lying in the stopband, where
the reflection coefficient of an infinite grating features a magnitude that
equals 1 and a phase in the (0 = ) range. The specific design ensuring a
proper operating frequency is to be done according to the specific
application. When the device is to be used as a sensing element, it is hence
advantageous to employ a design ensuring device operation at the lower
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stopband edge where the sensitivity is greatest. When devices for frequency
control are to be designed, special care on the impact of the technology
tolerances on the device performance is needed. Therefore, the device
should be designed to operate at the upper stopband edge which is shown
to be less sensitive and with proper design the sensitivity can be cancelled
to its first order. The significantly improved reflectivity in the double side
grating results in substantial benefits since in thin film electroacoustic
devices the membranes are with restricted dimensions, which in turn limits
the number of grating strips that can be used. Further, this type of
configuration exhibits clearly a pronounced reduction in the sensitivity of the
upper stopband edge in comparison with the single side grating. As
described elsewhere devices exploiting double side reflectors exhibit
significant structural defects, because the AIN film has been deposited
directly onto the patterned bottom strips [40]. These technological
imperfections are thought to be readily eliminated by introducing an
additional chemical mechanical polishing (CMP) step to bury the Al
electrodes into a sacrificial layer, resulting in a planarized surface for the
subsequent AIN deposition. The dual side grating topology is also the
topology that can bring the highest electromechanical coupling of the SO and
S1 Lamb waves [41].

2.2 Quasi-static transduction of the S0 Lamb wave by periodical strip
gratings [48,49,51]

Along with the general quasi-static analysis of interdigital transducer (IDT),
a specific contribution of this thesis is in the adaptation of the Green’s
function approach towards the analysis of a periodic array of longitudinal
wave transducers. This type of transducer topology employs a periodic
grating with twice larger pitch as compared to the IDT pitch, fpr the same
acoustic wavelength. The analysis is performed for the case of thin c-
oriented AIN membranes owing to their practical relevance. It can be readily
adapted for the analysis of SO modes in arbitrary thin films.
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Figure 2.6 Schematic view of a comb transducer consisting of n periodic array
of longitudinal wave transducers electrically connected in parallel.

Consider a piezoelectric thin film of thickness ‘d’. The comb transducer

consists of a periodic structure, having a pitch ‘p’ and a metallization ratio ‘a’,
placed on either side of the membrane in order to generate the fundamental
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symmetric Lamb wave (see figure 2.6). According to the Ingebrigtsen’s
approximation, the Green function for the SO Lamb wave is derived as:

Gramp(X) = jI; exp(— jkolx]), 2.19a
I—.'S‘ ~ [285(001 kod)]_lkgamba 219b
where, ki .., = 2(Voc — Vsc)/Voc is the intrinsic Lamb wave

electromechanical coupling, Voc and Vsc are the Lamb wave velocities at
free (open circuited) and metallized (short circuited) surface, respectively.
Using the thus defined Green’s function the conductance G(w) is readily
obtained from the power carried by the radiated Lamb wave [46]:

G(w) = wW|Q.(B)|" at B=kO, 2.20

where W is the transducer aperture and the charge density 0Q,(8) is the
Fourier transform of the charge density Q. (x, w), equal to o(x, w) calculated
at a unit voltage applied on the strips. In the case of comb transducers, the
charge distribution over the strips was shown to be symmetric and nearly
constant [47]. In here, Q.(x, w) is calculated under the approximation of a
uniform charge distribution over the strips. At a uniform charge distribution,
the charge density in the structure can be written as:

Qe(x, @)1= 00 Xn=1U(tn +p-a/2)U(p - a/2 — 1y), 2.21
where U(x) is the unit step function, N the number of strips and g, a constant
determined from the condition relating the charge on a given electrode with
unit potential to its capacitance C; = e3;apW /d. Using the properties of the
geometric progression, the following expression for the Fourier harmonics
0.(B) is obtained:

j _ 2% ; Sin(NBp/2) ,j(N-1)Bp/2

Q.(B) = 2 sin(koap/2) B/ € : 2.22

where o, = £35/d. Substituting eq. (2.22) in eq. (2.20), the conductance is
readily determined:

. in(Nkop/2)|?
G(w) = 4CskEprfo sin® (koap/2) | 222

k2. = 1 é&33 KEamb 2 23p
EFF — ’ .
2a eg(0,kgd) kod

, 2.23a

where kZ. is the device coupling, normally defined at k, = ., Bc = 2r/p
the central wave number. It is to be noted that eq. 23a is consistent with the
expression predicted by the equivalent circuit model [48]. In this case
however, the equation provides the fundamental relationship between the
electrical conductance and the design parameters of the transducer,
providing means for optimizations with respect to the effective
electromechanical coupling of the transducer

2.3 Finite element analysis of SO Lamb wave resonance structures
About 5 years after the initial research efforts in this domain [1] another
analytical tool became widely accessible owing to the significant
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enhancement of the computer power. The finite element method analysis
gradually became the first-choice tool in research and development efforts
as it provides full description of the problem with minimum level of
approximations and yet it may be very fast if used in a smart way. In this
section, useful FEM routines are described and demonstrated towards the
fast and accurate analysis of the Lamb wave excitation and propagation
characteristics. The software package COMSOL have been used for the
FEM analysis throughout this thesis. We consider only one IDT period
consisting of two electrodes and apply the Floquet-Bloch boundary
conditions (see figure 2.11). Accordingly, the left and right edges of the slab
are coupled through the equation U.=Ur*exp(i*ko(1+q)X), where U_r are the
left and right displacement vectors, respectively. One aspect of the modeling
employs an eigen frequency analysis for determining the Floquet
wavenumber dispersion.
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Figure 2.11 Periodic interdigital transducer cell
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Figure 2.12a Periodic cell analysis of the SO dispersion characteristics (q=(B-
1/A\)/(11/A\)) under OC and SC periodic strip configurations
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In figure 2.12a SO Lamb wave dispersion is shown as derived from
the eigenfrequency analysis of SC and OC electrodes of the
interdigital transducer (IDT). As can be seen both SC and OC
analyses reveal a frequency stopband behavior of the SO wave in
very good agreement to the filed analysis described above. The
upper stopband edge, in the vicinity of 907MHz, is sensitive to the
electrical boundary conditions defining a resonance at 906.37MHz
and antiresonance at 908.6MHz. The analysis has been further
extended with a frequency response analysis of the periodic cell (see
figure 2.12b). Two peaks of the periodic conductance are identified,
corresponding to the lower and upper edge of the frequency
stopband. The minimum of the admittance defines the antiresonance
frequency in excellent agreement to the eigen-frequency analysis of
the dispersion characteristics id SO Lamb wave propagating under
OC periodic grating.
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Figure 2.12b FEM simulated SO periodic admittance

The proposed FEM analyses are further used for the estimation of the
electromechanical coupling of the SO Lamb wave to interdigital transducers
of various types (see Fig. 2.19a). In figure 2.19b, the electromechanical
couplings of SO Lamb wave with central wavelength A=2A=12um are shown
for the four different types of interdigital transducers shown on figure 2.19a.
It is evident that the most effective transducer topology is the IDT / IDT
topology, reaching electromechanical coupling of up to 4% at relative AIN
thickness d/A near 0.45. This topology is also technologically more difficult to
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achieve but feasible with the state of art micro-fabrication techniques [41,
52]. Figure 2.19b also reveals, why SO Lamb wave resonators are not quite
useful for telecommunication filters. In current technology, radio-frequency
filtering is required for frequency bands with relative bandwidth of 4% and
above, which in turn require electromechanical coupling in excess of 6%.
The classical bulk acoustic wave resonator on c-textured AIN membranes
have intrinsic electromechanical coupling of about 6% and can be boosted
to 7% with design efforts, while the SO Lamb wave can achieve up to 4%
coupling in AIN and is thus always inferior in coupling to the BAW technology
employing the same piezoelectric wurtzite material. On the other hand, the
single IDT transducer topology is having the lowest coupling but is very easy
for fabrication and the coupling is still sufficient for many.

) 200nm Al
Signal * GND Signal GND
B SO T e
IDT AIN IDT / Ground AIN
\ GND: Zero Voltage
“ 100nm Al
Signal GND Si%al GND
IDT / Floating AIN IDT / IDT AIN
: T
Zero Current GND | Signal
> 100nm Al “200nm Al

Figure 2.19a periodic cells of different IDT topologies
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Figure 2.19b SO Lamb wave excitation under various interdigital transducers
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The finite element method analysis was further extended towards the in-
plane dispersion characteristics of the SO Lamb wave. The model represents
an eigen-frequency analysis of a 3D periodic cell with applied Floquet-Bloch
periodic boundary conditions derived from the limitations imposed by the
Snell's law. This has been proven to be an efficient method for the analysis
of Lamb waves propagating under oblique angle with respect to the X axis,
which in turn provides a preliminary assessment of th wve interactions
between the different building blocks of a Lamb wave resonator. Figure
2.20a shows a typical SO Lamb wave one-port resonator configuration with
interdigital transducer having electrodes connected to electrical busbars and
distributed grating reflectors placed on both side of the interdigital transducer
(IDT). As a minimum we need to consider two 3D primitive cells with IDT
electrode and with busbar, respectively. Electrodes of the interdigital
transducer and the electric busbar are 200nm thick Al, with mark-to-pitch
about m=0.5 in the IDT, wavelength A=12um (IDT grating pitch A=6um). The
base material is 2um thick c-textured AIN platelet (see Fig. 2.20b). The
Eigen-frequency analysis allows the use of Floquet-Bloch boundary
conditions on both sidewall pairs of the primitive cell, thus enabling the
extraction of the dispersion characteristics of both direct-propagating and
oblique propagating waves.

a) b)
Figure 2.20 Lamb wave topologies a) Lamb wave resonator b) 3D Unit cells

For the determination of the stopband characteristics of the direct-
propagating Lamb wave, the oblique angle is set to 8=0 rad, while
frequency is determined for each chosen value of q. It is noted that
g can be solved for a number of imaginary values, thus also
determining the properties in the stop band. The analysis of oblique-
propagating Lamb waves is done with respect only to the frequency
stopband edges. Accordingly, q=0 (i.e the x-component of the wave
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vector is set constant m/A), while 8 is varied in the range up to /6
rad. This reduced representation can be used in relation to the
Snell’s law when comparing propagating Lamb waves under different
structures (for example, beneath IDT strips vs dummy fingers or
busbars). Finally, both Eigen-frequency analyses can be represented
on one figure of the reduced Brillouin zone as follows. On the left-
hand side, the frequency of the OX-propagating Lamb wave is plotted
as function of the relative wavenumber shift (B - ko)/ko = q, while, on
the right-hand side, the frequency of oblique propagating waves is
plotted as function of the relative wavenumber shift (B - ko)/ ko = [1-
Cos(0)]/Cos(0). It is to be noted that this presentation is possible,
because of the ambiguity of the definition of the sign of the
wavenumber. Thus, both the lower and upper branch of the
dispersion characteristics for the OX-propagating wave are plotted
for (B - ko)/ ko <0, while the oblique propagation characteristics are
shown for (B - ko)/ ko >0. In figure 2.21 the full dispersion
characteristics are shown for the SO Lamb wave under the interdigital
transducer and under the electrical busbar.
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Figure 2.21 Reduced representation of the SO Lamb wave full dispersion propagating
under IDT and busbar regions, respectively. Blue lines are the dispersion curves under
the busbar, while red lines and dotted line are dispersion curves under the IDT.

In full agreement to the 2D eigenfrequency analysis, the resonance
frequency of the Lamb wave coincides with the upper edge of the stopband,
edge of the frequency stopband at about 906.37MHz, while on-set oblique
propagation frequency SO Lamb wave under the electric busbar is at
879.2MHz and according to Snell’s law, the wave can couple to propagating
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S0 modes in the busbar and thus to lose energy away from the transducer.
Note that the Snell’s law requires preservation of the wavenumber along OX
axis (kx= ko =11/\), which is fulfilled in the oblique propagating part of the
dispersion characteristics in figure 2.21. This analysis shows the necessity
to design the interdigital transducer in a way that limits the mode diffraction
and helps the energy confinement.

2.4 The coupling-of-modes (COM) analysis for the design and
optimization of SO Lamb wave devices

This section of the thesis demonstrates the mutual connection between
the analytical tools for the analysis of the propagation and excitation
characteristics of the Lamb waves with the modeling of real devices.
Accordingly, the COM theory broadly used in the design of surface acoustic
wave components is adapted to the design of Lamb wave devices. Most
generally, COM is a phenomenological model for guided wave propagation
and excitation, which is widely employed for the design of high-performance
SAW devices. Here we derived important relations between the COM
parameters and the physical characteristics of the Lamb waves regarding
their propagation and excitation as determined by the analytical tools
described above. As a result, we proposed methods for the derivation of the
required COM parameters in empirical and analytical manners, respectively.
The COM theory is represented by three differential equations as follow [59]:

dR(x) . . .

i —jOR(x) + jk;;S(x) + jaV
B8 = —jk,R(x) +j8S(x) — jav 2.29
ZE = —2jaR(x) — 2jaS(x) + jwCV

where R(x) and S(x) are slowly varying fields describing the amplitudes of
the forward and the backward propagating modes, k21= ki2 is the COM
reflectivity parameter, a is the COM transduction coefficient, C is the
transducer capacitance per unit length, V is the applied voltage and § =
(w/v[w]) — (m/A) — jy is a detuning parameter describing the effects of the
unperturbed velocity dispersion and the propagation losses induced by the
material viscosity and the wave diffraction. Here w is the angular frequency,
v[w] is the dispersive unperturbed velocity, A=Ao/2 is the grating pitch and y
is the acoustic attenuation. For convenience here we present the COM
parameters described above in normalized fashion:

* kp = —k,, - A\;—dimensionless reflectivity per finger pair (the same as in
eq. 2.28), where k,, is the COM reflectivity parameter and A, = 24 is the
IDT period;

V5o - S0 Lamb wave unperturbed velocity in AIN at central frequency f, =
Vso/2o;
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a'lo

JW/2,

device aperture, and a is the COM transduction coefficient;

san - normalized COM transduction coefficient, an = , where W is the

*yp = Y - Ao— attenuation per wavelength [Np/A];

wW—wy

« D - dimensionless velocity dispersion (v[w] = vgo(1 — D -
0

)), which is

empirically extracted from (w — wy)/w, = (1 —D) - (k — ko) /ky, Where D =
1 —ver/Vso, Ver = 0w /0k is the Lamb wave group velocity and k, = 2 /A,
is the wavenumber at central frequency wo;

« Ct - Normalized Capacitance Ct = CA,/W [F/m] (per IDT pair, per unit
aperture).
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Figure 2.23a Measured vs COM-fitted admittance of a SO Lamb wave resonator shown
in broader frequency band

This parametric model has analytical solution, which enables for rapid
design and optimization of the components. Its relevance is demonstrated
through COM parameters extraction by fitting a measured SO Lamb wave
resonator admittance. The experimental curve (solid lines) in figure 2.23 is
fitted to the COM model (dashed lines) by means of least square fitting. In
figure 2.23a results from fitting in a broader frequency band are shown, while
in figure 2.23b only results for frequencies in the vicinity of the resonance
are shown. As seen, the simulated curve reproduces fairly well the
experimental response. Table 2.1 shows the values of the COM parameters
extracted from the fitting procedure in figure 2.23a. With these COM
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parameters one can design variety of SO Lamb wave resonance structures
employing the same technological platform (layout).

Layout: 2pm thick c-AIN, 270nm thick Al electrodes, A=6pum

COM Parameters: Value

SO unperturbed velocity (vgo [m/s]) 10435.05
Velocity dispersion (D) 3.5:107
Normalized Reflection Coefficient (|kp|) 16.5 -107
Normalized Capacitance (Ct [pF/m]) 81.9
Normalized Transduction Coefficient (on [Q%]) 13.3 107
Attenuation (yp [Np/A]) 9.48 -10*
Parasitic Electrical Resistance (Rs [Q]) 1.81

Table 2.1 Values of the experimentally extracted COM parameters

CHAPTER 3. Technology and prototyping of AIN based Lamb wave
resonator structures

This chapter present a comprehensive overview of the research related to
the design, the microfabrication and the characterization of thin-film Lamb
wave resonators employing thin-film piezoelectric AIN membranes. The
chapter begins with the foundational first demonstration of this type of
resonators. The evolution of the design of high-performance Lamb wave
resonators is further presented in a complementary manner. These
improvements include the increase of the quality factor, the suppression of
unwanted parasitic modes in the real structures as well as inherent
temperature compensation of the resonance frequency. The core of these
research efforts was published in a review paper [23], while being presented
as an invited talk at the 2012 IEEE Int. Ultrasonic Symposium. Two main
types of resonators were developed. The first type employs distributed
reflectors represented by periodic electrode gratings on the surface of a fully
clamped AIN membrane, while the second type resonators employ fixed
reflector represented by the suspended edges of AIN platelet fixed by
tethers.

3.1 The first thin-film Lamb wave resonator prototypes [1],[40]

The fabricated device geometry is shown on figure 3.2, while the specific
design parameters are summarized in Table 3.1. The device has been
fabricated on a micromachined free-standing AIN membrane. As a
supporting substrate (111) oriented low resistive (10 Q.cm) 4-in Si wafer has
been used. After cleaning the substrate, a 200 nm thick aluminum (Al) film is
deposited by sputtering and then patterned. Subsequently 2 uym thick AIN
film is deposited by reactive sputtering onto the bottom electrodes using a
Von Ardenne reactive balanced magnetron sputter deposition system
operated in a pulsed direct current (DC) mode. Contact via-holes through the
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AIN film are subsequently dry etched by reactive ion etching. The top Al
electrodes are then deposited with thickness equal to that of the bottom
electrodes. The Lamb wave devices are acoustically isolated from the
supporting Si substrate by etching the Si substrate from the backside using
a three-step dry etch Bosch process. The deposition of a 2 um thick c-
textured AIN film having a 2° full width at half maximum of the (002) rocking
curve was made without external heating. After loading the wafer into the
chamber, the system was pumped down to base pressure below 5x10-8
Torr. The 6-in. Al target is then pre-sputtered in an Ar environment for 15
min. and additionally for 5 min. in an Ar/N2 atmosphere. The distance
between the target and the substrate holder is 55 mm.
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Figure 3.2. Topology of the lateral filed excited Lamb wave resonator.

Membrane Thickness d 2um
Device Aperture W 350 ym
Acoustic Wavelength A 18 ym
Strip width in the reflectors A/4 4.5 um
Strip width in the transducer A/2 9 um
Strip width to period ratio 0.5
Cavity length L 553.5um
Number of strips in the reflectors 16
Number of LFE transducers 30

Table 3.1 Design parameters of the lateral field excited Lamb wave resonator

Figure 3.3 shows the “measured” frequency response for the Lamb
resonator admittance. Clearly the Lamb wave exhibits a very high velocity of
propagation of around 10300 m/s at resonance frequency, the device Q is
880 yielding a figure of merit Qxf =0.5*10"2 s™", which is very close to that
achieved with high velocity SAW resonators in AIN/Diamond/Si layered

2 -
structures [14]. The effective device coupling is, Kzzr = M = 0.8%
R

where Fr and Fa are the frequencies at the resonance and antiresonance,
respectively.
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Figure 3.3 Measured frequency response of the SO Lamb wave resonator.

3.2 High performance S0 Lamb wave resonators

A second-generation thin-film Lamb wave resonators were developed
upon improvements in the microfabrication technology and the design.
These resonators were designed with various transduction topologies. In
figure 3.11 a microscope image of the IDT-based Lamb wave resonator is
shown as fabricated. In the figure we use the abbreviation FPAR which
stands for the thin film plate acoustic wave resonator, which is descriptive for
the geometry, while not specific for the mode of excitation. Depending on the
piezoelectric material, this mode can be either from the Lamb wave family or
from the shear plate guided wave family. In all cases however, the mode is
always waveguided in the thin piezoelectric membrane. In figure 3.12 a
microscope image of the lateral field excited Lamb wave resonator
employing an array of longitudinal wave (LW) transducing strips is shown as
fabricated. This type of thin-flm Lamb wave resonator requires additional
technological routines towards the formation of the bottom electrode and its
connection to the ground pads on the top surface. Both resonators employ
distributed reflectors in the form of periodic electrode gratings with A/2 pitch,
formed on the thin AIN membrane. The fabricated devices were measured
and their performance analyzed. In figure 3.15, the close to resonance
frequency response of the synchronous IDT-based Lamb wave resonator,
shown as fabricated on figure 3. 11, is shown. The existence of a stopband
having a lower stopband edge situated at F. =850.19 MHz, and upper
stopband edge at Fu=889.67 MHz is clearly seen. These yield a COM
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reflection parameter kp ~ —-0.145, which is a value very close to the
theoretically predicted for this case |kp| = 0.157, where ko=11/A.
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Figure 3.11 Top view of the fabricated IDT-based Lamb wave resonator.
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Figure 3.12 Top view of the fabricated lateral field excited Lamb wave resonator.
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The acoustic wave velocity is defined at the center of the frequency
stopband as vso = 10440 m/s. The effective coupling Kz determined by
positions of the resonance and antiresonance frequencies is 0.34%, which
is a value close to the measured one in the first SO Lamb wave resonator
prototype employing an interdigital transducer (IDT). The device quality
factor reaches 1860, while some asynchronous designs demonstrated Q
factors of up to 3100 at resonance frequency of 890 MHz.
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Figure 3.15 Measured frequency response of the IDT based Lamb wave resonator.

In figure 3.20 the close-to-resonance characteristics of the lateral field
excited Lamb wave resonator employing a comb transducer for longitudinal
wave excitation (see figure 3.9c) for different distances between the
reflectors are shown. These structures consist of two gratings with different
periodicity (pitch 6 um in the reflectors and 12 ym in the transducer) and
exhibit a more complex behavior. All the resonance peaks observed lie
inside the reflector’s stopband situated in the 833.135 MHz to 862.367 MHz
frequency range. The highest observed loaded Q = 2580 belongs to the
device operating closest to the reflector's stopband center in which the
reflection coefficient expectedly reaches its maximum.

This second iteration has been initially presented in 2005 at the Int. IEEE
Ultrasonic Symposium [2] and its full version published in journal with impact
factor [60]. Further insights to the device design were reached with a third
iteration of SO Lamb wave resonator design [74]. Finally, a novel Lamb wave
resonator with double busbar topology aiming at transverse mode
suppression was proposed (see figure 3.46b) and experimentally verified.
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Figure 3.20 Close-in resonance characteristics of the SO Lamb resonator with comb
transducer and different synchronizations of the reflectors.
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Figure 3.46b. Top view of the tested resonators with modified (double) busbar as
fabricated
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Figure 3.51 Topology of the thermally compensated SO Lamb wave resonator

Subsequently, temperature compensation of SO Lamb wave resonators
utilizing distributed reflectors is studied in detail and optimized designs
demonstrated [83]. The thermally compensated Lamb wave resonator
resembles the topologies presented above, while being structured over a
composite membrane (see figure 3.51). Accordingly, both the reflectors and
the transducer are realized by periodical strip configurations.
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Figure 3.64 Relative resonance frequency shift around 40°C for a temperature-
compensated synchronous device measured during heating and cooling in the
temperature range of 25°C -95°C.

The temperature coefficient of frequency for the non-compensated SO
Lamb wave resonator has been measured in the range —20 ppm K" to -25
ppm K™'. The temperature compensation is achieved for a SiO- thickness
dsio2= 850 nm (see figure 3.51), corresponding to dsio2/A = 0.07. Hence the
experiment demonstrates temperature compensation in AIN/SiO2 with
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relative thicknesses dan/A = 0.1667 and dsio2/A = 0.07, respectively. This
result is in an excellent agreement with the theoretical predictions. In figure
3.64 the temperature dependence of the frequency is studied in greater
detail for the temperature-compensated device. Complete temperature
compensation was observed at 40°C. The actual temperature dependence
of this device exhibits a parabolic dependence which was fitted. From this fit,
the second order temperature coefficient of frequency is found to be
=-31ppb/K2. For comparison, the second-order temperature coefficient of
frequency demonstrated here is larger than that for the temperature-
compensated AIN thin film bulk acoustic resonator (FBAR) (B =-20 ppb/K?)
[86] but smaller than that for surface acoustic wave (SAW) on ST-cut quartz
(B = =34 ppb/K?) [87].

Further presented here are thin-flm Lamb wave resonators with tether
supports which employ fixed reflectors represented by the suspended edges
of the thin-film platelet. In this work [51], we have microfabricated suspended
edge SO Lamb wave resonators. The technology of this type of devices
requires precise etching of the AIN membrane with ability to achieve smooth
and vertical suspended edges of the AIN membrane. Accordingly, we have
made a specific choice for the electrode material ( Pt in this case) unlike the
use of Al electrodes in the fully clamped SO Lamb wave resonators. In figure
3.67 an edge type Lamb wave resonator is shown as fabricated employing
the fabrication routine described above.Further shown are the tethers and
the reflection edges of the device. The device employs an interdigital
transducer for excitation the SO Lamb wave. Within the same fabrication
batch, we fabricated three types of test resonators employing different
excitation topologies including grounded and electrically floating continuous
bottom electrode.

b

Mag=1160X 20 um EHT = 3.50 kV Signal A = InLens

o WD =15 mm Photo No. = 3030
—

Figure 3.67 Scanning electron microscope (SEM) image of an edge-type AIN Lamb wave
resonator with the grounded bottom electrode.
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In figure 3.70 the measured admittance of resonator employing
IDT/electrically open bottom surface is shown fitted with the Butterworth-Van
Dyke (BVD) model. It makes impression the fairly large parasitic resistance
of 30 Ohms which is partially due to the resistance of the IDT electrodes but
also to the resistance of the narrow contact through the supporting tether.
Static device capacitance of 102fF is extracted, which has great contribution
from the test fixture. As a result, the measured effective coupling is about
0.18%, which significantly smaller than the 0.5% expected in this case. The
device Q factor reached 3000, which is comparable to the one measured in
the fully clamped SO Lamb wave resonator prototypes. The use of Pt
electrodes determines a marginally larger temperature coefficient of the
resonance frequency of about -26 ppm/K.
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Figure 3.70 Close-up view of the frequency spectra of the resonator with
electrically open bottom surface of the AIN

3.3 S0-A1 intermode coupled Lamb wave resonators [96]

This section presents an entirely new concept for the design of acoustic
resonance structures and devices. The concept used employs the interaction
of two different modes assisted by the perturbing effect of a periodic
electrode grating. More specifically, the SO Lamb wave interacts with the A1
Lamb wave near its cut-off frequency. In this way the SO mode transfers its
energy into the fundamental thickness shear plate resonance. The base
requirement for this interaction is that the pitch of the grating equals the SO
wavelength at a frequency in the vicinity of the fundamental thickness shear
wave resonance of the platelet. This interaction is illustrated in figure 3.73.
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Figure 3.73 An inter-mode grating coupler

More detailed description of this interaction is reached by finite element
method based eigen-frequency analysis. Figure 3.76 shows the dispersion
characteristics of the grating assisted inter-mode coupling as simulated.

H

N
k.
o

-
o
(&)}

i
o
o

0.95

0.90

085

Normalized Frequency f/f,

-0.10 -0.056 0.00 0.05 0.10

Wave Number Detuning Re(k-k )/k,

Figure 3.76 Close to resonance dispersion characteristics. Fsh=1.291GHz has been
determined by eigen-frequency FEM analysis.

Three fundamental stopbands are identified as follows. The lowest
frequency stopband located in the vicinity of the central wavenumber k=ko is
associated with a weak reflection of the 2"¥ harmonic of the lowest order
asymmetric Lamb wave (AO) from the grating strips. This wave cannot be
electrically excited since even harmonics cannot couple to LW transducers.
At a slightly higher frequency a second stopband slightly deviating from the
central wavenumber is observed. This stopband is associated with an inter-
mode coupling between the SO mode and the 2" |ateral harmonic A0 mode
propagating in opposite directions. The third frequency stopband, located

also in the vicinity of the central wavenumber, is associated with the coupling
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between the SO mode and the fundamental shear resonance. This is the
widest stopband in the diagram suggesting that the interaction between the
S0 mode and the fundamental shear plate bulk resonance is the strongest.
Unlike the conventional frequency stopbands in SAW and Lamb wave
devices, here the resonance appears in the middle of the frequency
stopband, while the lower and upper edges of the frequency stopbands
remain weakly coupled to the transducer.

The periodical cell shown in figure 3.76 represents part of a periodic array
(with pitch equal to Ao) of longitudinal wave transducers for SO Lab wave
excitation in the AIN platelet. This fact makes possible the design of a
resonator with intermodal S0-A1 coupling in which the the transducer is also
a refractor of the SO and A1 acoustic modes. In addition, piezoelectrically
passive refractors can be introduced on both sides of the transducer to
further confine the energy. This type of resonator employing a fully clamped
AINM membrane with Al electrodes was designed, fabricated and
characterized. Figure 3.78 shows the measured near resonance frequency
response of the inter-mode coupled resonator admittance. In the same
figure, a micrograph of the fabricated thin film resonator is also shown. The
three stopband edges are clearly identified as indicated in Figure 3.78.
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Figure 3.78. Measured close-to-resonance frequency response of the inter-mode
coupled thin film resonator

Clearly, the main resonance coincides with the middle edge of the
frequency stopband. The quality factors at resonance Fr and antiresonance
Fa resonances are Qr=2100 and Qa=1650, respectively. The effective
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device coupling is K#-r=0.23%. It is further noted that the measured device
coupling is significantly lower than the theoretically calculated value of
0.66%. This is due to the capacitive coupling between the signal contact pad
and the continuous bottom electrode which electrically represents a large
parasitic capacitance connected in parallel with the resonator.

3.4 Zero-group velocity S1 Lamb wave resonator [98, 99]

This section of the thesis presents a principally new type of resonance
device which does not require additional reflective building blocks for energy
confinement. Instead, it employs the zero-group velocity which characteristic
for the S1 Lamb wave dispersion for a specific ratio between the acoustic
wavelength and the free-standing membrane thickness. The specific zero-
group-velocity resonator geometry is shown in figure 3.80 along with the
expected wave deformation at resonance, calculated by means of a
frequency response finite element analysis (COMSOL). Here split Ao/8 (Ao is
the acoustic wavelength at central frequency) electrode IDT is used as a
non-reflective transducer. The ZGV mode is excited under the IDT and does
not exhibit any reflections. It is further to note that the ZGV resonator consist
of two regions: the metalized (under the IDT) and the outside. These two
regions exhibit slightly different depression characteristics. The principle of
energy confinement under the metalized region, states that the lowest
frequency fp,o of the outside region must be higher than the lowest frequency
fp,a Of the active region. Here the lowest frequency in each region is defined
as the frequency bellow which the S1 is non-propagating (i.e real solution for
the lateral wavenumber does not exist). The energy confinement is readily
accomplished by the ZGVR configuration in figure 3.80 due to the mass
loading effect of the IDT grating. The frequency response analysis of the
proposed structure proves the inherent energy confinement under the
transducer (see figure 3.82 below).
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Figure 3.80. Topology of the AIN zero-group-velocity resonator

The same device has also been fabricated on a micromachined free
standing AIN membrane. The fabricated device was measured with RF pico-
probe supported vector network analyzer (VNA). The wideband frequency
response measurement for the ZGVR admittance is shown in figure 3.83. In
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the same figure the actual ZGV resonator as fabricated is also shown. The
resonator exhibits acoustic responses corresponding to the lowest order
asymmetric Lamb wave (at 467 MHz), the Lowest order symmetric Lamb
wave (at 1.255 GHz) as well as the first order symmetric S1 ZGV Lamb wave
(at 1.985 GHz), respectively. Their phase velocities are further identified.
Note, that all modes except the ZGV mode have non resonant behavior due
to the non-reflective IDT design. Clearly, the zero-group-velocity mode
exhibits a very high phase velocity of propagation of around 17460 m/s,
quality factors at resonance and antiresonances are Qr=600 and Qa=700,
respectively. The effective device coupling is 0.65%.
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Figure 3.82. Energy confinement under the IDT region
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Figure 3.83. Measured wide span frequency response of the zero-group-velocity
resonator

Additional theoretical research predicted further improvement in the
energy confinement by means of small number of guarding non-reflective
and electrically grounded electrodes. These electrodes reduce the end
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effects in the interdigital transducer which often convert the Lamb mode to
lower order modes in the platelet owing to the jump in acoustic impedance
at the IDT ends.

Chapter 4. SO LAMB WAVE RESONATORS IN FREQUENCY CONTROL
AND SENSING APPLICATIONS

4.1 An IC compatible power oscillator [121, 122]

Initially, the thin-film SO Lamb wave resonators were studied as frequency
defining components withing an oscillator circuit. We designed and
fabricated discrete Si chips with a two-port SO Lamb wave resonator as
shown in figure 4.2. The broadband frequency and phase of one of the
synchronous resonators used in this study are shown in figure 4.3.

27 FPAR Schematic N FPAR Chips
AL M4 ]

""""" | é’,‘y
C-ORIENTEDAIN A4 'S :

Figufe 4.2 SO Lamb wave device schematic. FPAR stands for thin film plate acoustic
wave resonator
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Figure 4.3 Broadband frequency and phase responses of a 880 MHzS0 Lamb wave
resonator chip

The SO Lamb wave resonator chips in figure 4.1 demonstrated a minimum
insertion loss of 5 dB and a fairly low loaded Q. of 720 calculated as
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QL=1FO0Tg, where 1g = 259ns is the group delay value at the minimum loss
frequency Fo = 880 MHz. To test the power handling ability of the SO Lamb
wave resonator chip, a device from figure 4.2 was connected to a power
oscillator loop as shown in figure 4.5. A broadband modular UTO-1023
power amplifier, capable of generating 0.5W of RF power at 1 GHz was used
as sustaining amplifier in the loop. Except for its high power, this amplifier is
also known for its extremely low residual 1/f noise, measured as -140 dBc/Hz
at 1 Hz carrier offset in this frequency range [124].

In this experiment, the SO Lamb wave resonator chip was run at 24 dBm
(250 mW) at FO for 5 days. No measurable performance degradation or
departure from the data in figures 4.3 was observed after the power handling
test indicating that the 2-port SO Lamb wave resonator is probably capable
of standing even much higher power levels if the amplifier can provide them.
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Figure 4.8 Estimated phase noise performance of the SO Lamb wave resonator based
power oscillator from figure 4.5
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Despite the low loaded Q. of the SO Lamb wave resonator, the oscillator
from figure 4.5 was found to provide remarkable phase noise performance,
as evident by the single-side-band noise spectrum measured in the signal-
to-noise (S/N) ratio mode of the SA. This measurement allows reading a few
data points directly from the noise plot and then making a rough estimate of
the overall phase noise performance by taking into account that the close to
carrier phase noise follows a 30 dB/decade slope. The thermal noise floor
(TNF) is calculated as:

TNF=-174-Po+NF+G, 4.1

where Po = 27 dBm is the loop power (see figure 4.5), G = 8 dB is the total
loss around the loop and NF = 7dB is the noise figure of the sustaining
amplifier. The result is shown in figure 4.8 indicating -2 dBc/Hz phase noise
suppression at 1 Hz carrier offset and -186 dBc/Hz thermal noise floor. To
the best of the authors’ knowledge this was the lowest noise floor achieved
with an IC-compatible micro-acoustic (SAW, FBAR, MEMS) resonator at the
time of publication [121]. If the flicker noise constant of the sustaining
amplifier aE and the 1 Hz intercept point (in this case -2dBc/Hz) are known,
it is possible to calculate the flicker noise constant of the FPAR aR using the
following equation [125]:

S(IHz) = 10log{0.5|agF] + az(Fy/4Q})]} = —2dBc/Hz, 4.2

kbaeto J(1Hz) = —2dBc/Hz e wyma npu 1Hz oTcTosiHMe OT HocellaTta
yectoTta Fo. With aE = 2.2x10"* Hz for the UTO-1023 amplifier [124] we
calculate flicker noise constant as low as aR = 2.1x103¢/Hz [122]. This value
is comparable with some of the best SAW resonators built to date in this
frequency range [125] and indicates the potential of the SO Lamb wave
technology for integrated low-noise oscillator applications. The results
achieved in this study are summarized along with the state of the art prior
their dissemination. Lamb wave-based oscillators in the frequency band
200MHz — 1GHz have shown a phase noise of about -90 dBc/Hz at 1 kHz
offset frequency independently on the LWR topology used. Close-in phase
noise of various SO Lamb wave resonator based oscillators are summarized
in Table 4.1.

S0 Resonant Structures Resonance Frequency Noise [dBc/HZz]
Edge type (CMR) 222 MHz -88 [127]
Edge type (CMR) 483 MHz -88 [128]
Edge type (CMR) 583 MHz -93 [129]
Edge type (CMR) 1.05 GHz -81 [101]
Grating type 880 MHz -92 [121]

Table 4.1 Phase Noise (PN) at 1KHz frequency offset
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4.2 A RF MEMS voltage transformer [130 - 132]

This section presents an invented RF MEMS voltage transformer
(WO/2012/156818A3) employing an AIN based SO Lamb wave resonance
structure. The device was designed employing the presented above
theoretical models. Owing to its relatively low frequency of 423MHz fixed
reflectors were adopted in the design the design. A double busbar topology
was successfully implemented for suppression of unwanted spurious modes
in the structure.
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Figure 4.10 Sketch view of the SO Lamb wave transformer designs. a) Synchronous
(S) cavity b) Asynchronous (AS) cavity

In figure 4.10 cross-section sketches of the resonant SO Lamb wave
transformer designs are shown. The SO Lamb wave transformer design
employs an input interdigital transducer symmetrically surrounding a 2-strip
output interdigital transducer. positioned in the middle. 300nm thick Mo
electrodes with metallization ratio mt=0.5 are forming the periodic gratings
of the transducers with pitch A=A/2, where A=25.5um is the acoustic
wavelength. The number of pairs in the input transducer Nt is between 20
and 40, while the device aperture W is between 5A and 25A. Accordingly the
maximum device footprint is about 0.65mm?. The proposed designs are with
input matched to 50 Ohm impedance and high impedance output. At
resonance frequency, the energy is confined near the output transducer,
which along with the impedance transformation between input and output
transducers effectively transform the voltage. The difference between bothe
sketched designs is in their synchronism of the resonant cavity. Unlike the
synchronous design, the asynchronous design features a resonance cavity
with A/4 shifted length L=nA/2+A/4. The asynchronous design demonstrates
larger unloaded transformation coefficients, while being more sensitive to the
external load impedance. Accordingly, with external output impedance of
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10kQ both types of transformers demonstrate similar loaded transformation
coefficients of the voltage.

Figure 4.15. Fabricated resonator structure with 38 IDT pairs. Edge boundaries are
defined by through substrate reactive ion etching.

In figure 4.15 the device is shown as fabricated. Testing was performed
using on wafer S-parameter probing with results of just the transformer.
Open circuit (unloaded) gain is determined from the S-parameters as
G21=g21Y=22V/V, with return loss better than 11dB. The fabricated SO Lamb
wave transformer was implemented in a radio frequency system that could
detect signal bellow -60dBm with less than 10nW of power consumption.
Cascaded conversion gain of the resonator and envelope detector measured
at the detector output showed 40V/V gain. Figure 4.18 shows the transformer
implementation in a circuit with two transformers.

Figure 4.18 RF receiver assembly incorporating dual resonators, shunt inductors and a
sub-threshold low power active detector custom IC.
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4.3 RF gravimetric sensors [133, 146, 147]

Two-port SO Lamb wave resonators have demonstrated
insertion loss of around 3 dB and an unloaded Q of 3000 at a
frequency of 0.9 GHz. Also, 0.9 GHz FPAR based oscillators have
exhibited low phase noise. These results, along with the expected
high mass sensitivity of the SO Lamb mode in acoustically thin plates
[134, 135], motivated us for this study. The mass sensitivity of the
S0 Lamb wave was theoretically and experimentally studied in view
of combining high sensitivity with low losses [133]. The results were
further supported by measurements in gas phase environment for
Xylene detection. The analytical results suggested the use of
acoustically thin gas sensitive coatings in the SO Lamb wave
resonators. Thus, the high mass sensitivity of the device can be
combined with low loss performance to achieve high detection
resolution.
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Figure 4.30 Sensitivity to Xylene for the 2-port SO Lamb wave resonator coated with 380
nm HDMSO

The experimental sensitivity of the 380 nm HMDSO coated
FPAR device to xylene concentration is shown in figure 4.30. The
sensitivity curve is nearly linear with a 31 Hz/ppm slope which is
about 5 times higher than the sensitivity of the STW resonator from
[144], operating at about the same frequency. At the same time the
S0 Lamb wave resonator insertion loss varied within 1 dB over the
whole concentration range which has a negligible effect on the
sensor oscillator performance. Table 4.4 summarizes the calculated
mass sensitivities of the three types of resonators toward xylene. In
order to compare the sensitivity values to the theoretical estimates,
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the relative sensitivity toward xylene, defined as the ratio of the
absolute sensitivity (in Hz/ppm) to the unloaded resonance
frequency, was calculated for LWR, STW and RSAW, respectively.
These sensitivities were found to be in relation 5.0/1.3/1.0 for LWR
versus STW versus RSAW, respectively, which is in good agreement
with the theoretical expectations.

Mode Frequency Sensitivity [Hz/ppm]
RSAW on Quartz 430 [MHZz] 7.2 [144]
STW on Quartz 700 [MHZz] 9.1 [144]
S0 Lamb wave on AIN 890 [MHz] 31 [133]

Table 4.4 Sensitivity to xylene of HMDSO coated resonators

The results from this section suggest that SO mode resonators employing
acoustically thinner sensing films are preferable in order to preserve the low
noise and low loss performance of the sensor, while benefitting from the
improved sensitivity of the Lamb wave resonator technology. Most generally,
the design of a gravimetric sensor employing the SO Lamb wave in thin AIN
membranes is application specific. Resolution, exceeding that of the other
competing micro-acoustic technologies such as surface transvers wave and
surface acoustic wave technologies, is quite feasible. The design of high-
resolution sensor requires an optimal ratio between increased sensitivity and
added noise by both the viscosity of the sensing layer and the analyte.

Theoretical and experimental studies were conducted on SO Lamb wave
resonators immersed in liquid environment. The results have clearly
demonstrated the ability of the resonators to operate as a gravimetric sensor
in liquid environment. The use of electrically screened, by means of
continuous electrode, bottom surface makes the device exclusively sensitive
to the mechanical properties of the liquid. Comparative measurements of the
resonators in solutions of sucrose and ethylene glycol at comparable values
of the mass density revealed relatively larger sensitivity of the devices
towards the liquid density and relatively smaller sensitivity towards the liquid
viscosity. Apart from the mechanical sensing, SO Lamb wave resonators can
also sense changes in the dielectric permittivity (€) of the liquid, provided that
the immerse surface is not electrically screened. This specific sensing
originated by variations of the electromechanical coupling factor of the
resonator when the dielectric permittivity of the liquid changes.

Combining electrically screened and electrically non screened devices
allows for distinct detection of mechanical and electrical properties of the
liquid environment.
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4.4 A RF pressure sensor

Beside the mass sensitivity, the thin-film Lamb wave resonators appeared
quite sensitive to ambient pressure partially because of the large aspect ratio
of the AIN membrane. The AIN membrane is being significantly deformed
upon external pressure, which in turn induces large mechanical stress
causing a change in AIN elasticity. As a result, the the resonance frequency
of the resonator shifts. The pressure sensitivity of the SO, the A1 and the
S1 modes in one resonator structure was studied theoretically and
experimentally in a comparative manner. Those modes are native for the
thin-film Lamb wave resonator and appear in different frequency bands as
peaks in the device admittance. It was predicted and experimentally verified
the relatively larger pressure sensitivity of the SO Lamb wave as compared
to that of the the A1 and the S1 modes. The main mechanism behind this
sensitivity was identified. The experiment was performed on a synchronous
thin-film Lamb wave resonator which was mounted in a specifically designed
test fixture which allows for RF probe supported measurement of the
frequency response of the device under press bias.

FPAR G-S-G Pico probe
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Figure 4.43 Cross section of the fixture for pressure measurements

To investigate the pressure sensitivity of the devices, a fixture, compatible
with the 6 mm x 6 mm resonator chips, was designed and manufactured,
see figure 4.43. The Lamb wave resonator chip is mounted into the fixture
by firmly pressing it against an o-ring lubricated with vacuum grease. A digital
pressure indicator GE Duck DPI 705 was used to monitor the pressure, while
FPAR frequency response was measured by a G-S-G pico-probe supported
HP8364B network analyzer, as demonstrated in figure 4.44. In the pressure
system, a hydraulic accumulator was used together with pressure regulators
and a flow control valve. In figure 4.44a, the SO, A1 and S1 resonances are
indicated along with their resonance frequencies and Q factors. The Q
factors at resonance frequency (Fr) were determined by the admittance
phase (¢) derivative Q =0.5f d¢/0F. The smaller peak on the left-hand side of
the S1 resonance originates from the S1 mode as well according to the fact
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that modes in periodical systems demonstrate a stopband behavior with
pronounced lower and upper frequency stopband edges. In figure 4.44b the
test fixture is shown with mounted Lamb wave resonator chip and RF probe
measurement system.

Figure 4.44 The experimental setup with a) the HP8364B network analyzer b) the G-S-G
RF probe and the fixture for mounting the chip.
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Figure 4.51 Measured ambient pressure sensitivity of the SO mode up to 100kPa

As measured, the SO mode is the most pressure sensitive in the structure.
The device measurements up to 100kPa ambient pressure shown very good
linearity and sensitivity of 6ppm/kPa [23] (see figure 4.51). Significant
improvement in sensitivity of the SO Lamb wave was later demonstrated in
composite membranes [160], reaching levels of 1 ppm/Pa at 750MHz
operation frequency.
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Chapter 5. A1 LAMB WAVE RESONATORS ON LiNbO; SUB
MICROMETER PLATELETS

The A1 lamb wave resonator (currently popular as XBAR) on LiNbOs3
was invented and first demonstrated by Dr. Michio Kadota at Murata
Manufacturing, Japan back in 2010 [24], currently he is a research professor
at Tohoku University in Japan. This specific version of a Lamb wave
resonator addresses the challenge of achieving high frequency devices
suitable for 5G wide band filter applications. This pioneering work well
accounted the earlier contributions on SO Lamb wave devices on ZnO [167],
AIN [2] and Quartz [168], pointing their inherent limitations when it comes to
resonance frequency and electrotechnical coupling. As many others, this
invention appeared a bit premature with respect to the needed technology
and yet emerging applications. Back in 2010 the only way to get a sub-
micrometer thick LiNbO3 platelet was by means of chemical vapor deposition
(CVD). More specifically epitaxial c-axis oriented LiNbOs films were
deposited with thicknesses of 340nm and 480nm, while their crystalline
quality approached full width half maximum of the XRD w-scan in the range
of 0.2°. These epitaxial films were used to prototype the first A1 Lamb wave
resonators on LiINbOs; with resonance frequencies of about 6.3GHz and
4.5GHz. These first devices demonstrated up to 7.2% resonance to
antiresonance frequency bandwidth and impedance ratio of up to 52dB.

It took few more years for the development of the piezoelectric-on-
insulator (POI) technology, enabling a sub-micrometer thick layer transfer
directly from a single crystal piezoelectric substrate. The development of the
ion-sliced layer transfer technology has brought a significant leap in RF
micro-acoustic technology with the invention of the thin film surface acoustic
wave resonators (FSAW) in 2016[12]. Already in 2017, this new
technological platform was well utilized in the prototyping of MEMS-type A1-
Lamb wave resonators [26] on LiNbOs. More specifically this work realized
4GHz - 5 GHz resonators based on the first-order antisymmetric (A1) Lamb-
wave mode in ion sliced Z-cut LiNbO3 thin films. It was well realized that ion-
sliced LiNbOg thin films have single-crystal quality and permit a higher device
quality factor and large electromechanical couplings of up to 30%. An
interesting (important) nuance of the work was that pair of interdigitated
electrodes with smaller metallization ratio can bring significant boost in
device electromechanical coupling and enables approaching the limits of the
inherent electromechanical coupling of the Z-cut LiNbOs3 crystal. In fact, in
this mode of operation the device operates very much like a shear bulk
resonator at fundamental resonance in the platelet between the electrodes,
being excited laterally by the horizontal electric filed of the electrodes. This
analogy, has brought the currently popular name of this device, namely
lateral field excited bulk acoustic resonator (XBAR) [27]. It is also related to
the fact that achieving higher electromechanical coupling requires operation
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on A1 close to its cut-off frequency (i.e the frequency of the fundamental bulk
resonance).

Although, these key enabling works paved the way for the prototyping of
this new class of devices, a number of key inventions were needed to
promote this device for industrial applications. These inventions, which are
essential part of this thesis, are well discussed in the sections below, while
here they are briefly summarized. For further increase of the device
electromechanical coupling a family of 120Y-X LiNbO3 cuts was proposed
[30] which makes the XBAR technology suitable for the wideband application
in the 6 GHz— 7 GHz range. One large drawback of the XBAR was the use
of narrow and thin interdigitated electrodes over sub-micrometer thick
platelet with poor thermal conduction. This type of design was practically
useless when the usual power requirements are considered. Here two key
inventions helped overcome this deficiency. These are the invention of
“thick” interdigitated electrode topologies [28] and the solidly mounted XBAR
topology [169]. The use of thick electrodes with thickness comparable to that
of the piezoelectric platelet has brought additional complexity related to the
fact that some unwanted spurious modes were significantly affected by the
sidewall angle of the electrodes and this need to be included in the design
and in the process control. Another version of the solidly mounted resonator
was proposed employing a Bragg reflector not under the entire piezoelectric
platelet but as Bragg-pedestals under the electrodes [170]. In this
configuration the acoustic losses of the Bragg stack are significantly
reduced, while efficient heat conduction path towards the base substrate is
secured. In another important invention, the temperature coefficient of
frequency is reduced through the design of specific bi-layered structures
employing a half wavelength thick SiO2 on/under the LiNbO3 piezoelectric
platelet [171]. Some of these inventions were implemented in the first
demonstration of n79 filter [29, 172], which was considered a breakthrough
achievement, enabling further private investments in this technology and
resulted in subsequent acquiring of Resonant Inc. USA by Murata
Manufacturing, Japan in 2022. In 2025 was the first announcement that the
XBAR technology resulted in a product [173].

In this thesis, only part of the work is revealed which is thought to be more
practically relevant or scientifically stimulating, while already being publicly
revealed. The biggest leap in the technology is discussed in this thesis. This
includes mainly the design of A1 Lamb wave resonators suitable for
operation under relatively larger RF powers. Structures with thick electrodes,
Bragg mirrors and pedestals were invented in this context. A specific
emphasis is on the design with sufficient suppression of spurious modes
originating from the interaction between A1 Lamb wave and the lowest order
A0 and SO Lamb waves assisted by the loading effect of the the electrodes
of the interdigital transducer [190]. Low stress at the electrode interface in
combination with mark-to-pitch ratio mt<0.3 were found good to suppress the
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spurious content including the 3™ lateral A1 Lamb wave harmonic A1-3. The
low stress at electrode interface can be achieved by a specific thickness of
the electrodes. More specifically, the frequency of the A3 Lamb wave under
the electrode should have be close to the frequency of the A1 mode outside
the electrodes. This specific condition is illustrated on figure 5.4. In situation
when the A3 Lamb mode in the Al/LINbO3 structure have close frequency to
the A1 Lamb mode in the LINbOS3 platelet, the normal shear stress Ts=Cs5*Ss
is becoming small since the interface between Al and LiNbOz3 is in the vicinity
of the extremum of the shear displacement amplitude along thickness
direction.

Figure 5.5 shows the in-plane shear displacement of the A1 Lamb wave
device operating in the vicinity of the Eigen frequency of the A3 mode in the
composite. It can be seen that the shear vertical strain at the electrode
interface remains low since the displacement magnitude is near extremum.
The synchronous conditions are derived under the condition when the A3
mode in the AI/LINbO3s composite has the same Eigenfrequency as the A1
mode in LiNbO3 platelet. It was found that for this specific case the
synchronism condition converges to the thickness ratio da/diinobos = 1.27.
There is a design frame for this ratio between 0.95 and 1.45, where designs
with fewer and sufficiently suppressed spurious modes are possible [176].
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Figure 5.5 Shear displacement distribution in IDT with 440nm thick Al Electrode with
mt=0.3 on 400nm LiNbO3s composite

Properly chosen stack definition is prerequisite for low spurious content
design but insufficient. It was found that the electrode mark-to-pitch ratio as
well as the electrode side-wall angles are of significant importance and the
precise spurious mode control requires also a precise technological control
over those design parameters. This peculiarity along with the highly
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depressive nature of the A1 Lamb wave mode for duinnos/A=0.1 (i.e frequency
depends on LiNbOs3 thickness as ~1/ duinbosz) makes this technology very
challenging in reality as it requires tight control on technological tolerances.
The complexity of the frequency and spurious mode control seems to exceed
that of the state-of-art thin film bulk acoustic resonators.
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Figure 5.23 Sketch view and shear acoustic displacement distribution in a solidly mounted
(SM) A1 type resonator [169].
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Figure 5.24 Sketch view and operation of a SM A1 Lamb wave resonator with
Bragg mirror pedestals

The requirement to design Al Lamb wave resonators with enhanced
reliability and power handling brought the research to the invention of the
solidly mounted A1 Lamb wave resonators employing Bragg reflectors (see
figure 5.23) as well as Bragg type pedestals (see figure 5.24), which ae able
to provide an efficient heat conduction at higher powers of operation.

Splitted resonators with similar membrane areas were proposed in RF
filter design in order to improve manufacturability and reliability of the filters.
Band n79 and wi-fi filter prototypes were demonstrated.
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Figure 5.28 Symmetric filter layout used in the first A1 Lamb wave filter prototypes

Another key invention in the field was the proposal of the rotated Y-X
family of cuts [30]. of LiNbOs3, which have boosted the electromechanical
coupling by 30% from the nominal as compared to the state-of-art at that
time Z-Y LiNbOs cuts [177].

The first RF filter compatible with the specifications of the n79 band were
designed by Me in cooperation with Dr. B. Garcia as part of a R&D
consultancy contract with Resonant Inc. The filter employed 500nm thick
electrode A1 Lamb wave resonators on Z-Y cut LiINbO3z with 398nm
thickness. The resonator scheme was a 5-resonator ladder filter, inherently
matched to 50Q environment. The filter consisted 3 series and two shunt
resonators. This filter has used splitting of the resonators in sub resonators
with similar areas and distributing them in a symmetrical manner throughout
the layout. This technique was successfully patented [172]. The essence
however, is not in the symmetry of resonator alignment but in their splitting
and cascading, which ensure LiINbO3 membranes with similar areas. This
aspect is very important for improving the manufacturability and device
reliability. Later this structure was also used in the research by independent
groups [186, 187]. The filter layout is very similar to the one described in the
original patent [172]. In figure 5.28 the symmetric filter layout is shown as
patented. The first series and third series resonators are splitted into two
resonators with same topologies connected in parallel, while shunt
resonators are splitted into four equal resonators connected in parallel. In
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some practical realizations the second series resonator in the middle is
splitted in 2 larger resonators cascaded in series, ensuring thus greater
power handling capabilities. Some similar designs, specifically engineered
to increase their RF power handling ability, have been measured to exceed
31 dBm continuous wave (CW) input power at room temperature [29].

The accuracy of the employed design methodology (here treated as a
company trade secret) is demonstrated in figure 5.32. Very good agreement
between measured and simulated performance is reached. The prediction of
the spurious mode content on the left side of the band is well predicted in
frequency position and magnitude. The A1 Lamb wave filter prototype is
implemented on an ion-sliced 400nm thin film of ZY-oriented single-crystal
LiINbO3 bonded to a 250 pm thick Si carrier wafer from NanoLN [188].
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Figure 5.32 Comparison of the S21 characteristics of measured and simulated filter
design

For these 2 years of research, | authored and co-authored many US
patents on the topic. In some contributions, a symmetrical loading of the
LiNbOs platelet was further proposed to help suppressing the coupling
between the A1 mode and the A0 mode (e.g [191, 192]). This invention
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appeared to be of substantial importance towards the design of the first A1
mode wideband filters for the Wi-Fi market. In a subsequent extension of the
symmetric topology, extra tuning of the thickness of the symmetrically placed
dielectric layers aimed at suppression the higher order A3 mode in the
structure, thus suppressing interference with higher frequency bands [193].
This structure has demonstrated reliability and fabrication compatibility
suitable for mass fabrication, while maintaining moderate levels of power
handling and retained electromechanical coupling. These results were just
recently reported by Resonant Inc. (a Murata Manufacturing company)
during their invited talk at the most prominent conference in the field, the
2025 IEEE Int. Ultrasonic Symposium held in Utrecht, Nederland [193].

CHAPTER 6. THE PRESENTED THESIS IN A NUTSHELL

Chapter 1 is an introduction to the filed with the aim to set the context of
this thesis. The main micro-acoustic wave technologies are discussed along
with their state-of art progress. Three distinctive resonator technologies are
outlined. These are the thin-film bulk acoustic wave resonator technology,
the surface acoustic wave resonator technology and the thin-film Lamb wave
resonator technologies. The thin film Lamb wave resonator technology is
practically initiated with this thesis. It is noted that some thin film Lamb wave
devices were published earlier, but thin film Lamb wave resonators were
demonstrated originally with the first scientific publication included in this
thesis. Accordingly, the goal of the Thesis is the development from the
fundamentals up the “Thin-Film Lamb Wave Resonator Technology”, which
is also the title of this thesis. This development includes theoretical,
fabrication and application aspects and have been conducted during a 15
years period. Thin film Lamb wave resonators on AIN and LiNbO3 thin films
are described as research topics in this thesis.

Chapter 2 describes the development of the analytical tools for the design
of thin-film Lamb wave resonators. These developments are extending and
adapting the theoretical models known from the surface acoustic wave
design. In section 2.1 an acoustic filed analysis for Lamb wave propagation
in thin platelet with periodic gratings is developed based on the Floquet-
Bloch theorem for wave propagation in periodic structures. In section 2.2 the
Green’s function method is adapted to the Lamb wave excitation in
interdigital and comb longitudinal wave transducers. The developments
extend the analytical methodologies in acoustic wave physics. Many
excellent books describe the state of art theory, which is in the fundaments
of the models developed here [194 -198]. With the emergence of highly
productive software for finite element methods (FEM) simulations, the
theoretical development switched to the development of efficient FEM
routines for the design and analysis of Lamb wave resonant structures. In
section 2.3 efficient finite element method routines are developed for fast
analysis of the Lamb wave resonator structures, which can be directly
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compared to the analytical tools developed in sections 2.1 and 2.2. Further
the analysis of in-plane dispersion characteristics is introduced in 3D periodic
structures. Based on the results in sections 2.1, 2,2 and 2.3, in section 2.4
the coupling-of-modes formalism is introduced for the design of Lamb wave
resonators. This is a phenomenological theory with few parameters related
to the excitation and propagation characteristics of the Lamb waves.
Methods for deriving those parameters from field analysis and finite element
method simulations are proposed along with experimental routines with
fitting the coupling-of-modes theory to the experimental data. An equivalent
circuit model of the Lamb wave resonators is derived from the coupling-of-
modes theory. The developed theoretical analyses are used in the
subsequent Chapters for the design of innovative Lamb wave resonant
devices.

Chapter 3 is dealing with the design, the fabrication and the
characterization of thin-flm Lamb wave resonators on piezoelectric c-
textured AIN deposited on Si substrate (4" wafer). Section 3.1 shows the very
first pioneering thin-film SO Lamb wave resonators. These devices were
preceding the theoretical modeling abilities and are designed directly from
the concept as feasibility test resonators. The first results highlighted many
design and fabrication deficiencies to be solved, but highlighted the potential
of this technology and its ability to be further improved. In section 3.2 SO
Lamb wave resonators with improved technology and optimized designs are
demonstrated in a second iteration of the SO Lamb wave resonator
development. These includes one-port and two port resonator designs with
high Q factors which were designed employing the coupling-of-modes
theory. The SO Lamb wave resonator design was further extended to high Q
MEMS resonators with suspended edges and various bottom electrode
configurations for achieving enhanced electromechanical coupling. Design
optimization is also performed in view of suppressing transverse modes
excitation in the structures. A novel "double busbar” topology is introduced
for the design of spurious free SO Lamb wave resonators. Inherent thermal
drift compensation in composite AIN/SiO2> membranes is theoretically studied
and experimentally demonstrated. Section 3.3 demonstrate a novel resonant
device employing mode — conversion between the SO Lamb wave and the
A1 mode at its cut-off frequency. This novel device principle is theoretically
described and experimentally verified in first in class thin film resonator. Until
this invention, energy confinement in acoustic resonators have been
achieved by means of fixed or distributed acoustic reflectors, while in this
case the wave is refracted and coupled to the fundamental bulk resonance
of the platelet. Finally, a novel S1 Lamb wave resonator without any
reflecting or refracting is theoretically described and experimentally
demonstrated. It operates on the zero-group velocity dispersion feature of
the S1 Lamb wave. This novel device type employs reflectionless split-
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electrode interdigital transducers with few guarding strips on each side and
represent a device with inherently confined waveguided mode.

Chapter 4 reviews the subsequent work on demonstrating the practical
utility of the thin film SO Lamb wave resonators on AIN. Demonstrated is a
low noise frequency source operating at larger powers for achieving low
thermal noise floors. The low noise of operation aligns well with the very high
gravimetric sensitivity of the devices and highlights potential applications in
high resolution chemical Gas sensors. SO Lamb wave resonators shown
very promising performance characteristics when immersed in water. Its
sensitivity to viscosity is further characterized both theoretically and
experimentally. Application in chemical bio- sensors is feasible. Further the
S0 Lamb wave shown very high sensitivity to ambient pressure. Pressure
sensitivity is studied theoretically and experimentally. The device
demonstrates ability for significant improvement in pressure resolution down
to sub 1Pa range. Finally, SO Lamb wave resonant RF voltage transformers
are designed for the first time and applied in low power communication
circuits. The presented works highlight the specific advantages of the SO
Lamb wave technology for application in low noise generators, high
resolution gravimetric and pressure sensors as well as highly effective RF
voltage transformers. The application of Lamb wave resonators in RF filter
technology looks feasible mainly for the S1 mode with two-side IDT for
maximal electromechanical coupling. Although, the performance remains
inferior to the classical thin film bulk acoustic resonators it is industrially
interesting due to some cost advantages.

Chapter 5 shows the development from fundamentals up of A1 Lamb wave
resonator technology on thin piezoelectric film LiNbO3. The main application
of this type of devices is in wideband filters for 5G telecommunications. The
main achievements of the work are related to the design of wideband
resonators suitable for RF power compatible with the wireless
communication standards. Two wideband filter prototypes are
demonstrated. Seven key enabling pate