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TPAHCMOPTHbIE CBOMCTBA OKCUAUPOBAHHbIX TPAOEHOBbIX HAHOAEHT
C 3UT3ATOOBPA3HbIM KPAEM: BAUAHUE SINMOKCHUAHBIX TPYTIN

Ilocmynuna 6 pedaxyuio 21.02.2017

IIpedcmasnersi pe3yromamoi 4UCACHHO20 MOOCAUPOBAHUS MPAHCROPMHbIX CEOUCME OKCUOUPOBAHHBIX ZPAPEHOBbIX HAHOACHM
8 pamKax memooa HepaeroeecHoix Qyuryui Ipuna. Hccaedosaro éausnue npucoeduHernus SN0KCUOHbIX 2PYIN K NOBEPXHOCMU 2Pa-
heHosbIX HaHOAeHM ¢ 3u23a2000pasHbim Kpaem. bviia natidena kpumuueckas wupuna, 045 KOMOPOU Haiuvue 0axce eOUHUYHBIX
SMOKCUOHBIX SPYRN NPUBOOUM K NOAHOMY UCHE3HOBEHUI) XAPAKMEPHO20 045 HAHOAEHM C 3Ue3a2000Pa3HbIM Kpaem NUKAa nposoou-
mocmu Ha yposre Depmu. bvina noka3ana NPUHUURUANLHAS 803MONCHOCIb CO30AHUS YUACMKA HYACB0l NPOEOOUMOCU 045 OK-
CUOUPOBAHHBIX 2PAPEHOBbIX 3U23A2000PA3HbIX HAHOACHM 6 30He NPOBOOUMOCIU C COXPAHEHUeM NUKA NPo8OOUMOCMU HA YPOGHE
Depmu.

Karoueevie caosa: oxcuo epagena, 6occmanosieHHbll 0KCUO epaghena, epagheHogvle HAHOACHMbL, NPOBOOUMOCTb, SHePeemi -

Yeckas wenb, K8AHMOBII MPAHCHOPM, KO2ePeHMHbII MPAHCnopm, Memood HepagHosecHvix GyHkyul Ipuna

BBenenune

YHuKanbHbIe CBOMCTBA rpageHa U €ro Ipou3BOJI-
HBIX, B YaCTHOCTU I'pacheHOBBIX HAHOJIEHT, SIBJISIIOTCS
MIPUYWHONM €T0 MPUCTAIBFHOTO M3YUYeHUS KaK Haubosee
MEePCIeKTUBHOTO MaTepualia [Jis HaHO3JIEKTPOHUKH.
Cpenm 11po0sieM, CTOSIIIMX TEpel SKCIEePUMEHTaTO-
paMu, — CO3[aHHe CTPYKTYP C HU3KUM COJAEpXKaHUEM
JIeheKTOB U IIpUMECeii, a TakKe OOHapyKeHUE HaleX-
HOTO crmocoba ympaBlieHUsI MX CBOWCTBAMM, B YacT-
HOCTHM CO3JaHUS U yIIpaBjeHUs 3aMpelieHHONH 30HOM.
Hnst yripaBiaeHUs CBOMCTBaMM MaTepualioB Ha 0Oase
rpacdeHa MOTYT OBITh MCMOJIb30BaHbI PA3IMUHbIE CITO-
co0BbI, TakKe Kak roppupoBanue [1], nepopmanus [2],
(byHKIIMOHAIM3ALMS aTOMaMU Pa3IUYHbBIX 3JIEMEHTOB
[3, 4].

OnHUM K3 METOMOB IIOJIydeHUs TpadeHa SIBISIETCS
METOJ XUMUYECKOTO OTCIanuBaHus [5], IIpU UCIIOIB30-
BaHMU KOTOPOro oOpasyercsl MPOMEXYTOUHBIN Ipo-
IyKT — okcup rpagena (GO), KOTOpbIii BOOCIEACT-
BuM oumiaetcs [6]. [Ipr 5TOM KOHEYHBI MTPOIYKT —
BOCCTaHOBJIEHHbI okcun rpadeHa (rGO) — ¢ Heus-
0EXHOCTBIO CONEPKUT HEKOTOPBI MPOLIEHT MpUMe-
Ceil AMOKCUAHBIX Y TUAPOKCUIBHBIX TPYIIM, PacIoio-
>KEHHbBIX XaOTUYHO B pa3HbIX yyacTKax JucTa rpageHa
[6]. [TpoBogMMOCTE OKCHAA rpadeHa CyleCTBEHHO 3a-

BUCUT OT KOHIIEHTpAIlMM aTOMOB Kucyiopoaa. Hanu-
Y€ XaOTMYHO PACMOJIOXKEHHBIX 3MOKCUAHBIX U TUII-
POKCWJIBHBIX TPYMIT Ha MMOBEPXHOCTU rpadeHa npuBo-
JIUT K TIOSIBJIEHUIO 3aMpellieHHON 30Hbl U CMEHE TUIa
npoBogumMoctu [7]. IloMumo TosIBIeHUs 3aIpelleH-
HOI 30HBI, 3HAUUTEJLHO YXYIIIAaeTCs MOABUKHOCTD
HocuTesei 3apsa [8, 9].

B pa6ote [10] moxa3aHo, YTO 371€KTPOHHBIE COCTO-
SIHUS JIOKQJIM3YIOTCSI Ha 3Ur3aroo0pa3Hbix Kpasx rpa-
(¢ena. B pabore [11] Gbu1a TpeaIoXeHa MOIEIb TyH-
HEJIbHOTO TT0JIEBOTO TPAH3UCTOPA C CUJIBHO BbhIpaKeH-
HBIM TepekovaroumM 3¢hdeKkToM 01arogapss HajlIu-
YUIO KPaeBbIX COCTOSIHMI. MOXHO TpearnoJoXUTh,
YTO JUIs1 CTPYKTYp Ha 6a3e BOCCTAHOBJIEHHOTO OKCMIA
rpadgeHa, MMEIOIIMX 3Ur3aroodpasHble Kpasi, MOXET
HWMETb MECTO BbICOKAsl MOJBUXHOCTh HOCUTEJIEH 3apsi-
Jla, BbI3BaHHAas KPaeBbIMU COCTOSIHUSIMM, a TaKXKe Ha-
JIMYKe 3anpeleHHON 30Hbl, pa3Mep KOTOPOM 3aBUCUT
OT KOHILIEHTpallMM aTOMOB Kucjopoja. B coBokymn-
HOCTU 3TU JiBa (haKTopa MOTYT JaBaTb CYIIECTBEHHO
HEJIMHEWHYIO BOJbT-aMIIEPHYIO XapaKTEPUCTUKY IS
TaKUX CTPYKTYp, KOTOPOM MOXHO YIpaBJisaTb C TO-
MOIIbIO 3aTBOpPA, YTO SIBJISIETCSI CYLIECTBEHHBIM MpU
KOHCTPYMPOBAHUU YCTPOMCTB HAHORJEKTPOHUKHU.

I'pacdbeHOBBIE HAHOJIEHTHI C 3UT3aro00pPa3HbBIM Kpa-
€M MOJIXOJAT MO/ ONMCAHWE TAKMX CTPYKTYp. B HacTo-
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silee BpeMsl CYIIECTBYIOT pa3HOOOpa3HbIE CIOCOOBI
I co3gaHus rpadeHoBbIX HaHoNeHT [12]. Pacuernt
MoKa3bIBaloT [12], uyTo O6e3nedekTHhIE, OeCIIpUMeCHEIE
HAHOJICHTHl OYAYT MMETh MUK IJIOTHOCTH 3JIEKTPOH-
HBIX COCTOSTHUI Ha ypoBHe DepMu, HO Yy HUX He OyneT
3alpelleHHOM 30Hbl. Bonpoc 0 BAMSIHUN TMAPOKCUIIb-
HBIX TPYMIT Ha TPOBOAMMOCTD TpaceHOBBIX HAHOJEHT
ObL1 paccMOTpeH B padore [13]. bouin mpoBeaeHbI UC-
CJIeIOBaHUSI BIMSIHUS MMPUCOEIMHEHHBIX aTOMOB KUC-
JIOpoJa 1 BOAOPOAA Ha IPOBOAMMOCTb HaHOJEHT [14].
Taxke TeopeTMyeckM ObLIO HCCIEeI0BAHO BIMSIHUE
aTOMOB KHUCJIOpOAa, MPUCOEANHEHHBIX K KpasiM HaHO-
qeHrt [15]. B naHHBIX paboTax paccMaTpUBaid TOJbKO
MepuoANYECKH-YIOPSIIOUeHHbIE CTPYKTYphI. B paboTe
[16] n3yyanu BIUSTHUE XaOTMUYECKU PACIIONIOXKEHHBIX
SMOKCUAHBIX T'PYII Ha MPOBOAUMOCTb I'padeHOBBIX
HAHOJIEHT ¢ KpaeM TUIIa "Kpecao" ¢ MO3ULUU YBeJIU-
YEeHWUSI 3HAYEHUS 3alPElIeHHON 30HbI, aBTOPaMU OblI-
JIO paCCMOTPEHO OOJIbIIIOE YMCI0 KOHDUTrypauuit, uc-
cienyeMble XapaKTepUCTUKU YCPeAHsUIU. AHajaoruy-
HBIX paCUeTOB JIJIsl HAHOJIEHT C 3Ur3arooopa3HbIM Kpa-
€M He TPOBOAWIIN.

Ilenp manHOII paOOTBI — MCCIENOBAHUE BIMSTHUS
OKCUIMPOBAaHMSI Ha IPOBOAUMOCTb rpacheHOBBIX Ha-
HOJICHT C 3UT3aroo0pa3HbBIM KpaeM, B YaCTHOCTH pac-
CMOTpPEHUE BOIIPOCA O BO3MOXKHOCTH OJHOBPEMEHHO-
ro co3naHust B6m3u ypoBHST DepMu y9acTKOB HU3KOM
1 BBICOKOI IIPOBOAMMOCTY B (DYHKILIMU MPOIYCKAHUSI.
B paGore uccnenyercst BAMSTHUE IMUPWHBI U JJTUHBI OK-
CHIVPOBAHHOTO YJacTKa HAHOJICHT Ha MPOBOANMOCTb.
Beu paccMOTpeHBI HAHOJICHTHI, IIMPUHA KOTOPBIX
cocrasisina 5 (SZGNR), 7 (7ZGNR), 11 (11ZGNR)
u 15 (15ZGNR) rekcaroHos.

MerTon, MOJCIHPOBAHUA

HccaemoBadus TTPOBOIMIM B paMKaX MaTPUYHOTO
MeToJa HepaBHOBecHBIX pyHkuuit I'puna (HP®DI) B
dopmammuame Jlanmayspa-byrrukepa [17]. B pamkax
JIaHHOrO MeTona (yHKIus Ipomnyckanus T(F) onpene-
JISIET YKUCJIO KaHAJIOB ITPOBOJIMMOCTU Ha €AMHUILY HEP-
TUU IJIS UCCIIEAyeMOTO O0BheKTa C YYETOM eT0 B3am-
MoJeicTBUSl ¢ KOHTakTamMu. [TpoBOAUMOCTh OJHOTO
KaHajla COCTaBlIdeT BeJWuyuHy Gy = ez/h, KoTOpas
MpeacTaBIsieT Co00i KBAaHT MPOBOIUMOCTH. 3HAUCHUE
STOH BeTMYMHEI HY>XKHO yIBanBaTh, €CJIM B pacueTax sB-
HO He YYMTBIBAeTCS CIIMHOBOE B3auMozeiicTeue. B ciy-
yae JBYXTEPMUHAJBHOIO YCTpOMCTBa (MOACOEINMHEH-
HOTO K JBYM KOHTaKTaM) (PYHKLMS TIPOITYCKAHUS UC-
clieayeMoro o0beKTa BhIUUCISIETCS 110 (hopMyIie

T(E) = THG(E)T ((E) G*(E)T g(E)), 2)
rae
G(E) = [SyE* — Hy — 2(E) = BN (3)

T opy =2 p — I, ml 4)
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G(F) — zanaszgbiBaronias pyHkiuys I'puHa uccienye-
MOI'0 O0BbEKTa C YYETOM €ro B3aMMOJECHCTBMSI C KOH-
TakTaMu; I'; p — TaKk Ha3bIBAEMbIE MATPULIbl YLIMPE-
HUS SHCPFCT’I/I‘{CCKI/IX ypoBHeil. B ¢popmyne (3) Hy —
raMWIBTOHMAH MCCIELyeMOro oobeKkra; S, — Mat-
pula MepeKpbiBaHU 06a3uCHBIX (yHKIU. B hopmy-
gax (3) u (4) 2, R}(E) — COOCTBEHHO-3HEepreTuyec-
Kre (YHKIMU KOHTAKTOB, OMNMCHIBAIOIINE B3aMMO-
JICTBUE HCCIEeIyeMOro 00beKTa ¢ KOHTAKTaMU U OIl-
peaensieMble caeayromuMu GopMyIaMu:

i (B = (i E" — T my) X
S
X gir, ry (B)(sq, R}E+ ~ YL R (5)

TIE T(; gy — MAaTPULbl 9HEPIUN B3AUMOLICHCTBHSI HC-
clielyeMoro o0beKTa U KOHTaKTOB; S(1, Ry — COOTBETC-
TBYIOILLIME MATPULIbl NMEePEKPbIBAHUI 0a3UCHBIX (PYyHK-
LIWIA; g{SL’ R (F) — moBepxHOCcTHbIe pyHKuUMUU ['prHa
KOHTaKTOB, KOTOPbI€ OMUCHIBAIOT yYaCTKU KOHTAKTOB,
HEIIOCPEJCTBEHHO B3aMMOJIEHCTBYIOIINE C UCCEAye-
MbIM 00BbekTOM. B MeToge HP®I' o6pldHO moapasy-
MEBAETCsl, YTO KOHTAKThI SIBJSIIOTCS TTOyOeCKOHEUHbI-
MU, T.€. MOTYT OBITb IPEACTABICHHI B BUIE OCCKOHEU-
HOI cepuM MPOHYMEPOBAHHBIX CETMEHTOB, Ha3bIBae-
MBIX IPUHLIMITAATIBHBIMY CJIOIMU. Mexny (QyHKLIUSIMU
I'prHa cerMeHTOB MMEET MECTO PEKyppPEHTHOE COOT-
HOIlIEHUE

gi(E) = (S;£— H; — (S,'*,'+1E_ H;+1)gi+ 1(E) X

X (SE E— Hjo )7L (6)

rae i ompeneaseT HOMep HPUHUMIIMAILHOTO CIOS,
MpUYEM gfL,R} (E) = g({)L,R} (E). Marpuupbl S,-j, sz
HMMEIOT TOT € CMBICJI, UTO U COOTBETCTBYIOILIIME MAaT-
pULIBI, OMUCHIBAIOIIME MCCIEeIyeMblil OOBEKT U €ro
B3aUMOJEUCTBUE ¢ KOHTAKTaM1, WHIEKCH COOTBETCT-
BYIOT HOMEpaM CerMeHTOB. B ciiyuae, Korma cerMeHThI
WISHTUYHBI, cooTHoleHue (6) 3ddekTuBHO paspe-
IIAETCS C TIOMOIIBIO UTEPALIMOHHON MPOLIEAYPHI, TIPEI-

JIO)KeHHOU B pabote [18].

B nanHO#T paboTe Bce mepedMceHHbIE MaTpPUILIbI
BBIYUCIISIIUCH B paMKax MOJIYSMIIMPUYECKOrO METoaa
SCC-DFTB [19, 20]. B nccienoBaHum MaTepuanioB
Ha 0aze rpacdena metonm SCC-DFTB saBnsiercsa oyeHb
XOPOLIMM KOMITPOMMCCOM MEXAY TOYHOCTBIO, CpaB-
HUMOM ¢ Kiaccuyeckum metogoM DFT, u ckopocTbio
BeumciieHuii [21]. biarogapsi mcnoab30BaHUIO alro-
putma Cistepa—Kocrepa [22] B meToge SCC-DFTB
3HAUUTEJbHO YIPOILLUAETCS MpouLeaypa BbIUMCICHUS
MAaTpUIL B3aUMOJECHCTBHS, TOCKOJILKY BEIUMCIEHAE UH-
TerpajioB OCYIIECTBJISETCSI Ha OCHOBE BMITMPUYSCKUX
3aBUcuMocTeii. B maHHo# padoTe OblJIa UCMIOJb30BaHA
napametpu3zaius metoga SCC-DFTB pbce-0-3 [24, 25],
MpeaHa3HAaYeHHas JJI BBIYMCIEHUS BJIEKTPOHHBIX
CBOMCTB KPUCTAJUIMYECKUX CTPYKTYP U MTOBEPXHOCTEH.




MonenupoBaHue BIUSTHUS 3TOK-
CUIHBIX TPYIN Ha IPOBOAWMOCTb
rpaeHOBBIX HAHOJEHT OCYIIECT-
BJIsUIM B Tpu 3Tana. Ha mepBom sr1a-
TIe BBIYUCIISITCH 30HHAST CTPYKTYpa,
IJIOTHOCTb 3JIEKTPOHHBIX COCTOSI-
HUIT U QYHKLMST TTPOITyCKAHUS UTS
KaXIIOro M3 paccMaTpUBaeMbIX TH-
MOB HAHOJICHT, UMEIOIIUX Waealb-
HYIO TIEpHOINYECKYIO CTPYKTYpY.

Ha Bropom aTame ¢ momouibio
reHepaTopa CIyJailHBIX Yuces aTo-
Mbl KMCJIOpOJa pacroJyiaraiuch Haj
TTOBEPXHOCTBIO yJacTKa rpaeHOBOI
HAHOJICHTBbI OMNpPEACIEHHONW JIVHBI,
MOCJIe Yero OCYLIECTBJISLIACh OINTU-
MM3AIUS TEOMETPUU OKCUIMPOBAH-
HBIX YYacTKOB B paMKax MeToja
SCC-DFTB ¢ noMoiisio mporpam-
Mol DFTB + [25]. TepmoauHaMu-
YyecKkasg YCTOMYMBOCTb M SHEPIreTH-
YeCKHUe XapaKTepUCTUKM TaKUX KOH-
durypammii paHee 0BT pacCMOTpe-
Hbl HamMu B pabore [26]. ATOMBI
KHCI0pOJa pacnpeessiiuch paBHO-
MEpHO M3 pacueTa paclipeie/IeHUs B
CpPEOHEM OIHOUN AMOKCUIHON IpyI-
bl Ha 2,5 HM mmHBL. TakuM oOpa-
30M, YMCJIO SIMOKCUIHBIX TPYIIN Obl-
JIO OMMHAKOBEIM UTSI BCeX HAHOJIEHT
MpYU OAVMHAKOBOW JUIMHE OKCUAMPO-
BaHHOTO yJacTKa.

Ha tpetbeM aTame okcuanupoBaH-
HbIl y4acTOK pa30uBajcs Ha cer-
MEHTBI JJIUHOK 2,5 HM. Bwramcisd-
Jlach (YHKUMST MPOMYCKAHUS LIEHT-
pajibHOTO cerMeHTa mo opmyie (2)
B mporpamme Kvazar [27]. Ilony-
OGCCKOHEUHBIE KOHTAKTBHI COCTOSIIN
U3 OKCUIMPOBAHHOTO y4YacTKa KO-
HEYHOU JTMHBI U TT0JTy0eCKOHEYHO-
ro y4yacTKa MaeajbHOl IpadeHOBOI
HaHoJieHTHl (puc. 1). Hng Kaxmoro
W3 paccMaTPUBAEMbBIX TUIIOB JICHT U
JUTMH OKCUAMPOBAHHOTO yyacTKa re-

HepupoBasioch 10 pazmmyHbix KoHpurypaumii. ITomy-
YeHHBbIe (DYHKIUU TPOITYCKAHUS YCPEIHSIIN.

Pe3yabTaTnl

Puc. 1. Cxema noacoennneHusi OKCMIMPOBAHHOTO yY4acTKa rpad)eHOBOIl HAHONEHTHI K MO-
JIly0eCKOHEYHbIM KOHTaKTaM: A — MccieayeMblil y9acTOK; B — OKCUIMPOBAHHbBIE YUACTKU
KOHTaKTOB; C — YacTH KOHTaKTOB

Fig. 1. Circuit of connection of the oxidized site of a graphene nanoribbon to the semi-infinite
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Puc. 2. ®yHkuus npomycKaHus, 30HHAsA CTPYKTYpPa M IUIOTHOCTH 3JIEKTPOHHBIX COCTOSHHIA
ISl M€ IbHBIX HAHOJIEHT IMPHHOI 5 ¥ 15 rekcaron

Fig. 2. Transmission function, band structure and density of the electronic states for ideal
nanoribbons with the width of 5 and 15 hexagons

a TakXXe JOMOJHUTENIbHbIM MUK B TUIOTHOCTU COCTOSI-
HUIi B BaJICHTHO 30He BOJIM3U ypoBHS Pepmu. Mexk-
JIy TaHHBIMU MMUKaMU HaOJI01aeTCcsl CIMSHUE MOA30H,
0m3Kux K ypoBHI0 Depmu.

Ha puc. 2 npuBeneHbl (PyHKIIMS TPOMYyCKaHUS,
IUTIOTHOCTb 3JIEKTPOHHBIX COCTOSIHWI M 30HHAsl Aua-
rpaMma Jjis OByX ciaydaeB: HauMmeHblneil (5ZGNR) u
HauOoblIel mupuHbl HaHOJNEeHT (15ZGNR). AHanus
MOJIyYeHHbIX 3aBUCUMOCTEN MOKa3bIBAET CJIEAYIOIINE
3aKOHOMEPHOCTH.

1. ¥ xaxnoii u3 mpeAcTaBIeHHBIX CTPYKTYpP Ha0JIi0-
JaeTCs MUK TUIOTHOCTU COCTOSTHMIA Ha ypoBHe DepMu,

2. Ha 0603HaueHHOM MHTEepBaJie SHEPTUN KaXKIbIi
W3 paccMaTpMBaeMBIX OOBEKTOB MMEET TPU KaHala
npoBoauMocTU. YKCIIO0 KaHAJIOB MPOBOIAUMOCTU COB-
MmamaeT ¢ YUCIIOM MTOA30H Ha JaHHOM YPOBHE SHEPTUM.
CiegyeT OTMETUTD, YTO C YBEJIMYEHHMEM IIIMPUHBI Ha-
HOJICHTHI YBEJIMUMBAETCS TaKKe M IIMPUHA OIMCHIBA-
emoro uHrepsaia (0,04, 0,05, 0,08, 0,11 sB cootBeTCcT-
BEHHO), UYTO TOBOPUT 00 YBETWYECHUN TPOBOINMOCTH
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Puc. 3. 3apucumocTb (P)yHKIMM MPONYCKAHUS OT JUIMHbI OKCHAMPOBAHHOIO YYaCTKA IS Pa3inyHbiX rpadenoBbix HaHoneHT. Byksamu 4, B, C

0003HAYEHbI YYacCTKM najacHuss mpoBOAUMOCTH

Fig. 3. Dependence of the transmission function on the length of the oxidized site for various graphene nanoribbons. A, B, C designate the sites of

declining conductivity

IIPU HU3KOM HAIPSDKEHUM C YBEIWYCHUEM IITMPUHBI
HAHOJICHT C 3UI3aroo0pa3HbIM KpaeM.

3. C yBeIMYeHNEM IMMPUHBI TTPOUCXOIUT TTOBHI-
meHue yposHst ®epmu HaHoseHT (—4,84, —4,82, —4,79,
—4,76 3B).

Ha puc. 3 moka3zaHa 3aBUCUMOCTh (PYHKIIUM TIPO-
MyCKaHUs OT JUIMHBI OKCUIMPOBAHHOIO y4yacTKa Ha-
HOJICHT. Y HAHOJICHT, IIMPWHA KOTOPBIX COCTaBIISICT
MeHee 11 rekcaroH, uMeercs 111ejib MPOBOAUMMOCTU B
BaJICHTHOI 30He BOIM3M ypoBHSI Depmut (0603HAUECHO
OykBOi1 A Ha puc. 3), IIMPUHA LIEIU CJ1a00 3aBUCUT OT
JUTMHBI OKCUIMPOBAHHOIO YYacTKa U YMEHBIIAETCS C
YBEJIMYCHUEM INMMPUHBI HAHOJEHTBI TaKUM O0Opa3oM,
YTO YK€ JUII HAaHOJIEHTHI IIMpUHOK 11 rexcaroH 3Ha-
YyeHUEe TPOBOAVMMOCTU HE OITyCKAaeTCs A0 HYJIEBOTO
3HaueHus. Kpome Toro, 6pU10 00OHApPYKEHO, YTO IJIs
BCEX PACCMOTPEHHBIX CIyYaeB C YBETMYECHUEM IJTUHBI
HAHOJICHT TOSIBJIIETCS IIeJb MPOBOAMMOCTU B 30HE
MMPOBOAMMOCTH BOIM3KM ypoBHST PepMu (0603HAUYECHO
oykBoil B Ha puc. 3). [llupuHa 3Toi 1IeJN yMeHbIIa-
ercs ot 0,3 3B s y3koit HaHOJIEHTHI (5 TeKcaroH) A0
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0,05 3B ms1 umpokoit HaHoJeHTHI (15 rekcaron). ITuk
MPOBOAMMOCTU BOJU3U YpoBHSI DepMu MOJTHOCTHIO
ucyesaeT Aaxe MPU HAJTUYUU €TMHCTBEHHOM 3MOKCHU/I -
HOM T'pYMITBI JUTSI HAHOJIEHT, ITMPUHA KOTOPBIX COCTAB-
jasieT MeHee 11 rexcarod. JanbHellnii aHaJIu3 MoKa-
3bIBa€T, YTO MPU YBEJIWYEHUU UTMHBI OKCUAMPOBAH-
HOTO y4YacTKa ITMK IPOBOIMMOCTH TIpOTamgaeT W s
HAHOJICHTHI 1IIMpHUHOM 11 rekcaroH (mpu KOHLEHTpa-
LIMM BMOKCUAHBIX I'PYMIl B OAHY Ha Kaxible 2,5 HM
OKCUAMPOBAHHOTO ydyacTka). [Ipu ajauHe oKCUaupo-
BaHHOTO yyacTka 50 HM JUIs1 HAHOJIEHTHI IITMPUHOMN
15 rekcaroH OOHapyXuBaeTCs KaK Y4acTOK HU3KOM
MPOBOAMMOCTH BOMMU3U ypoBHSI DepMu, COCTaBIISIIO-
wuii 0,05 3B, Tak ¥ MUK TPOBOIMMOCTU Ha YPOBHE
®epMu (COCTABISIOIIMI TTPUOIN3UTESIPHO OIUH Ka-
HajJl MPOBOJMMOCTU Ha 3JIEKTPOHBOJLT). omoaHu-
TeJIbHBIE PACcUEThl MOKA3BIBAIOT, YTO MPU YBEIMUYCHUU
KOHLIEHTPALMM 3MOKCUIHBIX IPYIIT A0 TPEX HA 2,5 HM
JUTMHBI TTUK Ha ypoBHe DepMU TTOITHOCTHIO MCYE3aeT
10 Mepe YBeJIMUEHMSI JJTMHBI OKCUAMPOBAHHOTO yYacT-
ka 1o 50 HMm. IlageHue MPOBOAMMOCTHM MPU OKCHUIM-




POBAaHUU IIPOUCXOAUT ACUMMETPUYHO, B 30HE IIPOBO-
IVMOCTH HabjiomaeTcsl OoJblliee YMEHBIIEHUE IPO-
BOAMMOCTH, YeM B BaJICHTHOM 30HE, YTO TaKXKe OOHAa-
PYXWIOCH IJIsSI HAHOJEHT C KpaeM TuIlla "Kpeciao" B
pabote [16].

3akimoueHue

Haumu BblymciaeHusT MoKa3bIBalOT, YTO JJIsI HAHO-
JIHT C 3UI3aroo0pasHbIM KpaeM, LIMPUHA KOTOPBIX
COCTaBJIsIeET MeHee 15 rekcaroH, oOHapyKMBaeTCs 1IeIb
MPOBOJIMMOCTHU B BaJICHTHOM 30He. Ee 1mnpruHa ymMeHb-
IIaeTcs ¢ yBeJIMYEHUEM IIIMPUHBI HAaHOJIEeHT. TTuK mpo-
BOJMMOCTH JJISI HAHOJIGHT IIUMpUHOI MeHee 11 rekca-
TOH TMOJIHOCTBIO MCUE3aeT AaXe MPU HATUUUU €IUHCT-
BEHHOM 3MOKCUAHOM I'PYMIbl HAa MOBEPXHOCTU JICHTHI.
ITpu yBennM4YeHUU AJWHBI OKCUAWPOBAHHOIO y4yacTKa
1o 50 HM mosBisSIeTCS 11IeJIb MPOBOAMMOCTU B 30HE
MpoBOAMMOCTHU. JIJIst HAHONEHTHI 1MPUHOK 15 rekca-
T'OH MUK MPOBOIUMOCTHU COXPaHSETCs MPHU [UTMHE OKCH -
JUPOBaHHOTO yyacTtka 50 HM M KOHLIEHTpalUK 3MOK-
CHUIIHBIX TPYIII, olleHuBaeMbIx oTHoleHueM C/O ~ 350.
ConpoTuB/eHWE HAHOJEHThl B JAHHOM Ciyyae IMpU-
0sm3uTeNbHO B 3 pas3a BbIlle, YeM 151 uaealbHON Ha-
HOJIeHThI. PaccTosiHue Mexay MUKOM (YyHKLIMU Tpo-
MyCKaHUS U CEPEIUHON 1IeU TPOBOAMMOCTHU COCTAB-
nger npubausurenbHo 0,1 3B, mosTomy mepexioua-
oM 3 GEeKT MOXHO OXUAAThb MPU HaIpsSKEHUU
3aTBopa 0,1 B. TakuM oOpa3om, mokazaHa MPUHLUIIN-
ajbHasi BO3MOXHOCTb CO3JaHMsI YyyacTKa HYJIeBOi
MMPOBOAMMOCTHU C COXpaHEHUEM ITMKa IMPOBOIMMOCTU
JUISI OKCUAMPOBAHHBIX 3UI'3aro00pa3HbIX HAHOJIEHT.

Paboma evinoanena npu nododepicke Poccuiickoeo
¢onda ghynoamenmanvhuix uccaedosanuti (epaum ogu_m
Ne 15-29-01025).
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Introduction

The unique properties of graphene and its derivatives,
graphene nanoribbons, in particular, are the reason for its
studying as a promising material for nanoelectronics. Among
the problems facing the experimenters are creation of the
structures with a low content of defects and impurities, dis-
covery of a reliable way for control of their properties, in par-
ticular, creation of an energy gap. Control of the properties of
the graphene-based materials can be implemented in various
ways: corrugating [1], deformation [2], functionalization of
the atoms of various elements [3, 4].

One of the methods for obtaining of graphene is chemical
scaling [5], during the use of which the graphene oxide (GO)
is formed, which is cleaned subsequently [6]. At that, the end-
product is the restored graphene oxide (rGO), which inevi-
tably contains a certain percent of impurities of the epoxy and
hydroxyl groups located chaotically in different sites of the
graphene sheet [6]. Conductivity of the graphene oxide de-
pends on the concentration of the atoms of oxygen. Presence
of the epoxy and hydroxyl groups, chaotically located on the
surface of the graphene, leads to occurrence of an energy gap
and a change of the type of conductivity [7]. Besides that, the
mobility of the charge carriers [8, 9] worsens considerably.

In [10] it is demonstrated that the electronic states are lo-
calized on the zigzag edges of the graphene. In [11] a model
of the tunnel field-effect transistor with a strongly expressed
switching effect is offered, which is due to the presence of the
edge states. It is possible to assume, that the structures based
on the restored graphene oxide, which have zigzag edges, may
be characterized by a high mobility of the charge carriers due
to the edge states, and also by the presence of the energy gap,
the size of which depends on the concentration of the atoms
of oxygen. In aggregate, these two factors can produce a non-
linear voltage-current characteristic, which can be controlled
by means of a gate, which is essential for designing of the na-
noelectronic devices.
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The graphene nanoribbons with zigzag edges fit the de-
scription of such structures. Now, there are various ways for
creation of the graphene nanoribbons [12]. Calculations
show, that faultless, pure nanoribbons will have a peak of den-
sity of the electronic states at Fermi level, but they will not
have an energy gap.

The question of the influence of the hydroxide groups on
the conductivity of the graphene nanoribbons was considered
in the work [13]. Research was carried out of the influence of
the attached atoms of oxygen and hydrogen on the conduc-
tivity of the nanoribbons [14]. Also the influence of the atoms
of oxygen attached to the edges of the nanoribbons [15] was in-
vestigated theoretically. But only periodically-ordered struc-
tures were considered in them. In [16] the authors studied the
influence of the chaotically located epoxy groups on the con-
ductivity of the graphene nanoribbons with the edges of "the
armchair” type from the position of increasing of the energy
gap. The authors considered a big number of configurations and
averaged the investigated characteristics. Similar calculations
for the nanoribbons with the zigzag edges were not done.

The aim of the work is research of the influence of oxi-
dation on the conductivity of the graphene nanoribbons with
the zigzag edges, in particular, consideration of the question
of feasibility of a simultaneous creation of the sites of low and
high conductivity in the transmission function near Fermi
level. The work presents studies of the influence of the width
and length of an oxidized site of the nanoribbons on the con-
ductivity. The nanoribbons with the widths of 5 (5ZGNR),
7 (7ZGNR), 11 (11ZGNR) and 15 (15ZGNR) hexagons
were considered.

Modeling method

The research was done within the framework of the matrix
method of nonequilibrium Green functions (NEGF) in
Landauer-Bsttiker formalism [17]. Within the framework of
the method the transmission function 7(F) determines the




number of the channels of conductivity per energy unit for the
investigated object, taking into account its interaction with the
contacts. Conductivity of one channel equals to G = ez/h,
which is a quantum of conductivity. If the calculations do not
take into account the spin interaction, the value should be
doubled. In case of a two-terminal device (connected to two
contacts) the transmission function of the investigated object
is calculated under the following formula

T(E) = T{G(E)T [(E)G*(E)T g(E)), 2)

where
G(E) = [SyE" — Hy — 21(E) — Tp(E)| ) 3)
T, m = 12, R~ 2L, g “4)

G(E) — retarded Green function of the investigated object,
with account of its interaction with contacts; I'; p — so-
called matrixes for broadening of the energy levels. In formula
(3) Hj; — Hamiltonian of the investigated object; Sy, — ma-
trix of overlapping of the basic functions. In formulas (3) and
“4) i, R}(E) — the self-energy functions of the contacts, de-
scribing interaction of the investigated object with the con-
tacts and determined by the formulas:

S, R(E) = (Sip gy BT = g py) X
X g1 g (EYsi, mE" — v(L, ) (5)

where 1y g — matrixes of the energy of interaction of the in-
vestigated object and the contacts; s LR — corresponding
matrixes for overlapping of the basic functions; gfL’ R (F) —
Green's surface functions of the contacts, which describe the
sites of the contacts directly interacting with the investigated
object. NEGF method usually assumes that the contacts are
semi-infinite, i.e. they can be presented in the form of an in-
finite series of the numbered segments dubbed as the basic
layers. Between Green's functions of segments a recurrent
correlation takes place:

gU(E) = (SE— Hy — (S;; E— Hj; )g' T 1(B) x
X (S; E— Hy 07, (6)

where i designates the number of a basic layer, at that,
g gy (E) = &)1 g (E). Matrixes of S;» Hy; have the same
sense, as the corresponding matrixes describing the investigated
object and its interaction with the contacts, the indexes cor-
respond to the numbers of the segments. In a case, when the
segments are identical, the correlation (6) is solved effectively
by means of the iterative procedure offered in [18].

In the given work the presented matrixes were calculated
within the framework of SCC-DFTB semi-empirical method
[19—20]. In the research of the materials based on graphene
the SCC-DFTB method is a good compromise between the
accuracy, comparable with the classical DFT method, and
the speed of calculations [21]. Thanks to the use of Slater-Ko-
ster algorithm [22] in SCC-DFTB method the procedure for
calculation of the interaction matrixes is simplified consider-
ably, because calculation of the integrals is carried out on the
basis of the empirical dependences. The given work employs
parametrization of SCC-DFTB pbc-0-3 method [24, 25], in-
tended for calculation of the electronic properties of the crys-
tal structures and surfaces.

Modeling of the influence of the epoxy groups on the con-
ductivity of the graphene nanoribbons was carried out in three
stages. At the first stage the band structure, the density of the

electronic states and the transmission function were calculat-
ed for each of the considered types of the nanoribbons having
an ideal periodic structure.

At the second stage by means of a generator of random
numbers the atoms of oxygen were placed over the surface of
the site of the graphene nanoribbons of a certain length, then
the geometry optimization of the oxidized sites was carried
out within the framework of SCC-DFTB method by means
of DFTB+ program [25]. We considered the thermodynamic
stability and the power characteristics of such configurations
earlier, in [26]. The atoms of oxygen were distributed evenly,
on the average, at the rate of distribution of one epoxy group
per 2.5 nm of the length. Thus, the number of the epoxy
groups was the same for all the nanoribbons at an identical
length of the oxidized site.

At the third stage the oxidized site was broken into 2.5nm-
long segments. The transmission function of the central seg-
ment was calculated under the formula (2) in Kvazar program
[27]. The semi-infinite contacts consisted of an oxidized site
of the final length and a semi-infinite site of an ideal graphene
nanoribbon (fig. 1). For each of the considered types of rib-
bons and lengths of the oxidized site ten various configura-
tions were generated. The received transmission functions
were averaged. They are translated to semi-infinity.

Results

Fig. 2 presents the transmission function, the density of
the electronic states and the band diagram for two cases: for
the least (5ZGNR) and for the greatest (15ZGNR) widths of
the nanoribbons. An analysis of the received dependences
demonstrates the following regularities.

1. Each of the presented structures has the peak of the
density of states at Fermi level, and also an additional peak in
the density of states in the valence band near Fermi level. Be-
tween the given peaks a merge of the subbands, close to the
level of Fermi, is observed.

2. In the designated interval of energies each of the con-
sidered objects has three channels of conductivity, the
number of which coincides with the number of the subbands
at the given level of energy. It is necessary to point out, that
with an increase of the width of the nanoribbons, the width
of the described interval (0.04 eV, 0.05 eV, 0.08 eV, 0.11 eV)
also increases, which testifies to a conductivity increase at a
low voltage with an increase of the width of the zigzag-edge
nanoribbons.

3. The growth of the width is accompanied by an increase
of the Fermi level of the nanoribbons (—4.84 eV, —4.82 eV,
—4.79 eV, —4.76 eV).

Fig. 3 presents the dependence of the transmission func-
tion on the length of the oxidized site of the nanoribbons. The
nanoribbons, the width of which is less than 11 hexagon have
a conductivity gap in the valence band near Fermi level (let-
ter A in fig. 3), the width of the gap only slightly depends on
the length of the oxidized site and decreases with an increase
of the width of a nanoribbon in such a manner that already
for a nanoribbon with the width of 11 hexagon the conduc-
tivity does not fall down to the zero value. Besides, it was re-
vealed, that for all the considered cases with an increase of the
length of the nanoribbons a conductivity gap appears in the
conduction band near Fermi level (letter B in fig. 3). The
width of this gap decreases from 0.3 eV for a narrow nano-
ribbon (5 hexagon), down to 0.05 eV for a wide nanoribbon
(15 hexagon). The peak of conductivity near Fermi level com-
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pletely disappears even in the presence of the only epoxy group
for the nanoribbons, the width of which is less than 11 hexagon.
The further analysis shows, that in case of an increase of the
length of the oxidized site the conductivity peak vanishes also
for a nanoribbon with the width of 11 hexagon (at the con-
centration of the epoxy groups in one per each 2.5 nm of the
oxidized site). At the length of the oxidized site of 50 nm, for
a nanoribbon with the width of 15 hexagon a site of a low con-
ductivity is found near Fermi level, equal to 0.05 eV, and a
peak of conductivity at Fermi level (approximately one chan-
nel of conductivity per electron-volt). Additional calculations
show, that in case of an increase of the concentration of the
epoxy groups up to three per 2.5 nm of the length, the peak
at Fermi level disappears completely in the process of increase
of the length of the oxidized site up to 50 nm. During oxida-
tion the decline of the conductivity occurs asymmetrically, a
greater reduction of the conductivity is observed in the con-
duction band, than in the valence band, which was revealed
for the nanoribbons with the edge of "the armchair" type [16].

Conclusion

Our calculations show, that for the nanoribbons with the
zigzag edge, the width of which is less than 15 hexagon, a con-
ductivity gap is found in the valence band. Its width decreases
with an increase of the width of the nanoribbons. For the na-
noribbons with the width less than 11 hexagon the peak of
conductivity disappears completely even in the presence of a
single epoxy group on a ribbon’s surface. At an increase of the
length of the oxidized site up to 50 nm a conductivity gap ap-
pears in the conduction band. For a nanoribbon with the
width of 15 hexagon the conductivity peak remains at the
length of the oxidized site of 50 nm and concentration of the
epoxy groups estimated by the correlation of C/O ~ 350. In
this case the resistance of a nanoribbon is approximately 3 times
higher, than for an ideal nanoribbon. The distance between
the peak of the transmission function and the middle of the
conductivity gap is approximately 0.1 eV, therefore, a switch-
ing effect can be expected at the gate voltage of 0.1 V. That
proves a principle feasibility of creation of a site of the zero
conductivity with preservation of the peak of conductivity for
the oxidized zigzag nanoribbons.

The work was done with support of the Russian Foundation
Jfor Basic Research (grant Ne 15-29-01025).
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VIIBSIHOBCKMI TOCYIapCTBEHHBIM YHUBEPCHUTET

PE3OHAHC YTAEPOAHOM HAHOTPYBKM C TOKOM
B SAEKTPOMATHHUTHOM TOAE

Ilocmynuna ¢ pedaxyuio 16.02.2017

B yeaepoduoti nanompyoke, 6 Komopou npomekxaem HOCHMOSAHHbIL IMUCCUOHHbIIL MOK, B03HUKAIOM MeXaHu4ecKue KoaebaHus,
K020a OHa HAX00Umcsi 8 NepemMeHHOM NeKmpoMacHUmnHom none. Konebanus 6vi3vi6aiom nosiéiexHue 6 HAaHOmpyoKe nepemMeHH020
MOoKa, KOMOPbLLL UCNbIMbIBAE PE30HAHC NPU ONPedeNeHHOU Yacmome 4eKmpomacHumnoeo noas. Yacmoma pesonauca 3aeucum
OM 3HAUEHUS HANPANCEHUS., NPUNOICEHHO20 0451 B03HUKHOBEHUS IMUCCUOHHO20 moKa. Hacmomoll pe30Hanca MONCHO YRPAeasimy,
U3MeHss Imo HanpsdiceHue. B pabome nposeden pacuem Kosebanuil HaHOMpyOKU U NOKA3AHO, YMO NPU MAAbIX ACHEKMHbIX OM-

HOWEHUSIX 4ACMOMY Pe30HAHCA MONCHO COBUHYMb 8 Mepazepyo8bill OUANAa3oH.

Karoueevie caosa: yenepoonvie HaHompyoKu, IMUCCUsL INeKMPOHO8, KOAeOAHUS, Pe3OHAHC

Vrneponusie HaHotpyoku (YHT) umeror pacmpe-
JIEJIEHHBIE T10 JJIMHE KWHETUYECKYIO UHIYKTUBHOCTD U
KBaHTOBYI0 e€MKOCTb. OHU BeayT cebs Kak KoJjieba-
TEJIbHbIA KOHTYP Y 00J1aJal0T CBOMCTBOM MOTIJIOLIEHUS
U UCITYCKAaHMS 3JIEKTPOMAarHUTHOTO u3iaydeHus [1, 2].
DTa cnocoOHOCTh HAHOTPYOOK MPOSIBISIETCS B LLIMPO-
KOM JAuaria3oHe JJWH BOJIH OT Paaro4acTOTHOTO A0 OIl-
tnyeckoro. IToaTomy MoxHO ucnoiab3oBaTth YHT mist
CO3IaHMs MPUEMHO-TIepeaalolux ycrpoicTs [1, 2], B
TOM YMCJIe TIyTeM co3naHusl peKTeHH. KoHTakT yrie-
POAHOW HAHOTPYOKM C METAJLUIOM KaTaJu3aTopa Bbl-
npsimisieT [3] aaeKTpuyecKuid TOK, MO3TOMY HaHO-
TpyOKa npeacTaBiseT coO0Oi HAaHOAHTEHHY, UHTETPU-
POBaHHYIO C JETEKTOPOM U3iydeHus. Takue ycTpoiicT-
Ba HAHOXJIEKTPOHUKM U HA3BIBAIOT peKTeHHaMU [4].

ITprMeHeHMe yIiiepoAHbIX HAHOTPYOOK B paiuoyc-
TPOWCTBax TPeOYET ITyOOKOro MOHUMAHUS TPUPObI
(u3MYecKux CBOMCTB 3TUX 00BEKTOB. B maHHOI pa-
0oTe OOHapyXeHO 3KCIIEPUMEHTAJbHO U OIIMCAHO
TeOpeTUYeCKU (PU3UUYECKOE SIBICHUE BBIHYXXIEHHBIX
KoJie0aHUIi B 3JIEKTPOMAarHUTHOM T10Ji€, SIBJISIOLIEECS
CJIEZICTBUEM CBOMCTB yIJIEPOJHBIX HAHOTPYOOK. HaHo-
TpyOKa ¢ TOKOM, MOMEIIEHHAsl B 3JIEKTPOMarHUTHOE
MOJIe BBICOKOW 4acTOThbl, HAUMHAET KosebaTecsd. [Ipu
OMpEeNeIeHHOW YacTOTe BJEeKTPOMAarHUMTHOIO MOJs
KoJieOaHUsI HAaHOTPYOKM MCIIBITHIBAIOT PE30HAHC, IIPpU
5TOM aMILUIUTYAa KoJiebaHUi Bo3pacTaeT. DT KoJieba-
HUS OKa3bIBAIOT BJUSIHME HA aBTORJIEKTPOHHYIO SMUC-
CHUIO C KOHIIOB YIJIEpOAHBIX HAHOTPYOOK, BO30yKaas
BbICOKOUYACTOTHBI SMUCCUOHHBIA TOK. DTO SIBJIEHUE
00YCJIOBJIMBAET TEPCHEKTUBBI CO3IAHUSL yCUJIUTENEN
3JIEKTPOMAaTHUTHBIX KOJie0aHUii, paboTarolux Ha HO-
BbIX PUHLIMIIAX.

Ilens maHHOIT paGOThI — BBISBIEHUE CBSI3W Yac-
TOTHBIX XapaKTEPUCTUK CUCTEMBI C MEXAHUYECKUMU

napaMeTpaMu HAHOTPYOKHM. DTO IO3BOJIUT OIpeae-
JISITh JaHHBIE ITapaMeTPhl ¢ HEOOXOTUMOM TOUHOCTBIO
JUTST TIPAKTUYECKOTO MCIOJIB30BaHUS PAaIOYACTOTHBIX
CBOMCTB yIJIEPOTHBIX HAHOTPYOOK.

DKcnepuMeHTAJIbHBIE pe3yJbTaThl. [[7151 ccienoBa-
HUS YaCTOTHBIX XapaKTEPUCTUK YITIEPOIHBIX HAHOTPY-
00K KakK d3JIEMEHTOB HaHO3JIEKTPOHMKM ObLT CO3[aH
M3MEPUTETbHBINA CTEHI 1 pa3paboTaHbl METOIUKH 13-
MEpPEeHUI BOJIBT-aMIIEPHBIX, SMUCCUOHHBIX U aMILIU-
TYIHO-4YaCTOTHHIX XapakTepucTuk YHT B BricOKOYac-
TOTHBIX BJIEKTPOMarHUTHBIX MOJISIX Ha 0a3e pacTpoBO-
ro anektpoHHoro mukpockorna FEI HeliosNanoLab
650 DualBeam ¢ BO3MOXHOCTBIO BU3YaJIbHOTO HAOJIIO-
JIeHVS1 PE30HAHCHBIX SIBJIEHUIA.

B usmepurenbHol cucteme ObLIO 3aleiCTBOBAHO
Tpu 31ekTpoaa (puc. 1). K anexkrpony I (karomy) Kpe-

Puc. 1. U3o0paxenne mccieayeMoii CHCTEMbI C YIJIEPOIAHOW Ha-
HOTPYOKOi1, KOTOPAasi HAXOMUTCS B PeKMMe Pe30HAHCA BbIHYK/IEHHBIX
KoJieOaHmii: / — KaTon ¢ 3aKperuieHHO HaHOTPYOKOI; 2 — aHOM;
3 — BIIeKTpol, BO30YXIAIOIINI TEpEeMEHHOe MarHUTHOE TT0Jie

Fig. 1. Image of the investigated system with CNT, which is in the mode
of resonance of the forced oscillations: 1 — cathode with a fixed
nanotube; 2 — anode; 3 — electrode exciting a variable magnetic field
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Puc. 2. DrcnepuMeHTAJbLHDINA YACTOTHDIH CIEKTP KOJeO0aHuil yrie-
ponHoii HanoTpyoku. IlocTosHublii 3MuccHonHbIii TOK 100 HA

Fig. 2. Experimental frequency spectrum of CNT oscillations. Direct
emission current of 100 nA

f MHz

Puc. 3. 3aBHCHMOCTb YACTOTHI PE30HAHCA BBIHYKIEHHBIX KOJEeOaHMi
YIJIePOAHOIl HAHOTPYOKHM OT NMPUJIOKEHHOTO JJIEKTPUYECKOTO HANPs-
JKEeHHsl MEXIY KATOIOM M aHOJOM: SKCIIEPUMEHT — TOYKU; CILIOLI-
Has TUHUST — pacyeT 1o dopmyaam (1) u (2)

Fig. 3. Dependence of the frequency of resonance of the forced oscillations
of CNT on the applied electric voltage between the cathode and the
anode: experiment — points; continuous line — calculation under
formulas (1) and (2)

MUJIach yrjiepoaHas HaHOTpyOKa. DyekTpon 2 (aHom)
MTO3BOJISITT UBMEPATDH BOJIBT-aMIIEPHYIO XapaKTEPUCTH -
Ky, KOrla HaHOTpPyOKa €ro Kacajach, U SMUCCHOH-
HYIO XapaKTepUCTUKY, KOTAAa OHA OblJIa OTOABMHYTA OT
9JIeKTpoAa 2 Ha pacCTOSTHE HECKOJIbKINX HAHOMETPOB.
Ha snextpon 3 momaBagoch BBLICOKOYACTOTHOE HAIIpsI-
JKeHUe, KOTOPOe CO3[aBajio B M3MEPHUTEIHHOM IIPO-
CTPAHCTBE BJIEKTPOMATHUTHOE IOJIE.

Ha puc. 1 3adpukcupoBaH MOMEHT pe30HaHCa KO-
JiebaHuii, Korma 1o Lenu 3JeKTpoa /| — HaHOTpyOKa —
BaKyyM — 3JIeKTpoJ 2 MPOTeKaeT MOCTOSIHHBIN 3MUC-
cuoHHbIM ToK 3HaueHueMm 100 HA. Tok, TeKyluui ye-
pe3 HaHOTPYOKY, B3aMMOJEUCTBYET C OKPYXKaOIIUM
3JICKTPOMArHUTHBIM TOJIEM, U HAHOTPYOKa HauuHAeT
Kojiebatbess. B camoit HaHOTpyOKe B Jo0OaBiieHHE K
MOCTOSIHHOMY TOKY BO3HMKaeT IepeMeHHasi COCTaB-
Jsomas Toka. Ha puc. 2 mokazaHa aMIIMTyIHO-4Yac-
TOTHasl XapaKTepUCTHKa 3TOr0 MEPEeMEHHOro Toka B
yKazaHHOI1 Beille nenu. [lonymupuHa pe3oHaHCHOM
KpuBOil coctapisgeT okoyio 0,2 MI'1, 4To roBOpUT O
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JIOCTaTOYHO BBICOKOI TOOPOTHOCTHU Ipouecca. YacTora
pPE30HaHCa 3aBUCUT OT HAMPSDKEHUST MEXITy 2JI1eKTpoaa-
MU [ 1 2 1, COOTBETCTBEHHO, OT 3HaYeHMS TOKA B Ha-
HOTpyOKe (puc. 3, Touku). DTO CO34aeT BOZMOXHOCTh
yIpaBieHUs] MPUEeMHO-TIepeNalolIMMy CBOMCTBAMU
YCTPOMCTBA, UCITOJIb3YIOIIET0 OOHAPYKEHHBIN 3(h(hEKT.

OO0cyxkaenune pesyabTaToB. Ha TIpoBOIHUK C TO-
KOM, TMOMEIIEeHHbI B MarHUTHOE Iojie, OeHCTBYeT
cuia AMnepa. B Halem ciyyae ata cujia uU3MeHseTcs
C YacTOTOM BBIHYXKAAIOIIETO CHTHaJIa, CO31aBaeMOTO
aJiekTpoaoM 3. B cucteMe BO3HUKAIOT BBIHYXIEHHbIE
KosiebaHus. J1isi onucaHus 3TOTO SIBJAEHUS UCITOJb3Y-
€M MaTeMaTU4ecKyl0 Mojesib JUHAMUYECKOro 13rubda
YHT, xecTKo 3al1eMJIeHHOU Ha ogHOM KOHIIe (x = 0),
CBOOOIHOI OT KMHEMAaTHMYeCKMX CBSI3eil Ha IpyroM
KOH1Ie (X = L) 1 Harpy>xeHHOU MOCTOSIHHOM MPOI0JIb-
Hoi cuiou F [3]:

4 2 2
Er@ W(i@ H _ po W(;C, nH 4 pSa W(zx’ nH —

0x ox ot
= q(x, 1), (1)
wmo,n=0, L =y
ox | _
x=0
o P _
e =0, — = 0.
6x2 6x3
x=1L x=1L

3aece W — nporu6 YHT; E — Moayiab YIpyroctu
VHT; I — MOMEHT MHepLMY ITONIEPEUYHOI0 KOJIbIEBO-
ro ceuenns YHT (dy, d, — nnameTpnl BHyTpeHHEHR U
BHELIHEW rpaHuUl] CeYEHUsI); p — MaccoBasl INIOTHOCTh
VHT; § — mnomwanps momepeyHoro ceueHuss YHT;
q(x, ) — 3HaYeHMe TONepPeYHO HArpy3KH, MOpoxKaa-
€MOI 3JICKTPOMAarHUTHBIM TojieM. HavanpHbIE ycio-
BMSI HE YKa3bIBAIOTCSI, MOCKOJBKY MCCIEIOBAaHUE MO-
JIeJI CBEJIOCh K aHa/IM3y CBOOOAHEIX Konebanuii YHT
C YKa3aHHBIMM TPAHUYHBIMU YCJIOBUSIMMU.
s pacyeTta ObUIM UCITOJIB30BaHbI CAEAYIOLIME Ma-
paMeprl YHT: L = 3450 um, d| = 55 M, d, = 57 HM,
= 10! Ila, p = 2,26 - 10° Kr/M BenuuuHa pactsi-
ruBatouieit YHT npononbHOU cwibl F, aeiicTByolei
Ha YHT u onpenenseMoii 3JeKTpUYECKUM HaIpsiKe-
HHEeM MeXy 3JeKTpogaMu I 1 2, Haxoauachk 1o ¢op-
Myiie [6]
2
F= 80S3H2V , (2)
2h
rie gy = 8,85 10712 @/v; S, = 1,13- 10710 m% 1 —
paccTosiHMEe MEXIY 2JEKTPOAOM 2 U CBOOOIHBIM KOH-
oM YHT. 3nauenmio V= 110 B cooTBeTcTBYeT cmia
F=18-10"1"H. Ha puc. 3 (crjIolIHAas IMHUS) MPU-
BeJleHa 3aBUCUMOCTb HaUMEHbIIIEH YacTOThl CBOOO/ -
HbIX KojiebaHuit YHT oT ajgexTpuyeckKoro Hampsi-
XKeHus. PacyeT xopollo coriacyeTcsl ¢ 9KCHepuMeH-
ToM. HekoTopoe pacxoxiaeHue 3aBUCUMOCTE, 0TO0-
paxkeHHBbIX Ha pUC. 3, UMeeTCsI B OKPECTHOCTU TOUKHU




V= 80 B, B KOTOpOil B 9KCIIepUMEHTe HAOII0IaeTCs
HayaJjo Mpolecca SMUCCUU U, KaK CIEICTBUE, YBEJIU-
YyeHue MNpPOIOJbHOI CUJbl, AekcTByromei Ha YHT.
Ousnueckuit 3pdekT 3MHUCCUU B MaTeMaTUYeCKOM
MoJiesi cBOOOAHbIX KojiebaHnit YHT He yuuThiBasics.
CpaBHEeHUE BKCIEPUMEHTAJIbHBIX M PAaCUETHBIX pe-
3yJbTAaTOB Ha pUC. 3 TOKa3bIBaeT, YTO Habjrogaemas
3aBUCUMOCTb ITEPBOI TApMOHUKM YaCTOThl CBOOOIHBIX
MexaHndeckux konebannii YHT oT mponoabHOM CHTbI
SIBJSIETCS NPUYMHOM 3aBUCUMOCTH PE30HAHCHOM 4Yac-
TOTHI TOKa, MpoTtekarwluero mo YHT, oT HanmpskeHUs
MexXay aaekTponamu I u 2.

MopenupoBaHue KoJjiebaHM HaHOTPYOOK Ha OcC-
HOBe obosioueyHoit moaenu B nmporpamMmme ANSYS mo-
Ka3ajgo BO3MOXHOCTb CYLIECTBOBAHUS PE30HAHCHBIX
yactoT 10 9 TI' npu MasibIx acreKTHBIX OTHOIIEHUSX
HaHOTPYOKM. I{JIs1 co3maHMsI TaKMX HAHOYCTPOUCTB,
KaK MOKa3bIBAIOT MTOCTPOEHHBIE 3/1ECh OLICHKHU, CIIEy-
€T CTPeMUTHCS K UcTojb3oBaHuo YHT, y KoTopbix ac-
MEKTHOE OTHOLIEHUWE SIBJISIETCSI MUHUMAJIbHBIM U3 00-
JIaCTM BO3MOXHBIX (B CMbICJIE TEXHUUYECKOW peanu3a-
LIMW) 3HAYECHUM.

CnucoK JauTepaTypbl

1. Rutherglen C., Burke P. Carbon Nanotube Radio // Na-
no Lett., 2007. Vol. 7, No. 11. P. 3296—3299.

2. Jensen K., Weldon J., Garcia H., Zettl A. Nanotube Ra-
dio // Nano Lett., 2007. Vol. 7, N. 11. P. 3508—3511.

3. Bynspckmii C. B., Byaspckas C. A., Bocrpenosa JI. H.,
Hdynun A. A., Opaos A. I1., Ilasaos A. A., Bacaes A. C., Ku-
miok E. I1., [llamanaes A. A., Illaman 1O. II. ITapamerpsr mie-
peHoca TOKa KOHTaKTOB METa/Ul — YIJIEPOAHblE HAHOTPYOKHU //
Hano- 1 Mukpocucremnas Texauka. 2015. Ne 5 (158). C. 3—S8.

4. Kempa K., Rybczynski J., Huang Z., Gregorczyk K., Vi-
dan A., Kimball B. Carbon Nanotubes as Optical Antennae //
Adv. Mater. 2007. Vol. 19. P. 421—426.

5. Buopamuu B texnuke: CrpaBounuk. T. 1 / Pen. B. H. Ye-
nomeit. M.: MammHocTtpoenue, 1978. 352 c.

6. Yong Zhu, Horacio D. Espinosa Reliability of Capacitive
RF MEMS Switches at High and Low Temperatures // Int. J.
of RF and Microwave Computer-Aided Eng. 2004. Vol. 14 (4).
P. 317—328.

7. JleontneB B. JI. O cBOOOIHBIX M BBIHYXIEHHBIX KoJieOa-
HUSIX YIJIepoAHbIX HaHOTPYOOK // XI Beepoccuiickuii chess 1o
(byHmamMeHTaIbHBIM MPOOJIeMaM TEOPETUIECKOM 1 MPUKIIATHOMN
mexaHuku: C6. noknanoB. Kazanb, 20—24 aBrycra 2015 r. Ka-
3aHb: M3n-Bo Kazan. yH-ta, 2015. C. 2302—2303.

S. V. Bulyarskiy, D. Sc., Professor, Head of Laboratory, bulyar2954@mail.ru, A. A. Dudin, Ph. D.,
Senior Researcher, A. P. Orlov, Ph. D., Senior Researcher, A. A. Pavlov, Ph. D., Deputy Director,
Institute of Nanotechnology of Microelectronics, RAS, Moscow, 119991, Russian Federation,

A. A. Shamanayev, Junior Researcher,

NPK Technological Centre, Moscow Region, Zelenograd, 124498, Russian Federation,

V. L. Leontiev, D. Sc., Associate Professor

Ulyanovsk State University, Ulyanovsk, 432000, Russian Federation

Corresponding author:

Bulyarskiy Sergey V., Professor, Head of Laboratory, Ulyanovsk State University, Ulyanovsk, 432000,

Russian Federation, bulyar2954@mail.ru

Resonance of a Carbon Nanotube with a Current in the Electromagnetic Field
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The authors present a study of the phenomenon of the forced oscillations in a carbon nanotube, in which emission of a direct
current occurs, when it is in an alternating electromagnetic field. The oscillations in a nanotube cause appearance of a direct current,
which falls into resonance at a certain frequency of the electromagnetic field. The resonance frequency depends on the magnitude
of the voltage, applied for occurrence of the emission current. The resonance frequency can be controlled by changing the voltage.
The authors calculated the vibrations of the nanotube and demonstrated that at small aspect correlations the resonance frequency

can be shifted into the THz range.
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The carbon nanotubes (CNT) have the kinetic inductance
and quantum capacity distributed by the length. They behave
as an oscillatory contour and possess absorption and emission
of the electromagnetic radiation [1, 2]. This ability is revealed
in the range from the radio-frequency up to the optical wave-
lengths. Therefore, it is possible to use CNT for development
of the transmitting-receiving devices, including rectennas.

CNT, when it comes in contact with a catalyst metal, rectifies
[3] the electric current, therefore, a nanotube is nanoantenna,
integrated with a radiation detector. Such devices are dubbed
rectennas [4].

Application of CNT in radio devices demands a deep un-
derstanding of the physical properties of those objects. The
given work reveals experimentally and describes theoretically
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the phenomenon of the forced oscillations in the electromag-
netic field, which is a consequence of CNT properties. A na-
notube with a current, placed in the electromagnetic field of
high frequency, begins to oscillate. At a certain frequency of
the electromagnetic field, the oscillations of the nanotubes
come to the resonance, at that, the amplitude increases. These
oscillations influence the autoelectronic emission from the ends
of CNT, exciting a high-frequency emission current. This phe-
nomenon opens prospects for development of amplifiers of
electromagnetic oscillations working on new principles.

The aim of the given work is to reveal the connections be-
tween the frequency characteristics of the system and the me-
chanical parameters of the nanotubes. This will make it pos-
sible to determine the parameters with the necessary accuracy
for a practical use of the radio-frequency properties of CNT.

Experimental results. For research of the frequency char-
acteristics of CNT as elements of nanoelectronics an experi-
mental stand was made and methods for measurement of the
volt-ampere, emission and amplitude-frequency characteris-
tics of CNT in high-frequency electromagnetic fields were de-
veloped on the basis of FEI HeliosNanoLab 650 DualBeam
electron microscope with an option of a visual observation of
the resonant phenomena.

The measuring system employed three electrodes (fig. 1).
CNT was fastened to electrode I (cathode). Electrode 2
(anode) allowed to measure the volt-ampere characteristic,
when CNT was in contact with it, and the emission charac-
teristic, when it was moved back from electrode 2 at a distance
of several nanometers. High-frequency voltage was supplied
to electrode 3, which created an electromagnetic field in the
measuring space.

Fig. 1 presents the moment of the resonance of oscilla-
tions, when direct emission current of 100 nA goes through the
circuit of electrode / — nanotube — vacuum — electrode 2.
The current flowing through CNT interacts with the sur-
rounding electromagnetic field and nanotube starts to fluctu-
ate. In CNT itself, in addition to the direct current, a variable
component appears. Fig. 2 presents the amplitude-frequency
characteristic of this current in the above circuit. The semi-
width of the resonant curve is about 0.2 MHz, which speaks
of a rather high good quality of the process. The frequency of
the resonance depends on the voltage between electrodes
and 2 and, accordingly, on the current in the nanotube (fig. 3,
points). This creates a possibility for control of the transmitting-
receiving properties of the device using the discovered effect.

Discussion of the results. The conductor with a current
placed in the magnetic field is influenced by Ampere force. In
our case this force changes with the frequency of the driving
signal created by electrode 3. Forced oscillations appear in the
system. For description of the phenomenon we will use the
mathematical model of a dynamic bend of CNT, rigidly
jammed on one end (x = 0), free from the kinematic bonds
on other end (x = L) and loaded by the constant longitudinal
force F [5]:

4 2 2
ox 0x ot

2 3
=0, 5—21 =0, 5—21 = 0.
= ox ox
x=0 x=1L x=1L

4
mo, n =0, 2
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Here W — deflection of CNT; £ — modulus of elasticity of
CNT; I — moment of inertia of the cross ring section of CNT
(d,, d, — diameters of the internal and external borders of the
section); p — mass density of CNT; § — area of the cross-sec-
tion of CNT, ¢(x, /) — value of the cross-section load gen-
erated by the electromagnetic field. The initial conditions are
not specified, because the model research was reduced to the
analysis of the free oscillations of CNT with the specified
boundary conditions.

For calculation the following CNT parameters were
used: L = 3450 nm, d; = 55 nm, d, = 57 nm, £ = 10! pa,
p = 2,26-10° kg/m>. The value of the longitudinal force
stretching CNT and determined by the electric voltage be-
tween electrodes 7/ and 2 was defined by the formula [6]:

SOSSJ'I V2
24

where g = 8,85+ 10712 F/m, S, = 1,13-1071® m?, 4 — dis-
tance between electrode 2 and the free end of CNT. Force
F=18-10"1'N corresponds to the value of V=110 V.

Fig. 3 (line) presents the dependence of the smallest fre-
quency of the free oscillations of CNT on the electric voltage.
The calculation agrees with the experiment. A certain diver-
gence of the dependences (fig. 3) is in the vicinity of point
V=80 V in which in the experiment the beginning of emis-
sion and, as consequence, an increase of the longitudinal
force operating on CNT, is observed. The physical effect of
the emission in the model of free oscillations of CNT was not
taken into account. A comparison of the experimental and
calculated results shows, that the dependence of the first har-
monic of the frequency of the free mechanical oscillations of
CNT on the longitudinal force is the reason of the depend-
ence of the resonant frequency of the current going through
CNT, on the voltage between electrodes 7/ and 2.

Modeling of the oscillations of CNT on a basis of a shell
model in ANSYS program demonstrated a possibility of ex-
istence of the resonant frequencies up to 9 THz at modest es-
timates, it is necessary to aspire to the use of CNT, the aspect
correlation of which is minimal from the area of the possible
(in the sense of technical realization) values.

F= )
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NCIMOAb3OBAHUE TEXHOAOTUN MUKPOTMTPO®UAUPOBAHUA
NMPU ®OPMHNPOBAHWU NMPUBOPHbLIX CTPYKTYP

HA OCHOBE HUTPUAA TAAAUA
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Muxponpoguauposanue snumaxcuanshoix cioes n-n" —GaN 6binoaHeHo Memooom peaKmugHO-UOHHOO MPAGACHUS HA YC-
maroexe Sentech SI 500, ocHawenHOU UCMOYHUKOM UHOYKMUBHO CEA3AHHOU NAA3Mbl. YCMAHOGACHbL PeNCUMbL MPABACHUS HUM -
puda eannus, no3eoasowue yoaiims SNUMAKCUAAbHbIE CA0U NOAYNPOBOOHUKA HA 2AyOuHy 00 10 MKM ¢ noayueHuem 2aadkoi no-
sepxrnocmu. Ckopocmu mpaenerus cocmaeasiiu okono 0,8 mkm/mun npu mowpocmu ucmoynuxka UCII 600 Bm, npu cmewenuu
100 Bm, daenenuu ¢ kamepe 1,2 Ila, pacxode eazoeoii cmecu BCl3/ Cly/Ar 20/60/ 10 e’ /mun. Juodst lllommku c keazueepmu-
KAAbHOU eeomempueli KOHMAaKmog copmuposanvl 31eKmpoHHO-1Y4e8bIM HANbLICHUEM Memo0oM 63pbléa No MAcke homopesucma.

Karoueesvie caoea: Humpuo eanrius, peakmueHO-UOHHOe MpasaeHue, MUKPONPoQDUIUposanue, 31eKmpoHHO-1y4e80e Hanblie-
Hue, 0uod Illommku, évicoma 6apvepa, Ko3hpuuyuenm HeudearbHoCmu, OMUHECKUL KOHMAaKm

Bsenenune

CrpykTypbl Ha ocHoBe HuTpumoB III rpymmer —
GaN, AIN u coemunenuit AlGaN, InGaN paccmar-
pUBAIOTCA KaK IMEePCIIeKTUBHBIC MaTepHaIbl TSI SJIeK-
TPOHHOM M ONTOBRJIEKTPOHHOU TexHUKU. X mpeumy-
1IECTBO — IIMPOKUI CIIEKTp MpuMeHeHuil. Ha ocHoBe
HUTpUJA rajuius MOXHO M3roTaBIMBaTh CTPYKTYPHI C
b6apnrepamu loTTku 1711 mprOOPOB CUIIOBOM 3JIEKTPO-
Huku, moinHble CBY TpaH3MCTOpPHI X1 MOHOJMTHEIE
HWHTETpaJbHbIE CXeMbl, MHXXEKIIMOHHBIE Ja3ephl U CBe-
TOIMOIBI B O0JIACTU KOPOTKMX JJIMH BOJIH [1, 2].

B Hacrosiiiee BpeMsi aMUTaKCHAIbHbIE CJIOM HUT-
pula Trajidsl PeuMYyIeCTBEHHO BbIpalllMBalOTCS Ha
noanoxkax Al,O3 u SiC, a B mocjenHee BpeMs Ipo-
SIBJISIETCSI MHTEPEC K MOTYYeHUIO HUTPUIA TaJTUS U Ha
kpeMHuu [3]. Ucnioab3o0BaHMe TAKOTO poJa MOAI0XEK
MPUBOIUT K HEOOXONMMOCTHU BBEIEHUST B TEXHOJIOIU-
YeCKMiA Mpolecc onepauuyd MUKPONpO(GUINpOBaHUS
B LeIX (OpMUPOBaHUS 00acTeit 111 MeTalIu3alun
KOHTAaKTOB K CJIOSIM MaTepHayia A-TUIa TIPOBOAMMOC-
TH, a Takxke (POPMUPOBAHUS M3OJSALIMU MEXIY 2Jie-
MEHTaMU.

OrpaHMYeHHST XUIKOCTHOTO TPaBJICHUS TSI HUT-
punos 111 rpymsl BEI3BAJIO 3HAYUTEILHBIN MHTEpEC K
Pa3BUTHIO CYXUX METOIOB TpaBieHUs. M3 Bcex BUIOB
CYXOTO TpaBJICHUs HaboJIee TIePCIIeKTUBHEBIM SIBIISICT-
¢S WCTIOJIb30BaHNE UCTOYHMUKOB Ha MHAYKTUBHOM BY
paspsime (MHAYKTUBHO CBSI3aHHBIN IIa3MEHHBIA —
HCII ucrounuk). Takue UCTOYHUKM MO3BOJISIIOT CO-
31aBath 0oJsiee MIOTHYIO MIa3My C BICOKOW OTHOPOI-
HOCTBIO M YIIPaBIISIEMOCTHIO.

Hcrionb3yemMblie B HACTOSIIIEE BPeMsT METOIBI TPaB-
JieHust HUuTpuaoB 111 rpynmnbl ocHOBaHbBI Ha UCTOJIb30-
Banuu M CII ncTOUHMKOB 1 XJIopcoaepxXKalleilt Cpeasl.
I'azoBble cMecu, coaepxKallyie KOMIO3ULIUIO TPUXJIO-
puna 6opa (BCl;) ¢ nHepTHEIMU razamMu aprot (Ar) u
(umm) asor (N,), ABaA0TCA HauboJiee BOCTPEOOBaH-
HBIMU ¥ TIO3BOJISTIOT TTOJIyYaTh CKOPOCTH TPaBIICHUS 10
200 um/muH [4, 5]. OnHaKo Tpy TIyOOKOM TpaBJieHUN
HuTpuaa rauius (1o 10 MKM) TaKUX CKOPOCTE MOXKET
OBITH HEOCTATOUYHO B CBS3U C ITUTETHHOCTHIO TIPOIIEC-
ca U CJIOXKHOCTSIMU B U3TOTOBJIEHUU 3aLIUTHBIX CJIOEB.
Hdns yBeIMYEHUsI CKOPOCTEH TpaBJeHUs] B Ta30BYIO
cmech BCly/Ar BBomAT unctslii x10p (Cl,), nospousio-
I CYIIECTBEHHO YBEIMIUTh CKOPOCTH TPaBJIeHU [6].

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 7, 2017 399



Pe3yibTaThl 3KCIEPUMEHTAJIBHBIX HCCJIETOBAHMIA
H UX 00CyXIeHHe

Llenbro HacTodlIel padOTHI SIBASIETCS pa3paboTKa
TEXHOJIOTUM TITYOOKOTO TpaBJeHUs HUTPHIA TaJUIHS
¢ ucnoab3oBaHueM TnasMbl BY paspsma B cpene
Cl,/BCl;/Ar ana nojy4eHUs NPUOOPHBIX CTPYKTYp
auonoB IIoTTKM ¢ KBa3MBEPTUKAJIbHON reoMeTrpueit
KOHTaKTOB.

[IpoBeaeHa cepust 3KCNIEPUMEHTOB MO (POPMUPOBA-
HUIo penbeda. TpaBieHHe 00pa3loB OCYIIECTBISIOCH
METOJOM pEaKTMBHO-UOHHOIO TpaBJIEeHUSI Ha YycTa-
HoBKe Sentech SI-500, ocHallleHHOM UCTOYHUKOM MH-
JYKTUBHO CBSI3aHHOM T1a3Mbl Npu uaMeHeHun MCII
u BY MoliHOCTeM, pa3aUUHbIX COOTHOLIEHUSIX Tra30-
BbIx NO0TOKOB BCl3/Cl,/Ar u naBieHUM B peakTope,
0e3 HarpeBa 00pa3loB.

B kxauecTBe TecTOBBIX 00Opa3LOB HCIIOJb30BAIU
HEJICTUPOBAHHBIA CJTIOU HUTPUIA TAUIUS TOJIIAHOMN
1,7 MxMm, BoIpalleHHbit MeTogoM MOCVD (xumuyec-
KO€ OCaXIeHME M3 ra30BOM (ha3bl C MCITOIb30BaHUEM
METaJIOPraHUYEeCKUX COCAMHEHUI) Ha camndupoBOi
nomioxke auamerpom 50,8 mm (2 mroiima). s obec-
MeYeHUsI CEJEKTUBHOCTU TpaBjieHUsI (hOpMUPOBaach
KOMOMHUpOBAaHHAsA MacKa, COCTOSINAs W3 HUKENs
ToIIMHOM 0,25 MKM ¢ TIOICTIOeM OTUOKCHUIA KPEMHUS
TomuHON 0,3 MKM.

ToamuHbl cioeB U NPOGWIN TPaBICHUST KOHTPO-
JIMpOoBau ¢ TToMolkio npodunaomerpa (Talysurf CCI-
Lite), ckanupytouiero anektpoHHoro (Hirox) u atom-
Ho-cuwioBoro (NT-MDT) Mukpockomnos.

OKCHepUMEHTHl MPOBOAUIU UISI TIOAOOpa PeXU-
MOB TpaBJIEeHUsI HUTPUAA TaJIJIUSI, TTO3BOJISIONINUX T10-
JiydaTh OJM3KUI K BEpTUKAJIbHOMY MPOPUIb TpaBjie-
HUS MIPU COXpPAHEHUM TJIAJKON MOBEPXHOCTU IOJY-
MIPOBOTHUKA.

B pesynbTaTe mpoBeAeHHBIX MCCIIeNOBAHUI OIpe-
JIEJIEHbl PEXUMBI, TTO3BOJISIIOIINAE TPABUTh KaK IIy0O-

Jlasnerne 1.2TTa BCL/Cl/Ar 20/60/10 cM¥/un
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KME CJIOU HUTpUJA rajiusl (0KoyJo 7 MKM), TaK U I0-
craToyHo ToHKMe (MeHee 100 HM) ¢ TmoIyyeHueM Iiai-
KOl TTOBEPXHOCTHU TTOJTYITPOBOIHUKA.

Ha puc. 1 u 2 nmokazaHbl 3aBUCHMOCTH CKOPOCTHU
TpaBJICHHUS HUTPUIA TaJUTHS OT OCHOBHBIX IIapaMeTPOB
tpaBneHust (MCII1 u BY MolIHOCTb, AJaBeHUe B Kame-
pe, pacxoj ra3oB).

Kak cnenyet u3s puc. 1, npu yBeanueHuu kak UCII,
Tak 1 BY MOIIHOCTH MPOUCXOAUT POCT CKOPOCTHU
TpaBienuss Hutpuaa raums. Jng VUCII moutHoctn
9TO OOBSCHSETCS YBEJIWYEHHEM KOHILIEHTpAlUM aK-
TUBHBIX YacTHIl, IS BY MolrHOCTH — yBelIMYeHUEM
(buzmyeckoro pacrnblIeHUSI U CKOPOCTH MOBEPXHOCT-
HBIX XUMUYECKUX PEaKITNIA.

Ilpu yBenmuueHWM HaBiICHWUS yYMEHBIIAETCS IIMHA
CBOOOMHOro mpodera 4acTull, Ipyd 3TOM YMEHBIIIAETCS
nx sHeprust. COOTBETCTBEHHO, YMEHBIIIAETCS CKOPOCTh
TpaBJIeHMSI MaTepHuaia, Kak 1 IoKa3aHo Ha puc. 2, a.

CusibHOE BAMSIHME Ha CKOPOCTb TPaBJIEHMST OKa3bl-
BaeT MPaBUJIBHBIM BEIOOpP pEaKTUBHOTO Ta3a M CMe-
cu razoB (puc. 2, b). OgHako MoadcOp ONTUMANIBHOMU
ra30BOI Cpefibl ONpenessseTcs He TOJIbKO MPOU3BOAM-
TeJIBHOCTBIO TpoIiecca, HO U JOCTHKEHUEM BBICOKOM
cefekTuBHOCTU TpaBieHusi. Ckopocts [TXT marepua-
JIOB OBICTPO YBEJIMYMBAETCS C POCTOM CKOPOCTH TOJ1a-
4yl WM pacxoaa raza. OHa JOCTUTraeT MakCuMyma, a
3aTeM YMEHBIIAETC TP JaJIbHEUIIEM yBEIUICHUU
pacxopa raza. Masast CKOpoCTb TPaBJI€HUS TTPU MaJIbIX
pacxojiax rasa omnpeaesisieTcsl HeIoCTaTOYHBIM YK CJIOM
00pa3yloIMXcs B pa3psiie XMMUIECKU aKTUBHBIX Yac-
TUIIL U3-3a HeJOCTaTKa UCXOAHOTro BellecTBa. [TageHue
CKOPOCTHU IIPU OOJBILIMX IMOTOKAX MOXHO OOBSICHUTH
TeM, YTO aKTWBHBIE YACTUIIHI TIJIa3MbI OTKAYMBAIOTCS
OBICTpeli, YeM yCIIEBAIOT B3aMMOIEHCTBOBATh C OOpa-
OaThIBaEMbIM MaTepPUAJIOM.

IMpoduns TpaBleHUs B IJIa3Me SMUTAKCUATBHOTO
crnoss GaN, cHateiii metonoM ACM, mpeacraBieH Ha
puc. 3 (CM. TPETbIO CTOPOHY OOJIOXKKM).
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Fig. 1. Etching rate dependencies on ICP source power (a) and RF power (b)
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Fig. 2. Etching rate dependencies on pressure in the reactor (a) and on the gas mixture components’ flow rates (b)

Hnst popMupoBaHuUsI IPUOOPHBIX CTPYKTYP C TIIy-
OMHOI TpaBiieHUs 6oJiee 5 MKM HEOOXOAMM BBEIOOp OIT-
TUMAaJIbHBIX pexXuMOB TpaBneHus. M3 puc. 1 cienyer,
YTO CKOPOCTb TPABJIEHUSI CYLLECTBEHHO 3aBUCUT OT BY
MoiHocty U ripu 100 Bt gocturaer 800 Hm/MuH. Ilo
JMaHHBIM aTOMHO-CHJIOBOM MUKPOCKOIIMU C yBEJIHMYe-
HueM BY MoliiHoCTH HaOMI0gaeTCsl yMEHbIIIeHUe yIia
HaKJIOHa OOKOBBIX CTEHOK BBITPABICHHOTO SIMMTAKCH-
anpHoro ciosi GaN. s coxpaHeHUST BBICOKOM CKO-
POCTHU TpaBJIeHUSI M CPAaBHUTEJIBHO PE3KOTO HAKJIOHA
OOKOBBIX CTEHOK BBITPABJICHHOTO CJIOS ONTUMAIbHOM
npeacrasasiercs BY moiHocts ~100 Br. U3 puc. 1, a
cnenyet, uto rpu BY momxoctu 20...120 BT ckopocTb
TpaBJeHUs mpakThuyecku He MeHsercsas npu MCII
MOIIIHOCTH, OosbIIeit 600 Br. D10 00yCcI0BIMBAET BbI-
o6op UCII momHoctu. Ha puc. 2, a ni1s xpusoit BY
MoiiHoctu 100 Bt HabmonaeTcst 3aMeTHOE CHUXKEHUE
CKOPOCTH TpaBJicHUs IIpU AaBjieHnu, oonbineM 1,2 Ia.
HMMeHHO 5THM oIpeeliseTcsl BRIOOP JaBICHUS B pe-
akrope. Ha puc. 2, b npencraBieHbl 3aBUCMMOCTH CKO-
pPOCTH TpaBJicHUsI OT pacXola KOMITOHEHTOB Ta30BOM
cmecu. s kpusoit Cl, HaOmonaeTca 3HaYUTEIbHBIN
POCT CKOPOCTH TpaBjieHUs 10 3HaueHus1 720 MKM/MUH,
a ajee HaOJIoMaeTcs yyacTok HackleHus. [Tpu aTom
CKOPOCTh TpaBJIEHUsI He CHIKAeTCS TP M3MEHEHUH
pacxona Ar u BCl,.

TakuM 00pa3oM, YCTaHOBIICHBI PEXUMBI TIIy0O-
koro tpasieHus GaN: MUCII u BY momHOCTs 600 1
100 Bt cootBeTcTBeHHO, gaBineHue 1,2 Ila, coort-
HouleHue rasoBbiX 1oTtokoB BCl;/Cl,/Ar, paBHOe
20/60/10 CM3/MI/IH. JaHHbII pexxruM obecrieuyrnBal mo-
JIydeHUE TPUEMJIEMOI CKOPOCTM U CEJEKTUBHOCTU
TpaBJICHHS TIPU COXPaHEHUHU TUIOCKOIApaUIeTbHOCTH
Y TJIAAKOCTU MOBEPXHOCTU MOJYMPOBOAHUKA.
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IlonyyeHHBIE B XOme 3KCIEPUMEHTAa pPe3yJabTaThl
OBLTM MCTIONIB30BAaHBI TIpH (hOPMUPOBAHUU TIPUOOP-
HBIX cTpYKTYp AuoaoB Lllortku Ha ocHoBe GaN. B ka-
YeCcTBe MCXOJHOIO MaTepuayia HCIojJab30Bajach SIU-
TaKkcuasbHas CTPYKTypa CJAEAYIOLIEeTO BUIa: HEeJIETMpo-
BaHHBIN cioil n-GaN toniumnHoi 50 uMm, n~ —GaN Tos-
wHOM 5,0 MM, cioii #t —GaN Tommumsoi 1,0 MKM
u OydepHBbIii caoii. HermocpeacTBeHHO B pOCTOBOI Ka-
Mepe CTPYKTYphl MacCUBUPOBAIUCH CJIOEM HUTPHUAA
KpeMHMS TOJIIMHON 1,7 HM. DnMTakcuanbHas CTpyK-
Typa BbIpalllMBIMCh Ha TMOMIOXKaX candupa TOIII1-
HOM 430 MKM METOAOM XMMHYECKOIO OCAXIEHUs U3
razoBoii ¢a3bl ¢ UCIOJB30BAHUEM METa/UIOpraHuyec-
KUX COCIVUHEHUIN.

Ha takux cTpykTypax (opMupoBaiach Me3au3o-
JISIUMST M OCYIIECTBIISIIOCHh BCKPBITUE OKOH JIO CJIOS
n*—GaN IyTeM TpaBIeHUs B YKa3aHHOM BBILIE pe-
xume. [1pu 5ToM Me3an30JIs11s BHITPaBIUBaIach 10
nmomIoxXku (7,6 MKM), a IIyOMHA TPaBJICHUS OO CJIOS
n"—GaN cocraBisiia mopsiaka 5,6 MKM. 3HaueHMe
CpeHEKBaJAPATUUYHON IIePOXOBATOCTU TIPU TaKOM
TpaBJICHUU ~3 HM.

K oTkpbITEIM 0OnacTsIm nt—GaN ¢opmupoBa-
JINCh OMWYECKHME KOHTAKThl HAIBIJICHUEM MHOTO-
cnoitHoit Metayumm3auuu Si/Ti/Al/Ni/Au ¢ mocneny-
IOIUM OTXHUTOM Tipu Temrmiepatype 600 °C B TeueHUE
45 ¢ B atmMocgepe azora. B pesynbrare monydeHbl KOH-
TaKTBl C YIOEJIBbHBIM KOHTAKTHBIM COIIPOTHBIICHUEM
~2-107% Om - eM?.

ITepen hopMupoBaHreM GapbepHOTO KOHTaKTa Mpo-
BOAWJIOCH TPaBJeHUE MOBEPXHOCTU TSI OIpeaeeHUs
BIIVSTHYST BHOCUMBIX Je(DeKTOB Ha TTapaMeTphl KOHTaK-
ta IlorTku. B KadecTBe OapbepHO MeTaIM3aLUU
ncnonb3oBanu cucremy Ni/Au, popmupyemyio ¢ 1o-
MOIILIbIO B3pbIBHOM (hoTouTorpaduu. TpasieHue mpo-
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BOIAWJIM TIPU CJIEAYIOIIMX MapaMeTpax: COOTHOIIECHHE
razosbix norokos BCl;/Cl,/Ar — 20/60/10 CM3/MI/IH,
nasnenue — 1,2 ITa, B4 momHocts — 20 BT nipu u3s-
meHeHuu M CIIT mowmnHoctu ot 50 1o 400 Bt. Cxema-
THUYECKM W3TOTOBJICHHBIC IHMOIBI TPEACTAaBICHBI Ha
puc. 4 (CM. TPETbIO CTOPOHY OOJIOXKKH).

KauectBo 6apbrepoB IIIOTTKM OLIEHWBAJIOCH MO BHI-
core Gapbepa (9p) ¥ KOIDOULMUEHTY HEUAEATLHOCTU
(n), onpenensieMbIM U3 BOJIbT-aMIIEPHbBIX XapaKTepucC-
tuk (BAX), mpeacraBieHHBIX Ha puc. 5. OLieHMBAINUCh
MajgeHue HaIpsiKeHUe TpU IIOTHOCTU Toka 100 A/ cm?

1 00paTHOE HAIIpSDKEHME IPU YPOBHE 00pPaTHOIO TOKa
1 MA. IIpoOGuBHbIE HAMPSIKEHUST TMOJOB COCTABJISLIU
~127 B.

ITapameTpbl IMOJYYEHHBIX CTPYKTYp C OapbepoM
IMotTku nipencrapieHsbl B Tabauiie. 1o JTaHHBIM BOJIBLT-
(dapamHBIX XapaKTepUCTUK (pHC. 6) pacCYUTaHbBI MTPO-
(rm KOHILIEHTpaIii HOCUTEIeH 3apsma B CJIOSX HUT-
puia rajids, U3 KOTOPbIX OINpeaesieH YPOBEHb JIeTu-
poBaHUs B 0a30BoOM objlacTy guoga — 7 * 105 em 3.

Kaxk cnenyer u3 Tabaulibl, HAWIy4IlMe Pe3ybTaThbl
MOJTYYeHBI TPW MOIIHOCTH WHIYKTUBHO CBSI3aHHOM
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Fig. 5. Direct current-voltage characteristics of the diode structures. The inset: reverse I—V characteristics for structures without etching and after

etching with a 100 W ICP source
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BinsiHue pexuMoB TpaBjeHHs HA napaMeTpbl 0apbepa IloTTKH
Etching mode’s effect on Schottky barrier parameters

MCI mou- Unp Brtpn | gy, B
HOCTb, Br | 9, 9B Jnp = 100 A/em” | mput Lo, = 1 MA
ICP source’s | gp, eV| " Upya (V) at U,y (V) at
power (W) g = 100 Afen? | lrey = 1 1A
Bes tpasmenus| 0,68 | 2,0 4,25 78
No etching
50 0,82 | 1,2 2,95 92
100 0,87 | 1,0 1,55 >100
200 0,75 | 1,1 1,18 95
300 0,64 | 1,5 1,15 80
400 0,62 | 1,5 1,35 92

wra3mbl 100 Bt. ITpu aTOoM BeicoTa Oapbhepa COCTaBIIsI-
et 0,87 3B, xoapdunment HempeanpbHocT — 1,0, 00-
partHoe HampsikeHue Uyg, — >100 B.

3akmoueHne

TakuM ob6pa3oM, B XOie IKCIIEpPUMEHTAIBHBIX MC-
CJICIOBAaHW YCTAaHOBJICHBI PEXWMBI TPABJICHUS HUT-
pyIa Tajudsl, TO3BOJISIONIAE TPAaBUTh SMUTAKCHAIb-
HbIE CJIOU MOJIYIIPOBOAHMKA HA MIYOMHY OKOJO 7 MKM
C TIOJTyYeHUEM IIaIKOM ITOBEPXHOCTU Y HAKJIOHOM 00-
KOBBIX CTeHOK nopsiaka 70°. [TomydeHBI MacKu, 3alIu-
maonme moBepxHocTb GaN OT IIUTETBPHOTO TIIa3MO-
xumuueckoro tpasiaeHusa B armocgepe BCl;/Cl,/Ar.
Ha ocHoBe MOMYy4eHHBIX PEXKMMOB TPABIECHUS M3TO-
TOBJIEHBI IPUOOPHBIE CTPYKTYPhI A10a0B 1loTTKM AJist

Pa3IMYHBIX PEXUMOB TpapieHUs. OmpeaesieH pexXum
TIa3MOXMMUYECKOM 00pabOTKU TOBEPXHOCTU Tiepes
(opmupoBaHuem OGapbepa IIOTTKH, MO3BOJSIOIIMIA
MOJIyYUTh MPUOOPHBIE CTPYKTYPHI C MaACHUEM Hampsi-
XeHust o yposHio 100 A/CM2 1,5 B u npoOGuBHBEIMI
HanpskeHussmMu —127 B.

Ilybauxauus nodeomoeénena npu GuUHaAHCo80U nodoep-
acke Munobprayku Poccuu 6 pamkax npoexkmuoti wacmu
eocydapcmeernoeo 3adanus, npoekm No 3.3572.2017/114.
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Microprofiling of n-n"—GaN epitaxial layers was carried out by reactive-ion etching on Sentech SI 500 tool equipped with an
inductively coupled plasma (ICP) generator. Gallium nitride etching modes were determined that made it possible to remove the epitaxial
layers of the semiconductor to the depth of 10 um with a smooth surface production. Etch rate made about 0.8 um/min at the ICP
source’s power of 600 W, the bias of 100 W, chamber pressure 1.2 Pa, and BCl;/ Cl,/Ar gas mixture flow rate 20/60/ 10 cm3/ min,
respectively. Schottky diodes with a quasi-vertical contact geometry were formed by electron beam-induced explosive sputtering using

a photoresist mask.
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Introduction

Structures based on nitrides (GaN, AIN and AlGaN, and
InGaN) are considered promising for the use in electronic
and optoelectronic devices. A wide range of applications is
the benefit of the nitride-based structures. Structures with
Schottky barriers for power electronic devices, powerful RF
transistors and monolithic integrated circuits, injection lasers
and shortwave light-emitting diodes can be produced on the
basis of gallium nitride [1, 2].

Epitaxial layers of gallium nitride are mostly grown on
Al,O3 and SiC substrates. There is also an interest to fabri-
cation of gallium nitride on a silicon substrate [3]. The use of
the substrates of this kind implies a micro-profiling operation
introduction into the production process in order to form
metallization areas of contacts to the n-type conducting ma-
terial and also to form insulation between the elements.

Limitations in wet etching technique application for the
above nitrides aroused interest to dry etching methods devel-
opment. Of all dry etching procedures, the ones based on the
use of radio-frequency (RF) inductive discharge (inductively
coupled plasma (ICP)) sources are the most promising. These
sources produce more dense highly homogeneous and con-
trollable plasma.

Current nitride etching methods are based on the use of ICP
sources in a chlorine-containing media. The most popular are
boron trichloride (BCl3) mixtures with inert gases (Ar) or ni-
trogen (N,), these providing for etch rates up to 200 nm/min
[4, 5]. At GaN deep (to 10 um) etching, though, this rate might
be insufficient due to the process durability and complications
in protective layers fabrication. To enhance the etch rate, pure
chlorine (Cl,) is introduced into the BCl;/Ar gas mixture [6].

Experimental results and discussion

The aim of the present work was to develop a technology
for gallium nitride deep etching using radio-frequency (RF)
plasma discharge in Cl,/BCl;/Ar medium; the technology is
intended for fabrication of Schottky diode’s device structures
with quasi-vertical contact geometry.

Experiments on relief formation were carried out. Reac-
tive ion etching of samples was realized on a Sentech SI 500
tool equipped with an ICP source; in the course of the exper-
iments, ICP source’s and RF radiation’s power, BCl;/Cl,/Ar
gas mixture composition, and reactor pressure were varied;
heating of samples was avoided.

As the test samples, a 1.7 pm thick undoped GaN layer
grown by MOCVD (Metal-Organic Chemical Vapor Depo-
sition) on a sapphire substrate 50.8 mm (2 inches) in diameter
were used. To ensure etching selectivity, a composite mask of
0.25 pm thick nickel layer with a 0.3 um thick silica under-
layer was formed.

Layer thickness and etching profiles were controlled with
a Talysurf CCI-Lite profilometer, scanning electron micro-
scope (SEM) Hirox, and atomic-force microscope (AFM)
NT-MDT.

The target of the experiments was to choose gallium ni-
tride etching modes that would produce etching profile close
to vertical with smooth semiconductor surface preservation.

The conducted experiments resulted in determination of
the modes providing for deep (about 7 um) and rather thin
(<100 nm) GaN layers etching with the smooth semiconduc-
tor surface production.

Dependencies of gallium nitride etch rate on the main
etching parameters (ICP source’s and RF radiation’s power,
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pressure in the chamber, and gas flow rate) are presented in
the figs. 1 and 2.

An increase in pressure makes particles’ free path shorter,
their energy is thus decreased, and, consequently, the etch
rate of the material is reduced (fig. 2, a).

Etch rate strongly depends on the choice of a reactive gas
or gas mixture (fig. 2, b). The choice of the optimum gaseous
media, though, is meant to provide not only for the high ef-
ficiency, but also for high selectivity of etching. The rate of
material plasma chemical etching grows quickly with an in-
crease in gas feed or gas flow rate. It reaches its peak value and
then declines gradually with the further increase in gas flow
rate. Low etch rate at low gas feed is due to the insufficiency
of the number of chemically active particles formed from a
small amount of the initial substance in the discharge. The
etch rate drop at high gas flow rates may be the result of plas-
ma particles being evacuated before they have time to interact
with the etched material.

To form the device structures with the etch depth exceed-
ing 5 um, the optimum etching mode should be selected.

As shown in fig. 1, the etch rate considerably depends on
RF radiation power and it reaches 800 nm/min at the power
of 100 W. According to AFM data, an increase in RF power
leads to the reduction of the declination of the etched GaN
epitaxial layer’s side wall angle to the un-etched wafer surface
from 90 deg. To maintain both the high etch rate and the tilt
close to 90 deg., the optimum RF radiation power seems to
make about 100 W. From fig. 1, one can conclude that at the
RF radiation power within the range of 20 to 120 W, the etch
rate remains practically the same, provided the ICP source’s
power is higher than 60 W. This determined the choice of ICP
source’s power.

In the fig. 2, a, the curve referring to the RF radiation
power of 100 W shows an essential decrease in the etch rate
under pressure exceeding 1.2 Pa. This was what determined
the pressure value in the reactor.

In the fig. 2, b etch rate vs. gas mixture flow rate plots are
presented. The Cl, curve shows the etch rate growing con-
siderably until the gas mixture flow rate reaches 720 um/min,
which is followed with a saturation area, where the etch rate
remains stable at Ar- and BCl; flow rate variations.

The mode of GaN deep etching was thereby determined:
the ICP source’s and RF radiation’s power of 600 and 100 W,
respectively, pressure of 1.2 Pa, and BCl;/Cl,/Ar gas flow
rates of 20/60/10 cm3/min. This mode ensures the achieve-
ment of acceptable etch rate and selectivity along with the
semiconductor surface smoothness and planarity.

The results obtained were used in GaN-based Schottky
diode’s device structures fabrication. The epitaxial structure
of the initial material was as follows: undoped n-GaN layer
(50 nm), » —GaN layer (5.0 um), nt—GaN layer (1.0 pm),
and a buffer layer. The structures were passivated with a layer
of silicon nitride (1.7 nm) directly in the growth chamber.
The epitaxial structures were grown by MOCVD technique
on 430 nm-thick sapphire substrates.

On the above structures, mesa isolation was formed and
etching of windows down to n"—GaN layer was realized in the
above determined mode; mesa isolation was etched down to the
substrate surface (7.6 pm); etch depth to the n*—GaN layer
made about 5.6 um; root mean square roughness was ~3 nm.

Ohmic contacts to the open areas of the n*—GaN layer
were fabricated via multilayer Si/Ti/Al/Ni/Au metallization
deposition with subsequent annealing for 45 min at 600 °C




under nitrogen. As the result, the contacts with the specific
contact resistance of about 2+ 1070 Q- cm? were formed.

Prior to the barrier contact fabrication, the surface was
etched to determine the man-made defects’ impact on
Schottky contact’s parameters. Ni/Au system formed by the
lift-off photolithography was used for the barrier metalliza-
tion. The etching parameters were as follows: BCl;/Cl,/Ar gas
mixture flow rates 20/60/10 cm3/min, respectively; pressure
1.2 Pa; RF power 20 W at ICP source’s power variation from
50 to 400 W. The structure of the fabricated diode is pre-
sented in the fig. 4 (see the 3-rd side of the cover).

Quality of Schottky barriers was evaluated at the barrier
height’s (¢;) and non-ideality factor’s (n) values, these being
determined from the current-voltage curves (CVC) presented
in the fig. 5. Voltage drop at the current density of 100 A/cm2
and the reverse voltage at the reverse current level of 1 mA
were estimated. The breakdown voltage of the diodes was
about 127 V.

The parameters of the fabricated structures with Schottky
barrier are reported in the table. According to capacitance-
voltage measurements (fig. 6), the profiles of charge carrier
concentration in gallium nitride layers were calculated and
further used for determination of doping level in the diode’s
base area: 7+ 101 cm ™3

As follows from the table, the best results were obtained at
the ICP source’s power of 100 W, when the barrier height was
0.87 eV, the non-ideality factor equaled 1.0, and the reverse
voltage exceeded 100 V.

Conclusion

Gallium nitride etching modes are hereby experimentally
established, which ensure semiconductor epitaxial layers
etching to the depth of about 7 um with a smooth surface
production and side wall inclination of about 70°. Masks are

fabricated that protect GaN surface against the impact of
the conditions of long-term plasma chemical etching in
BCl;/Cl,/Ar atmosphere. The determined etching modes are
used to fabricate Schottky diodes’ device structures for dif-
ferent etching modes.

Plasma chemical treatment technique is developed for sur-
face treatment before Schottky barrier fabrication; the surface
treatment by this technique provides the possibility to form the
device structures with the voltage drop of 1.5 V at the current
density level of 100 A/cm2 and breakdown voltage of 127 V.

The publication is prepared with the financial support from
the Ministry of Education and Science of RF within the frame-
work of the project part of the Governmental task; project
no. 3.3572.2017/PCh.
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OOPMUPOBAHUE 3D-DAEMEHTOB B KPEMHMEBbBIX CTPYKTYPAX

Ilocmynuna é pedaxyuio 14.11.2016

Paccmampusaromess 60npocst co30AHUS MUHUAMIOPHBIX YCMPOUCME HA KPEMHUCBbIX NOOAONCKAX C UCNOAb308AHUEM NPUCMOB
00BeMHOU MUKPOOOPAGOMEKU, 6 MOM HUCAE 8 COYeMAHUU C OPY2UMU NPOUECCAMU MEXHOA02UYU MUKpodseKkmporuku. [lokazano, 4mo
npu U320MOBACHUU YYECMEUMENbHBIX, UCNOAHUMEAbHbIX U SHEeP2000eCneYUsaruux CUucmem, 8 0CHO8e (DYHKUUOHUPOBAHUS KOMO-
DBIX edCUMm UCNOAb308AHUE KAACCUMECKUX (DUUKO-XUMUMECKUX NPUHUUNOE, 8bl00D KOHCIMPYKMUBHO-MEXHOA02UMECK020 PeUeHUs
onpedensiemcsi KOHKPemHo NOCMAeAeHHOU 3ada4eil.

Karouegoie caosa: MUKDPOSNEeKmpomexanu4ecKue ycmpoﬁcmea, o00veMHas Mulcpooﬁpa6omxa, naasmoxumuveckKoe mpaenenue,
/zasepruZ nepeHoc, aHu30mponHoe mpdaeieHue, nopucmblﬁ KI)EMHHIZ, UOHHAA UMnaarkmayus, MacKkupoeanue, cmoabuamole CMpyK-
mypusl, 3AeKmpoxumuvecKkoe mpaeieHue

cBoiictBamu. @opmupoBaHue 3D-CTpyKTyp Ha KpeM-
HUU OCYILUECTBIISIETCS MIPEXIE BCEr0 METOAaMU 00bEM-

BBenenune
OIHUM U3 OCHOBHBIX MaTepUaoB I U3TOTOBJIC-

HUS U3IeNi MUKPOMEXaHUKU, UHTErpalbHbIX MUK-
pOCXEM U MUKPOCHUCTEM SIBJISIETCS KPEMHUIA, 00J1aja-
IOII1iI1, TTOMUMO OOILEN3BECTHHIX MOJYIIPOBOJHUKO-
BBIX CBOMCTB, XOPOILIMMU MPOYHOCTHBIMU U YIIPYTUMU

HOIt MUKpooOpaboTku. O0beMHass MUKPOOOpaboTKa
npeAcTaBiIsieT co00li BEIOOPOYHOE yaajeHue (TpaBiie-
HUE) KpeMHUS I (pOpMUPOBAHUST MUKPO- M HAHO-
pa3MepHBIX 2JIEMEHTOB BHYTPY IJIACTUHBI — MOIOX-
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KU (BBICTYNOB, BITAAWH, OTBEPCTUIL, "00pO300K" 1 Ap.)
C WCMOJIb30BAHUEM PA3IMYHBIX METOMOB JUTOTrpaduu
u TpaBieHus [3].

B HEKOTOpPBIX cydyasx TPeXMEPHYIO CTPYKTYPY CO-
3Mal0T MyTEeM COEAWHEHUS] HECKOJbKUX MOIJIOXKEK C
00pa3oBaHMEM BEPTUKAIbHBIX CBsI3ell HA aTOMapHOM
ypoBHe (MeTon HapauiuBaHusi) [4]. asi co3maHus
3D-KOHCTPYKIIMiT 00beAUMHEHWE OTAEIbHBIX (hparMeH-
TOB peajusdyeTcsl JUOO MyTeM MpSIMOro COeAUHEHUS
HECKOJBKHX KPEMHMEBBIX IJIACTUH B OINpeaeIeHHbIM
KOHCTPYKTUB (HalpuMep, MeXaHu4ecKasi CTpyKTypa
MUKPOTYPOUHBI Ta30BOTO JABUTaTEsIsI MOXET COCTOSITh
U3 MATU KPEMHMEBBIX IJIACTUH [5]), TMOO C UCIOJIb-
30BaHHEM MPOMEXKYTOUYHBIX CI0eB WM AeTaneit. [1psi-
MO€ COeIMHEHUE TPeACTaBseT cO00 Mo CyTU Tep-
MOKOMIIPECCMOHHOE coeauHeHue. g coequHeHUs
KPEMHMEBBIX IUIACTUH CO CTEKIITHHBIMM, COIepKalllv-
MU OKCHJIBI LIEJIOYHBIX METAJIJIOB, IIUPOKO MCITOJb3Y-
eTCs METOJ aHOOHOIO COEAVUHEHMSI, OTHOCSIIUICS K
MeTOIy TBepao(a3HOI CBApKU, PU KOTOPOM KOTEe3U-
OHHBIEC OKCHJIBI METAJIJIOB, 0Opa3yollrecs B mpolecce
HarpeBa, XOpOIIO CMEIIMBAIOTCI C BSI3KUM CTEKJIOM;
HaJIOXKEeHUE JIEKTPUUECKOTO MOJIs TTO3BOJISIET CHU3UTh
TeMmIiepaTypy mnpolecca coeiuHeHus. CTeKJIo urpaet
pPOJib TBEPAOTO 3JEKTPOJIUTA, a JUMUTUPYIOLIEH CcTa-
JIUEN Tpoliecca SIBIsieTCs MepeHoC 3apsifa B CTEKIIE.
CoeavHeHWE C HUCIOJb30BaHUMEM ITPOMEXYTOUYHOIO
cllosl mpeanosiaraeT MpeaBapuTeIbHOe HaHECEHUE Ha

MJIACTUHBI JIM0O 3BTEKTUYECKOTO CITJIaBa MM (PUTTHI
JIETKOITJIABKOTO CTeKJIa, IMOo KoMmmayHzaa [6—8].

B Hacrosiee BpeMsi B Ka4eCTBE albTePHATUBHOTO
TEXHOJIOTMUECKOTO PEIIeHMST MCCIEAYIOTCS BO3MOX-
HOCTH TIPUMEHEHUS TIPUHTEPOB TSI CO3MaHUS DJIEKT-
POHHBIX CXeM U MPUHLMITMATBHO HOBBIX KJIACCOB MPO-
IYKTOB TIPU MCIIOJIb30BAHUM XHUIKUX KPEMHUEBBIX
yepHui [9, 10].

B nanHoit paboTte paccMaTpuBalOTCsl 0ObEKTHI U YC-
JIoBUSl peann3anuy 3D-CTpyKTyp Ha KPpeMHUU C UC-
MOJIb30BAaHUEM OOBEMHOM MUKPOOOPAOOTKU.

OcHoBHBIE HANMpaBJIeHAA Pa3padoTok 3D-31eMeHTOB

[TepBbIM 3BEHOM B TMpoliecCce Pa3BUTUS TEXHUKHU
dopmupoBanus 3D-371eMEHTOB B KPEMHUEBBIX CTPYK-
Typax CleayeT CUMTaTh MUKPOIJIEKTPOMEXaHUUECKUe
cucteMbl (MOMC), BO3MOXHOCTH TEXHOJIOTUUA KOTO-
pbix ObUTH chopMynupoBaHkl eile B 1959 r. [11]. Xots
MOPUCTHIM KPEMHMUI OBLI MOJIYyYeH HECKOJIBLKO paHee,
HO TOOYIUTEIHbHBIM MOTHBOM K WHTEHCH(MUKAIIUU
WU3yYEHMUS €ro CBOMCTB M MPAKTUYECKOTO MPUMEHEHUS
SIBUIOCH OOHapyxeHue 3(ppeKTUBHOU (OTOIIOMUHEC-
LIEHIINY TTOPHUCTOTO KPEMHUS TP KOMHATHOM TEMIIe-
patype B 1990 r. [12, 13].

B Tabnuie mpenacraBieHbl OCHOBHBIE Hampaiie-
HHS pa3pabOoTOK, CBI3aHHBIX C CHHTE30M TPEXMEPHBIX
00BEKTOB B KPEMHUEBBIX CTPYKTypaXx.

Hanpasjienusi pa3padoTok 3D-3/1eMEHTOB B KPEMHHEBBIX CTPYKTYpax
Basic directions for the developments of 3D elements in the silicon structures

Hampasnenue pa3paboTok
Formation of porous silicon

0O61acTb TPUMEHEHMST
Spheres of application

MeTton o6paboTKu
Methods of processing

dopmuposanue hacoH- Wznenus MCT;

HBIX 2JIEMEHTOB GopMbl UIs1 TUTBSI TIOA, IaBJIEHUEM
Shaped elements fabrication| MST wares;

Injection molding dies

XuMuueckoe TpaBJieHUe;
3JIEKTPO3PO3MOHHasi 00paboTKa;
MJ1a3MeHHOE TpaBJeHUe
Chemical etching;

Electroerosive machining;

Plasma etching

o KpEMHUS

Formation of porous silicon | MUKPOTOTUIMBHBIE JIEMEHTHI;

OydepHbIe CI0M B TreTepOCTPYKTypax;

photo-electric converters;

microfuel elements;

humidity sensors;

gas, chemical and biological sensors;

buffer layers in eterostructures;

®opmupoBaHue NOpUCTo- | DOTONMOMUHECLHEHTHBIE W 3JIEKTPOJIOMUHECIIEHTHbBIE CTPYKTYPbI;
doTosnekTpuueckue npeodpazoBaTeN;

JNATYUKK BJIaKHOCTH; ra30Bble, XUMUYECKUE U OUOJIOTUYECKUE CEHCOPDI;
natyuku st peructpaun CBY musnmyyenus;

MEXDJIEMEHTHAsT TUDJIEKTPUYECKAst 30U B MUKPOCXEMAX;
Photoluminescent and electroluminescent structures;

sensors for registration of microwave radiation;

interelement dielectric insulation in microcircuits

DIeKTpoXuMHuYecKasi oopaboTKa;
XUMHUYECKOe OKpallliBalolee
TpaBJICHUE;

MMIUIaHTALUS C OCAEAYIOLIM
XUMUYECKUM TPaBJICHUEM
Electrochemical processing;
coloring etching;

implantation with a subsequent
chemical etching

DopMUpOBaHKE BBICOKO-
ACTIEKTHBIX CTOJIOUATHIX
CTPYKTYP

Formation of high-aspect
columnar structures

M UKPOTOIIVIMBHBIC 2JICMCHTDI;

HICTIJICHUA BOIbI

electric splitting of water

aHOIBI IS JINTUI-UOHHBIX aKKyMYJISITOPOB;
ra3oBble CEHCOPHI, (hOTOMPeoOpa3oBaTe/i, COMTHEYHBIC JIEMEHThI, TEPMO- | IICHITMHT MAKPOITOPHCTOrO
2JIEKTPUUYECKUE YCTPOMCTBA, (POTOKATOMBI ISl (POTORIEKTPUIECKOTO pac-

Microfuel elements; anodes for lithium-ion accumulators; gas sensors, photo-
converters, solar elements, thermoelectric devices, photocathodes for photo-

Merai-uHAyLMPOBAHHOE TPaB-
JICHUE;

KPEMHUSI;
MJ1a3MeHHOe TpaBJIeHUE
Metal-induced etching;
shaping of macroporous silicon;
plasma etching

®opMupoBaHUe MEPEXOi-
HBIX OTBEPCTUI
Formation of via-holes

InaTbl MHOTOKPUCTATBHBIX MOYJIEi
Boards of multicrystal modules

PeakTuBHOE MOHHOE TpaBIeHUE,
JasepHasi abmsIust
Reactive ion etching, laser ablation
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HomenknaTtypa uzaennii MUKpOCUCTEMHOM TEXHM-
KU JIOBOJIbHO OObEMHA W SIBJISIETCS 0a30il IS MUHU-
aTIOpU3allMy 3JIEKTPOHHOM ammapaTypbl (MH(pOpMa-
LIMOHHO-YIPABJISIOIIUX CUCTEM, CEHCOPOB, aKTIOATO-
poB, BU kommoHeHTOB U T.11.) [14—18].

®opmupoBanue (HPACOHHBIX IJTEMEHTOB

st MuxkpornpoduiMpoBaHUs TIpexae BCEro uc-
MOJB3YIOT TPOLECChl aHU30TPOITHOIO TPaBJICHMUS.
AHU30TPOIHbIE TPaBUTEIU SIBISIIOTCSI MHOTOKOMITIO-
HEHTHBIMM PAaCTBOPaMM, COCTOSIIIMMM M3 OKHUCIUTE-
JIsl, TIpeBpalllaloliero KpeMHUIA B TUApPATUPOBAHHBIN
JUOKCU KPEMHUSI, U KOMILIeKCOOOpa3oBaTesi, obec-
MEeYnBaIOILIEro B peakliMy ¢ TUIPaTUPOBAHHBIM AUOK-
cuaoM 00pa3oBaHME PaCTBOPMMOTO KOMILIEKCHOTO
HMoOHa U Bojbl. B kKauecTBe okucaurtesneil Haubosee yac-
TO ucnoab3ytoT enkoe kanu (KOH), rungpasuH-ruapat
(NH,—NH,—H,0), stunenanamun (H,NC,H,NH,),
a B KQ4eCTBE KOMILIeKCOoOOpa3oBareaeil — U30MpoInu-
JIOBBIII CIIMPT, MOHO3TAHOJAMUH, TMAPOKCHUI TeTpa-
metunammonus (CH3)4,NOH,5(TMAH), mHoroarom-
Hble (DeHONbl (MUPOKATEXWUH, TUAPOXMHOH, MUPOTall-
JIOJ W Jp.); BoJa BO BCEX CUCTeMaxX BBIMOIHSIET (PYHK-
LIMIO KaTaju3aTopa B cHaOxeHun noHamu OH™ stama
okucjeHus. PacTBopbl Ha OCHOBE TMIpa3WH-TUIpaTa
1 3TUJIEHINAMWHA 110 CPAaBHEHUIO C COCTaBaMM, CO-
JepXalluMy eIKoe Kajiu, o0jagaloT MOBBIIEHHOMN
tokcuyHocThio (ITJIK B Bo3ayxe misi ruapa3vH-rui-
pata cocrtasiser 0,1 MF/MS, a ISl TUIeHAaMUHA —
2 Mr/M3 B Bo3ayxe u 0,2 Mr/i B Bofe), YyBCTBUTEIb-
HOCTBIO K 3arpsI3HEHMSIM TTOBEPXHOCTH TUIACTUHBI, Me-
Hee YCTOWYMBBI MpU padoTe (MCTOIEHWE pacTBopa C
CYILIECTBEHHBIM M3MEHEHNEM CBOMCTB) M XpaHEHUU
(paznoxeHue, okuciaeHue) [19—33].

Illupoko mnpuMeHsieMble pacTBOPbl Ha OCHOBE
KOH o6ecrneunBalor MuHMManbHOE OOKOBOE U yIJIO-
BOE pacTpaBjiuMBaHue. B cocTaB TpaBUTEsT MOTYT BXO-
IUThb J00aBKU, JUOO BAMSIOUIME HAa aHU30TPOIMUIO
TpaBJICHMSI, JIMOO YMEHBIIIAIOIINE TIJIOTHOCTh MTMPAMUL
Ha JHE BBITPABIMBAEMOr0 OKHa (OOBIYHO YMEHBIIAIOT
CKOpOCTh TpaBJieHMs1). TakuMu 100aBKaMMU MOTYT ObITh
MepeKkruch BOIOPOJA, HEKOTOPble OpPraHMYECKUe CO-
eavHeHus: (OeH30XUHOH, nupa3uH). CKOpoCTb TpaB-
JIEHUsI KpEMHUS B pacTBOpax Ha OCHOBE €IKOI0 Kaiu
HaxoauTcs B mpeaenax 0,5...8,0 MKM/MUH; TeMmepa-
Typa pactBopa — 60...110 °C, oTHOIlIEHHE CKOPOCTH
TpaBJIEHMST KPEMHUS K CKOPOCTHY TpaBJIeHUsI AMOKCUAA
KpeMHMS cocTaBisgeT mpumMmepHo (2...8) - 103. B pabo-
Te [34] npenoxXeHo UCMoAb30BaTh 1EI0YHOMN TpaBU-
TeJIb B BCIEHEHHOM COCTOSIHUU JJ1S1 YMEHbILIEHUST BO3-
JIeMICTBUS Ha 3JIEMEHTHI, He MoaIexallrue oopadoTKe.

B kayecTBe MaTepuagoB MACKUPYIOIIMX CJIOEB
LIMPOKO MCIONBL3YIOT IIeHKu SiO,, SizNy, xpoma,
3oj0T1a [35].

Cpenu MeToA0B KOHTPOJISI U 00ecreyeHust BOCIIPO-
WU3BOJIMMOCTH TOJIIIWHBI YNPYTUX 3JIEMEHTOB OMNTH-

MAaJIbHBIMU SIBJISTIOTCSI CAMOTOPMO3SIIINECS BUIBI TPaB-
JIEHUS1, IeCTBUE KOTOPBIX OMpPeaessieTcsl CAeAyOLI1-
MU (aKTOpaMu:

e U30MpaTeIbHBIM NEMCTBUEM TPaBUTENSI B 3aBUCH-

MOCTU OT THMa MPOBOANMOCTU KPEMHUS;

e KOHIEHTpalXeH NPUMECU B KDEMHUEBOM IIJIACTUHE;
e XMMMYECKHUM COCTABOM I'paHUIIbI pa3iesa.

B paborax [36, 37] paccMOTpeHa TEXHOJIOTUSI MUK-
pornpoduIupoBaHus, B KOTOPOil 1efiCTBUE CTOII-CJIOS
OCHOBaHO Ha Mpolleccax aHOAHOW MacCUBAUMU TIpU
TpaBJICHNN KPEMHUs ¢ 0OpaTHOCMEIIEHHBIM p-A-Tie-
pexoaoM; TOYHOCTb (OPMHMpPOBAHUS MeMOpaH Mpu
3TOM OIlpeesijach pa3dpocoM TOIIIUHBI 3MUTAKCU -
aJbHOTO CJIOSI U He MpeBbIlIajia T2 MKM.

DopMurpoBaHHUe CTOM-CJIOS MOXET OBITH BBITIOJ-
HEHO C TTOMOIIbIO MMILIAHTALIMA MOHOB 060pa ¢ KOH-
LIeHTpalluel Ha YPOBHE 1020 e~ 2 win voHOB reus
¢ sHeprueir Oomee 100 k3B mpm mo3e oOIyueHUs
2-10"%...3,5- 101 cm 2 [38, 39]; B mocaenHeM ciyyae
yIaeTcsl JOCTUTHYTb CHUXKEHMSI Ha HECKOJIBKO TTOPsII-
KOB IUIOTHOCTU J1e(peKTOB B BUE OYrOpKOB U SIMOK
TpaBjeHusi. C MOMOILIbIO aHU30TPOITHOTO TPaBJICHUS
MIpU HUCIIOJb30BaHUU (UTYp OMNpelaesIeHHON KOH(PU-
rypaudy MOXHO Takxke pellaTh 3aaadyy pasaejeHUs
IUIACTUHBI HA KpucTaibl [40].

M3oTporniHoe TpaBjieHUWE B COYETAaHUMU C aHM30-
TPOITHBIM YacTO MCIOJb3YIOT, HAIPUMED, TSI YBEIU-
YeHUSI BOCIPOU3BOAMMOCTH (POPMUPYEMOTO penbeda,
YCTpaHEeHUsI KpaeBbIX Ne(EKTOB B BUAE OCTPHIX KPO-
MOK, yTJI0OB [41].

OpHuUM U3 MeToaoB 6e3MacoyHoro (opmoobpaso-
BaHUsI B KPEMHUU SIBJIIETCS METOJ 3JEKTPOIPO3UOH-
HOM 00pabOTKU, TOYHOCTh (POPMOOOPA30BAHUS B KO-
TOPOM JOCTUraeTcsl 3a CUeT MCIIOJb30BaHUS (hacOH-
HBIX 3JIEKTPOAOB-UHCTPYMEHTOB.

ITo pesynbratam ucciegOBaHUN BJEKTPOIPO3U-
OHHOTO (hOpMOOOPaA30BAHUSI B KDEMHUEBBIX 3aTOTOB-
Kax JIJIs1 UBrOTOBJEHUS MOJMMEPHBIX MUKPOJIUH3 Me-
TOJAOM JIUThSI TIOJ JaBjeHUEeM (IMaMETp 2JIeMEeHTOB
1,5 MM, TnyouHa 0,25 MM) yCTaHOBJIEHO, UTO IIPU aM-
mwtyae uMmItyiabcoB 20...25 B, miTeIbHOCTA UMITYIIb-
coB 0,65...0,7 MKC ¥ UCITOJIb30BAaHUU BOABI T€UOHU3U-
pOBaHHOI B KauecTBe paboyeil XXUAKOCTU TOYHOCTHb
U3TOTOBJIEHUS cocTaBmsier 8,5...10 MKM, IIepoxoBa-
TOCTb — He 6ozee 1,5 Mxm [42].

MMnynbcHast MUKpooOpaboTka (ITpU MCIOIb30Ba-
HUU UMITYJIbCOB TOKa MMKPO-, HAHO- M TTMKOCEKYHI-
HOTo JIMaria3oHa) Mo3BOJISIET 3HAYUTEJbHO MOBBICUTH
TOYHOCTH pa3Mepa U OPMBI MaKpO- M MUKPOpPa3Mep-
HBIX T€OMETPUYECKUX TeJ, MOJYYUTh LLIEPOXOBATOCTD
noBepxHocTu 10 Ra = 10 um [43—45].

IIpolecc aHM3OTPOITHOrO TPaBIEHUS ITyOOKUX Ka-
HaBOK B KpeMHUHU (4 > 100 MKM) Bo (hTopcoaepxKaliei
(C4Fg + SFg, SF¢ + O,) mnasme BY paspsana mmpoko
MPUMEHSIIOT B MUKPOTEXHOJIOTUY MPU CO3TaHUN MUK-
POIIPUBOIOB, MHUKPOTMPOCKOIIOB M JPYTUX MMKPO-
SJIEKTPOMEXaHUYECKUX CUCTEM [46].
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B kavecTBe TpaBAIIMX cpeld MPU aHU3OTPOITHOM
IJIa3MEHHOM TPaBJICHUM KPEMHUSI MCHOJIb3YIOT ra3o-
Bole cmecu Ha ocHose Cly, CF4, SF¢, SF—CBrFj,
SF¢—0,, CHF;—0,, CHCI1; [47, 48]. TpasieHue B
mia3Me Ha ocHoBe Cl, obecnieunBaeT GOPMUPOBAHUE
BEpPTUKAJIBHBIX CTEHOK TpeHYeil (KaHaBOK) C TJIaaKon
MOBEPXHOCTHIO, HO UMEET HU3KYI CKOPOCTh TpaBJie-
HUs (Ha MOpSAOK HUXE, yeM BO (ropcoaepxkaliei
IJ1a3Me) 1 IJIOXYI0 CEeJIEKTUBHOCTb MO OTHOILIEHUIO K
Macke [48].

AHM30TPOITHOE NOHHO-PEAKTUBHOE TPaBJIEHUE pe-
aJu3yeTcsl B OCHOBHOM B JIBYX BapuaHTax: B IJla3Me
BBICOKOW TUJIOTHOCTA W B WHIYKTUBHO CBSI3aHHOU
Iiasme.

AHM30TpPOITHOE TpaBJieHWE MpPU MOHHOU Oombap-
JIMPOBKE MTOBEPXHOCTU MOXET ObITh OOYCJIOBIEHO 00-
pazoBaHMeM (IpU MCIIOJb30BAHUMU TIPU TPaBICHUU
¢Topcomepxalllux Cpel) Ha TMOBEPXHOCTU KPEMHUS
OTHOCHUTEJILHO YCTOMYMBOIO CJIOsI (PTOPUPOBAHHOTO
KpeMHUsI, MOIU(UKAIIFel TOBEPXHOCTH KPEeMHUS 3a
CYEeT paavallMOHHBIX TMOBPEXIEHMI, 00pa3oBaHUEM
afncopOMPOBAHHOIO TMOJMMEPHOIo cjosg Mpu OOM-
OapIMpoBKe ra30BOM Cpelbl HU3KOHEPTeTUICCKUMU
noHamu (<50 xoB) [47, 49, 50]. TexHonoruyeckui
npotiecc ¢hpupmbl Bosch mpenycMaTpuBaeT B LIMKJIE€ 00-
pabOTKM MHOTOKpPATHOE IEepeKIIoYeHue C pekrma
TpaBJIEHUSI HA PEXMM MacCuBalliM — Ha MepBOii cTa-
UM OCYIIECTBIISIETCS] OBICTPOE M3OTPOIHOE TpaBlie-
Hue KpeMHMs B SF¢-miasme, a Ha BTOpOM cTaguu
(maccuBauMy) OCaXIeHUE MOJMMEPHOM IJIEHKU BO
(ropyraepoaHoii 1iazMe WJIM OKUCIEHUE KPEeMHMS
B O,-I1asMe, YTO YMEHBUIAET MOATPAB MOA MAacKy
[46, 51]. B xauecTBe MacoOK IpH IIa3MEHHOM aHU30T-
POITHOM TpaBJeHUU OOBIYHO HCIOJB3YIOT (oTOope-
suct, SiO,, metayuel (Al, Ni, Cr) [46].

B pabote [52] paccMoTpeHa BO3MOXKHOCTb pa3mep-
Horo TpasyieHus Si u SiO, 6e3 ucnoab30BaHMs MaCOK
C TTOMOIIIBIO JIOKAJTM30BAaHHOTO ra30BOT0 pa3psiaa, reo-
METpUSI KOTOPOTO 3aJaeTCsl TOMOJIOTUEl TTOBEPXHOCTU
OIHOTO W3 B3JIEKTPOIOB; pa3peliarolias CrIoCOOHOCTh
Mpoliecca COCTaBsIeT ~5 MKM.

JocTrKrMble Ha CerofHsI mapaMeTpbl TPU UCTIONb-
30BaHMU TJIYOMHHOTO IIJIa3MEHHOTO TPaBJIEHMS U CKO-
POCTU TpaBJIeHUsSI HECKOJbKO MKM/MUH oOecreynBa-
I0T acnekTHoe OoTHolleHue 6ojee 50 u ryOuMHY TpaB-
nenust 300 MKM U Bblle [52—54].

Krnaccuduxaims ocHOBHBIX CITIOCOO0OB aHM30TPOIT-
HOTO XUJAKOCTHOTO U TIJIa3MOXUMUUYECKOTO TpaBIEHUS
npuBeAeHa B padote [55].

®opMupoBaHre MOPUCTOTO KPEMHHS

[MpyHUMNIMaTBbHOE 3HAUYeHHE B HAHOKOMITO3UTAaX
MMeEIOT pa3Mep U popMa YacTull, UX OObeMHas JOJs,
a Takke CBOWCTBa MOBEepXHOCTU. CylleCTBEHHAsT MO-
nudukauus CBOUCTB OOYyCJIOBJIeHA OIrpaHUYEHUEM
NBUXKEHWSI HOCUTEJNeH 3apsiaa B YacTUIIaX, BECbMa pa3-
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BHUTOM IMMOBEPXHOCTBI0 HAHOKOMITO3UTHBIX Cpell, U3Me-
HEHHEM 3JICKTPOMAarHUTHBIX MOJIeH, NeHCTBYIOIINX Ha
KaXIblii aTOM Cpelbl MO CPaBHEHUIO C OObEMHBIMU
MarepuagaMu.

[MopucThiii KpeMHUI KIacCUMDUIIMPYIOT YCIOBHO
0 HECKOJBKHMM TPYIITIaM: MaKpOIIOPHUCTHIN (pa3Mep
mop > 50 HM; TOpUCTOCTh ~5...30 %), ME30TIOPUCTHIN
(2...50 Bm; 30...70 %) n mMukpomopuCTBIii (<2 HM;
~70...90 %). [lopucThbliit KPEMHUI1 B 3aBUCMMOCTH OT yC-
JIoBUiA (POpMUPOBAaHUS UMEET LIMPOKUIA MHTEpPBAJl 3Ha-
YEeHUI1 YIeJIbHOTO COIMPOTUBICHUS (10_2... 101 Om - cM),
JuajeKTpudyeckoi npoHuuaemoctu (1,75...12) u mo-
Kazarens npenomnenud (1,2...3,5) [56]. D1o o3Havaer,
YTO MOPUCTbIA KPEMHMI MOXET ObITh MCIOJIb30BaH B
KayeCcTBe KaK ITOJIYITPOBOIHUKOBEIX, TaK W IWUAJICKT-
PUYECKHUX CJIOEB B TIpUOOpaxX MUKPO-, HAHO- M OITO-
BJIEKTPOHUKH, a TaKXKe IJIST YIPaBICHUS TPUMECHO-
ne(EeKTHBIM COCTABOM M TIOJIIMU MEXaHWYECKMX Ha-
MPSLKEHUM IIPUOOPHBIX CJIOEB B TeTePOCTPYKTYpax [2].

OCHOBHBIMM CITOCOOAMM TIOJYYEHHUSI MOPUCTOrO

KpeMHus aBistoTcd [57, 58]:

e HM3KOTEMIIEpaTypHasi BJICKTpOXMMUUECKasi oOpa-
00TKa MOHOKPHUCTAJUTMUYECKOT0 KPEMHHUS B pacTBO-
pax Ha OCHOBE IUIABUKOBOI KUCJIOTHI;

e XMMHUYECKOE OKpalllMBaKollee TpaBlIeHUE B pacTBO-

pax IUIaBUKOBOW KMCIIOTHI C JOOABKaMM CUIIbHBIX
okuciureneir (KNO,, HNO3);

e HHU3KO3HEpreTUYecKass BBICOKOAO30Bas MMILIAH-

Tarus.

Bbicokass xuMuuyecKass aKTUBHOCTb ITOPUCTOIO
KpeMHUs (MOpUCTbI KpeMHUit TpaBuTcst B 10— 100 pas
OBICTpee, YeM MOHOKPUCTAJUTMIECKUIT KPEMHMIA) TT03-
BOJISIET MCIOJIB30BaTh €ro B KayeCTBe 'KepTBEHHOTO"
Marepuaa npu ¢opmupoBaHur 3D-KOHCTPYKLMI 1151
MUKPOCUCTEMHON TeXHUKHU [59].

@opMupoBaHHe CTOJNOYATBIX CTPYKTYP

BricokoacnekTHBIE CTOJI0YAThIE CTPYKTYPHI LIUPO-
KO MCHOJB3YIOT JUISI pellleHWsT MHOTHMX 3aJad 3JIeKT-
POHHOI TEXHUKW, B YACTHOCTU IJIsI M3TOTOBJICHUS
BJIEKTPOAOB JJIEKTPOXMMMUYECKMX MCTOYHMKOB TOKA.
HMcxomHbpIM MaTepuanoM I M3TOTOBJISHUS 3JIEKTPO-
JIOB CJIY>XMT MAaKpOHNOPUCTBbIA KPEMHHUI C YIOPSIO-
YEHHOU PEeLIETKOM.

JunamMetp u hopMa ceueHUs] MaKpoIlop Mocjie aHO-
JUPOBAaHUSI MOTYT OBbITh M3MEHEHBI C MOMOIIbIO 10-
MTOJTHUTENTBHOM 00paboTKy (mreimmara) [60]. s 3To-
ro IMPUMEHSIOT KaK TePMUYECKOE OKUCJIEHHE C I10C-
JIEOYIOLIMM pacTBOpeHUEM oKcuaa [61], Tak U Xuu-
KOCTHO€ TpaBJIEHHE: M30TPOITHOE MM aHU30TPOITHOE
[62]. AHM3OTpOIIHOE TpaBIeHUE IPUBIEKATEILHO TEM,
YTO MO3BOJISIET MOJIyYaTh pa3HOOOPA3HYIO apXUTEKTY-
py 3D-MUKPOCTPYKTYp C MOHOOUCIIEPCHBIMMU CTEH-
KaMy, OrpaHWYEHHBIMM OJHUM THUIIOM KPUCTAJIO-
rpaguueckux Iiockocteil. Takue CTpyKTypbl TIpei-




CTaBJISIOT MHTEPEC, HallpuMep, IS aHOAOB JIMTUIi-
HOHHBIX aKKYMYJIATOPOB [63—67].

IMpu ncronp30BaHNM B KaYeCTBE MCXOMHOTO MaTe-
pHaia MOHOKPUCTAIMUECKOTO KpeMHUs1 (OpMUPOBa-
HHE CTOJOYATBIX CTPYKTYP OCYIICCTBIISIETCS ITyTEM
CceUMaIbHbIX CIIOCOO0B MACKMPOBAHUS U MOCIEIYIO-
1IEro IJIa3MOXMMUYECKOro TpaBieHus. B pabore [68]
MaCKMPYIOILIME BJIEMEHThl CO3IaBajii CHOKYCUPO-
BaHHBIM ITyukoM noHoB Ga'; TpaBrennem Henerupo-
BaHHOI 001acTy chopMHUPOBaH peibed TIyOMHOI 10
80 HM ¥ MOJy4eHBI TpeXMEpPHbIE CTPYKTYPhI C JIUHEH-
HBIMU pazMepamu nopsiaka 100 Hwm.

B paGore [69] paccMOTpeH KpPEeMHMEBBII 3JIEKT-
ponm miIg GaTapew, comepsKalldii KPeMHHEBYIO ITOMI-
JIOXKY WJIM CTPYKTYPY "KpeMHUII-Ha-IUBJIEKTPUKe" ¢
3aKpeIJICHHBIM Ha Heil MacCMBOM CYOMUKPOHHBIX
KPEMHUEBBIX CTEpXXKHEH, IMOKPBLIBAIOIIMM He Ooliee
0,5 mromagyu moBepxHOCTU. Pasmep crTepXHeil co-
crasiset 0,1...1,0 mxm B quametpe u 1...10 MKM B BbI-
coty. [1pu M3roTOBIIEHNN MacCHBa CTePKHEMN MCITOIb-
3yIOT HM30JUPYIOIIYI0 (OCTPOBKOBYIO) JHUTOrpaduio,
IUIST 9eTO Ha TIOMTOXKY BaKYYMHBIM OCaXXKICHHEM Ha-
HOCSIT TIJICHKY XJIOpUAa 1ie3Usl, PaCTBOPSIOT €€ B BOIE
¢ obpa3oBaHMEeM Ha TOBEPXHOCTU TOIJIOXKH ITOJY-
cepUUeCcKUX M30JUPOBAHHBIX YYACTKOB, a 3aTeM MPO-
BOZSIT MOHHO-JTIYIeBOE TPaBJICHHE YePe3 MacKy XJIOPH-
Ja Le3Usl.

Macka 13 IIJIeHKH 30JI0Ta MOXET OBITh C(DOPMUPO-
BaHa J1a3epHO-UHAYLIMPOBAHHBIM IIEPEHOCOM MaTepu-
aja ¢ MeTaJUIM3NPOBAHHOM MOTOXKI-ToHOpa [70].

®opMupoBaHUe NMEPEXOAHBIX OTBEPCTHIA

CozaaHue MUKPOOJIOKOB C 001Eei repMeTu3aluei,
(opMUpPYyeMBbIX Ha OCHOBE 3aKOHYEHHBIX (DYHKIIMO-
HAJIBHBIX Y3JIOB, BBITOJHEHHBIX HAa OCHOBE MHOTO-
KpUcTaibHbIX Moayieir (MKM) wiu "cucrem B Kop-
myce", BBISIBUJIO HEOOXOAUMOCTb ITPUMEHEHUST KOMMY-
TallMOHHBIX TIJIEHOYHBIX MUKPOILJIAT U KOMMYTAllOH -
HBIX MIeYaTHBIX Mat [71—74].

OaHUM U3 TIPOCTHIX TMyTel K JOCTUXXEHUIO BBICO-
KOTO YPOBHSI KOMITOHOBKM IPU OTHOCUTEIBLHO MaJIbIX
KanuTaJbHbIX 3aTpaTax SIBJISIETCSI TPEXMEpHasl UHTeT-
paius ¢ TOMOIIBIO CKBO3HBIX OTBEPCTHI Yepe3 KpeM-
Huit (through-silicon-vias, TSV) [75—77].

Texnonorust TSV 1mo3BOJISIET OCYIIECTBIISITE MEX-
COeIMHEHMsI Ha YPOBHE CMOHTHPOBAHHBIX B TpeXpas-
MEpHYI0 COOPKY IJIACTUMH WU KpUCTaIoB. B TexHO-
JIOTUYECKUI TIpolecCc MOJyYeHUs CKBO3HBIX Mepe-
XOJHBIX OTBEPCTUI BXOISAT OMNepallMd BHIITOJTHEHUS
"rmyxux" otBepcTuii (rmyouHoit mo 50...100 mMxMm) B
KpPEeMHUEBOH TIACTUHE CBEPJICHUEM WJIM APYTHUM CIIO-
co6oM (T1a3MeHHBIM TpaBJIEHNEM, pEaKTUBHBIM MOH-
HbIM TpaBJeHUEM, JIa3epHOI abisiuMei 1 T.11.), 3amoJ-
HEHUS TIEPEXOTHBIX OTBEPCTUI TTPOBOTHUKOBBIMU Ma-
TepuagaMu (MOJMKPEMHUEM UJIU METANIOM — MEJbIO,

30JI0TOM, BOJbGpamMOM M Ap.), YTOHEHUS ILIACTHH.
OnepallMio YTOHEHUS IUIACTUHBI HPUMEHSIOT JUIS
BCKPBITUS "TAYXUX' TIEPEXOTHBIX OTBEPCTUI, a TaKXKe
IUISL YBEJIMYEHUSI IPOM3BOAUTEIbHOCTH U YIy4lUCHUS
ternooTBoga. C 0oOpaTHOM CTOPOHBI YTOHEHHOM TIIac-
TUHBI TOTOBSIT KOHTAKTHBIE TUIOIIAAKHU TTOI COOPKY.

IIpuMeHeHUe Ta3epHBIX TEXHOJIOTUM MPH BBITIOJ-
HEHUM TaKMX ONepaluii, Kak pe3ka, CKkpailOupoBaHue,
MoauuKalys MOBEPXHOCTU, CBEPJIEHUE MUKPOOTBEP-
CTHUIA ¥ CO3AaHNe KaHABOK U T.I., TO3BOJISIET TTOBBICUTD
TEXHUKO-2KOHOMMYECKNE XapaKTEPUCTUKU W3AETUI
MukpoaaekTpoHuku u MCT [78—83]. C momoliibto
Jlazepa BO3MOXHO BBINIOJIHEHWE OTBEPCTUIA B IJIACTHU-
Hax KpeMHUs J11000i TTPOor3BOJbHOI (DOPMBI C acTek-
THBIM OTHoleHueM a0 100 (rmpu MexaHUYeCKOM CBep-
JICHUU OHO COCTaBJISET 2, TIPU yJAbTPa3ByKOBOM — 4).

ITpu nazepHoil MUKPOOOPAOOTKE LIMPOKO MpUME-
10T CO,-J1a3€epBl, JIa3ephl Ha Mapax MeAU, SKCUMEDP-
Hble Ja3epbl. PacilipeHre BO3MOXHOCTE UCIOIb30-
BaHUS JIA36pHOTO U3Ty4YEeHUs 00eCTieuuBaeTCsl yMEHb-
IIEHUEM JUIMHBI BOJHBI U3JIyYEHUS U COKpallleHUEeM
JUTUTEIbHOCTU MMMYJbCOB. Tak, Mpu MCIOIb30BaHUU
(beMTOCEeKyHIHBIX UMITYJILCOB Peau3yeTcsl MeXaHU3M
paspylleHrs] MaTtepuaia ImyTeM abjsiuu, 4To MO3BO-
JIIeT pealu30BaTh 0CO00 KAUYE€CTBEHHYIO MPEIU3UOH-
HYIO pa3MepHyl0 00paboTKy (0e3 Cled0B OILIaBICHUS
WM UCMapeHUsl MaTepuaia) ¢ pa3pelieHueM <2 MKM.
s BBICOKOMHTETPUPOBAHHBIX CUCTEM IPU YPOBHE
TOIOJIOTMYECKUX HOpM Ha Kpuctawre 20...65 HM Tpe-
OyeTcsl BBITTOJTHEHUE MePEeXOAHbBIX OTBEPCTUM AUaMeT-
poM 2...5 MKM.

3akmoueHue

Bbicokne TeXHOJOrMU OMpenesisiioT YpOBeHb BbI-
MyCKaeMoi MpOAYKLMHU, €€ KOHKYPEHTOCIIOCOOHOCTh
MU, B KOHEYHOM cyeTe, 3(pHeKTUBHOCTb BCeil MpOU3-
BOJICTBEHHOM AesATeabHOCTH. K BBICOKMM TEXHOJIO-
TUSIM OTHOCSITCSI HOBEMIIME METOIbl 00pabOTKU Ma-
TEepUaJioB, pa3paboTaHHble Ha 06a3e IMOCAEAHUX J0-
CTUXEHUU (yHIaMeHTaIbHbIX HayK, W, B YACTHOCTH,
HEeTpagUuLIMOHHBIE METOABLI. DTU MeTOIbl 00pPabOTKU
OXBaTBhIBAIOT BCE TEXHOJIOTUM, OCHOBAaHHbIC Ha MeXa-
HU3Max, OTJUYHBIX OT MEXaHWYECKOTO BO3AEWCTBUS
Ha Mmatepuall. OcBoeHue TexHoynorun 3D-00paboTku
NPUMEHUTEbHO K PaJUOKOMIIOHEHTAaM W JpYrUM
MUKPOMUHUATIOPHBIM U3AEJIUSIM TpeOyeT NaJibHeuIIIe-
rO pa3BUTUS METONOB MPOEKTUPOBAHMUS, BBICOKOTEX-
HOJIOTUYHOM TMPOU3BOACTBEHHOU 0a3bl, U3MEPUTEb-
HBIX CUCTEM JJIs1 KOHTPOJIS KauyecTBa TEXHOJIOTUYEC-
KMX TIPOLECCOB, CPEACTB WU3MEpPEHUsI MapaMeTpOB
MPOLIECCOB U U3MICJINI, B3AUMHOW WHTETPALIUU HOBBIX
MHGOPMALMOHHBIX TEXHOJOTUI. DTOMY MOJKHO CITO-
CcOOCTBOBaTh HaJlMUME HAyYHON U TEXHOJOIMYECKON
KyJIbTYpbl, c(DOpMUpPOBABIIEICS B CTpaHE B MEPUO
CTaHOBJICHUS U Pa3BUTHUSI MUKPO- U ONTO3JIEKTPOHUKH.
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Introduction

Silicon is one of the basic materials for products of mi-
cromechanics, integrated microcircuits and microsystems,
and besides the semi-conductor properties, it has good
strength and elastic characteristics. Formation of 3D struc-
tures on silicon is carried out by the methods of volume mi-
croprocessing. Volume microprocessing is a selective removal
(etching) of silicon for formation of the micro- and nano-
sized elements inside of a plate — substrate (ledges, cavities,
apertures, "grooves", etc.) with the use of the methods of li-
thography and etching [3].

In certain cases a three-dimensional structure is created by
connection of several substrates with formation of vertical
bonds at the atomic level (building-up) [4]. For creation of
3D structures separate fragments are integrated by a direct
connection of several silicon plates into a certain design (for
example, the mechanical structure of the microturbine of a
gas engine may consist of five silicon plates [5]) or with the
use of the intermediate layers or parts. A direct connection is,
as a matter of fact, a thermocompression connection. For
connection of the silicon plates with the glass ones, contain-
ing oxides of the alkaline metals, the anode connection, be-
longing to the method of a solid-phase welding, is widely
used, in the process of which cohesive oxides of the metals,
formed in the course of heating, mix up well with the viscous
glass; the use of an electric field allows us to lower the tem-
perature of the connection. The glass plays the role of a solid
electrolyte, while the limiting stage is a charge transfer in the
glass. A connection with the use of an intermediate layer en-
visages a preliminary deposition of a eutectic alloy or a frit of
fusible glass or compound on the plates [6—S8].

As an alternative technological solution, a possibility of
application of printers for manufacture of the electronic cir-
cuits and essentially new classes of products with the use of
liquid silicon inks are investigated [9, 10].

The given work presents objects and conditions for reali-
zation of 3D structures on silicon with the use of the volume
microprocessing.
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Main directions for development of 3D-elements

The microelectromechanical systems (MEMS), the op-
portunities for which were formulated back in 1959 [11],
should be considered as the first step in development of the
technology for formation of 3D elements in the silicon struc-
tures. Although, the porous silicon was obtained a little bit
earlier, but the incentive motive to intensification of studying
of its properties and practical application was the discovery of
an effective photoluminescence of the porous silicon at a
room temperature in 1990 [12, 13].

The table presents the basic directions of the develop-
ments connected with the synthesis of three-dimensional ob-
jects in the silicon structures.

The assortment of products of the microsystem technol-
ogies is rather big, and it makes a basis for miniaturization of
the electronic equipment (information-control systems, sen-
sors, actuators, high frequency components, etc.) [14—18].

Formation of shaped elements

For microprofiling, first of all, the processes of anisotropic
etching are used. Anisotropic etchants are complex multicom-
ponent solutions consisting of an oxidizer, which transforms the
silicon into a hydrated silicon dioxide, and a complexing agent,
which in reaction with the hydrated dioxide ensures formation
of a soluble complex ion and water. As oxidizers caustic potash
(KOH), hydrazine-hydrate (NH,—NH,—H,0), ethylenedi-
amine (H,NC¢H4NH,) are often used, and as complexing
agents — isopropyl alcohol, monoethanolamine, tetramethy-
lammonium hydroxide (CH3),NOH5(TMAH), polyatomic
phenols (pyrocatechin, hydroquinone, pyrogallol, etc.); in all
the systems water performs the function of a catalyst in sup-
plying of ions of OH ™ of the oxidation stage. In comparison
with the structures containing caustic potash, the solutions on
the basis of hydrazine-hydrate and ethylenediamine have high
toxicity (MPC in the air for hydrazine-hydrate is 0.1 mg/m3,
and for ethylenediamine — 2 mg/m3 in the air and 0.2 mg/1
in water), but they are less stable in operation (exhaustion of




a solution with an essential change of the properties) and stor-
age (decomposition, oxidation), and sensitive to pollution of
the surface of a plate [19—33].

The widely applied solutions on the basis of KOH ensure
the minimal lateral and angular etching. Composition of an
etchant can include additives influencing the anisotropy of
etching or reducing the density of the pyramids at the bottom
of an etched window (usually reducing the speed of etching).
Such additives can be hydrogen peroxide, and certain organic
compounds (benzochinon pyrazine). The speed of etching of
silicon in the solutions on the basis of caustic potash is within
the limits of 0.5—8.0 pm/min.; the temperature of a solution
is 60...110 °C, the relation of the speed of etching of the sil-
icon to the speed of etching of the silicon dioxide is approx-
imately (2—8) 103. In [34] it is offered to use an alkaline
etchant in a foam state for reduction of the influence on the
elements, which are not subject to processing.

As the materials for the masking layers, the films of SiO,,
Si;Ny, chrome, and gold are widely used [35].

Out of the methods for control and reproducibility of the
thickness of the elastic elements the optimal methods are the
self-stopping kinds of etching, the action of which is deter-
mined by the following factors:

e Selective action of an etchant depending on the type of
conductivity of the silicon;

e Concentration of an impurity in a silicon plate;

e Chemical composition of the interface.

In [36—37] the technology of microprofiling is consid-
ered, in which action of the stop layer is based on anode pas-
sivation during etching of the silicon with a reverse-biased
p-n-junction; the accuracy of formation of the membranes
was determined by the spread of the thickness of the epitaxial
layer and did not exceed =2 um.

Formation of the stop layer can be implemented by
means of implantation of ions of boron with concentration at
the level of 1022 cm ™2 or of helium with the energy more than
100 keV at a dose of irradiation of 2+ 10'2...3,5- 105 cm™2
[38, 39]; in the latter case it is possible to achieve a decrease
by several orders of the density of defects in the form of pim-
ples and pits of etching. By means of the anisotropic etching
with the use of the figures of a certain configuration it is pos-
sible to solve also the problem of division of a plate into crys-
tals [40].

Isotropic etching in combination with anisotropic one is
often used for increasing the reproducibility of a formed relief,
and elimination of the edge defects in the form of sharp edges
and corners [41].

One of the methods of a maskless shaping in the silicon is
the method of electroerosive processing, the accuracy of
shaping in which is reached due to the use of the shaped elec-
trodes-tools.

By the results of the research of the electroerosive shaping
in the silicon workpieces for manufacturing of the polymeric
microlenses by the method of moulding under pressure (the
diameter of the elements was 1.5 mm, depth — 0.25 mm) it was
established, that at the amplitude of the pulses of 20...25 V,
duration of pulses of 0.65...0.7 us and the use of the deionized
water as the working liquid, the accuracy of manufacturing
was 8.5...10 um, and roughness — not more than 1.5 microm-
eters [42].

Pulse microprocessing (with the use of the pulses of the
current of the micro-, nano- and picosecond ranges) allows

us to raise the accuracy of the size and form of the macro- and
microdimensional geometrical bodies and receive a surface
roughness up to Ra = 10 nm [43—45].

The process of anisotropic etching of the deep flutes in the
silicon (4 > 100 pm) in the fluorine-containing (C4Fg + SF,
SF¢ + O,) plasma of high-frequency discharge is widely ap-
plied in microtechnology for creation of microdrives, micro-
gyroscopes and other microelectromechanical systems [46].

As the etching environments in the anisotropic plasma
etching of the silicon, the gas mixes on the basis of Cl,, CFy,
SF6’ SFG—CBFF3, SF6—02, CHF3—02, CHC13 are used
[47, 48]. Etching in plasma on the basis of Cl, ensures for-
mation of vertical trenches (flutes) with smooth surfaces, but
it has a low etching speed (by an order less than in the fluo-
rine-containing plasma) and poor selectivity in relation to the
mask [48].

The anisotropic ion-jet etching is realized basically in two
versions: in high density plasma and in inductively bound
plasma.

The anisotropic etching during an ion bombardment of
the surface can be determined by formation (at the use of the
fluorine-containing environments) on the surface of the sili-
con of a relatively stable layer of the fluorinated silicon, mod-
ification of the silicon surface due to radiation damages, for-
mation of an adsorbed polymeric layer during bombardment
of the gas environment by the low-energy ions (<50 keV)
[47, 49—50]. Technological process of Bosch Co. envisages a
multiple switching from the etching mode to the mode of pas-
sivation in the processing cycle. At the first stage a fast iso-
tropic etching of the silicon in SF¢ plasma is done, and at the
stage of passivation a sedimentation of a polymeric film in the
fluorocarbon plasma or a silicon oxidation in O,-plasma oc-
curs, which reduces underetching for a mask [46, 51]. As the
masks for the plasma anisotropic etching, usually a photore-
sist, SiO,, and metals (Al, Ni, Cr), are used [46].

In [52] a possibility of a dimensional etching of Si and
SiO, without any masks, by means of a localized gas dis-
charge, the geometry of which is set by the topology of the
surface of one of the electrodes, is considered; the resolution
power of the process is ~5 pm.

The achievable parameters at the use of the deep plasma
etching and the speed of etching of several micrometers/min.
ensure an aspect ratio more than 50 and the depth of etching
of 300 micrometers and over [52—54]. Classification of the
basic ways of the anisotropic liquid and plasma-chemical
etchings is presented in [55].

Formation of the porous silicon

In nanocomposites the size and the form of the particles,
their volume fraction and surface properties are of major im-
portance. Modification of the properties is determined by re-
striction of movement of the charge carriers in the particles,
ramified surface of the environments, and a change of the
electromagnetic fields affecting an atom of the environment
in comparison with the volume materials.

The porous silicon is classified by several groups: macro-
porous silicon (pores of >50 nm; porosity ~5...30 %), mes-
oporous silicon (2—50 nm; 30—70 %) and microporous sili-
con (<2 nm; ~70...90 %). Depending on the formation con-
ditions, the porous silicon has a wide interval of specific re-
sistance (10_2...10ll Q- cm), dielectric permeability (1.75...12)
and refractive index (1.2...3.5) [56]. This means, that the po-
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rous silicon can be used as a semi-conductor and a dielectric
layer in the devices of micro-, nano- and optoelectronics, and
also for control of the impurity-defective compositions and
fields of mechanical stresses of the instrument layers in het-
erostructures [2].

The basic ways for obtaining of the porous silicon are the
following [57, 58]:

e Low-temperature electrochemical processing of the
monocrystal silicon in the solutions based on the hy-
drofluoric acid;

e Chemical coloring etching in the solutions of the hy-
drofluoric acid with additives of strong oxidizers (KNO,,
HNOy);

e Low-energy high-dose implantation.

High chemical activity of the porous silicon (its etching is
10—100 times faster, than that of the monocrystal silicon) al-
lows us to use it as a "sacrificial" material during formation of
3D designs for the microsystem technology [59].

Formation of the columnar structures

High-aspect columnar structures are used as solutions to
the problems of the electronic technologies, in particular, for
manufacture of the electrodes for the electrochemical sources
of current. The macroporous silicon with an ordered lattice
serves as the initial material.

After anodizing the diameters and the forms of section of
the macropores can be changed by means of additional
processing (shaping) [60]. For this purpose a thermal oxida-
tion is applied with the subsequent dissolution of the oxide
[61] and liquid etching: isotropic or anisotropic [62]. The an-
isotropic etching is attractive, because it allows us to receive
the architecture of 3D microstructures with the monodis-
persed walls limited by one type of crystallographic planes.
Such structures are of interest, for example, for the anodes of
the lithium-ion accumulators [63—67].

During the use of a monocrystal silicon the formation of
the columnar structures is carried out by special ways of
masking and subsequent plasma-chemical etching. In [68] the
masking elements were created by a focused beam of ions of
Ga™; by etching of the unalloyed area a relief was formed with
the depth up to 80 nm, and three-dimensional structures were
obtained with the linear sizes of about 100 nm.

In [69] the silicon electrode for the battery, containing a
silicon substrate or "silicon-on-dielectric" structure is consid-
ered. A mass of the submicronic silicon cores is fixed on it,
covering not more than 0.5 of the area of the surface. The size
of the cores is 0.1...1.0 pym in diameter and 1...10 pum in
height. For manufacturing of the cores the insulating (island)
lithography is used. For this purpose a film of chloride of cae-
sium is put on a substrate by the vacuum deposition, then it
is dissolved in water with formation of a substrate of hemi-
spherical isolated sites on the surface, and then an ionic-beam
etching is done through a mask of caesium chloride.

A mask from a gold film can be formed by a laser-induced
transfer of a material from a metalized substrate-donor [70].

Formation of the transitive apertures

Creation of microassemblies with a general hermetic seal-
ing on the basis of the finished functional nodes, made on the
basis of multicrystal modules (MCM) or "systems in pack-
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age", revealed a necessity for application of the switching film
microcards and the switching printed-circuit boards [71—74].

One of the simple ways to a high level of configuration at
rather small capital costs is a three-dimensional integration by
means of the apertures made through the silicon (through-sil-
icon-vias, TSV) [75—77].

TSV technology allows us to carry out interconnections at
the level of the plates included in a three-dimensional assem-
blage of plates or crystals. The process of reception of the
through transitive apertures includes operations of making
"blind" apertures (with the depth up to 50...100 pm) in a sil-
icon plate by drilling or in another way (plasma etching, re-
active ion etching, laser ablation), filling of the transitive ap-
ertures with the semi-conductor materials (polysilicon or
metal — copper, gold, tungsten), and thinning of the plates.
The operation of thinning is applied for opening of the "blind"
transitive apertures, and also for increasing the productivity
and improvement of the heat removal. On the reverse side of
a thinned plate the contact platforms for assemblage are pre-
pared.

Application of the laser technologies for operations of cut-
ting, scribing, modification of surface, drilling of microaper-
tures and creation of flutes, allows us to improve the engi-
neering-and-economical characteristics of products and MST
[78—83]. By means of a laser it is possible to make apertures
in the silicon plates of any form with the aspect ratio up to 100
(in case of mechanical drilling it is 2, in case of ultrasonic
drilling — 4).

For laser microprocessing the CO, lasers, copper vapor la-
sers, and eximer lasers are widely applied. Wider opportuni-
ties of the laser radiation are ensured by reduction of the
wavelength of the radiation and duration of pulses. So, in case
when the femtosecond pulses are used, the mechanism of de-
struction of a material by ablation is realized, which makes it
possible to implement a qualitative precision dimensional
processing (without any traces of melting or material evapo-
rations) with the resolution of <2 um. Highly integrated sys-
tems at the level of the topological standards on a crystal of
20...65 nm require implementation of the transitive apertures
with diameter of 2...5 um.

Conclusion

High technologies determine the level of products, their
competitiveness and, in the long run, the efficiency of the in-
dustrial activity. Among high technologies are the newest
methods for processing of the materials based on the latest
achievements of the fundamental sciences, and nonconven-
tional methods, in particular. These methods of processing
embrace the technologies based on the mechanisms, different
from a mechanical influence on a material. Mastering of the
technology of 3D processing with reference to the radio com-
ponents and other microminiature products demands devel-
opment of the designing methods, hi-tech industrial base,
measuring systems for the quality control of the technological
processes, means for measurement of the parameters of the
processes and products, and mutual integration of new infor-
mation technologies. This should be promoted by the avail-
able scientific and technological culture, generated in the
country in the period of formation and development of the
micro- and optoelectronics.
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N3MEPEHUE XAPAKTEPHOTIO PASMEPA CYBMUKPOHHbIX HACTHUL
B TEXHOAOTNYECKUX NMPOLIECCAX METOAOM CBETOBOTO PACCEAHMA

Ilocmynuna 6 pedaxuyuro 10.03.2017

Tlokaszano, ymo 045 peasuzayuu Hepesomempu4eckKoeo mMemooa UsmMeperus XapaKkmepHoeo pasmepa CyOMUKPOHHbIX YaCmuy
(0,1...1 mkm) npu ux Kancyaupoeanuu 8 MHO20(A3HbIX 2A308blX NOMOKAX UeAeCO0DOPA3HOU A8AAeMCS ONMUYECKaAs cXema, peanu-
3YHWas UsmMepenue OMmHOUeHUs. UHMEHCUBHOCMell & ) )/I( )( 05) OO0 pazau4HbIMU yeramu Ha0AI00eHUs. Hpu 2MoM yenvl Ha-
61100eHUS UHOUKAMPUCHL PACCessHUs He Q0AMCHbL npesbliuamy 15° npu KoHuermpayuu yacmuy He bonee 105 cm

Karoueevie caoea: neghenomempuneckuii memoo, usmepenue XapaKmeprozo pasmepa cyoMuKpoOHHbIX 4acmuy, noAUOUCHepCHbLe
uacmuybl, Memoo Manbvix yen08, OMHouleHue UHMeHCUGHOCMel PacCesHus

)1]'[9[ NCCICAOBAHUA XapaKTCPUCTUK IMOJIUANCIIEPC-
HBIX 4aCTUIl B I'a30BbIX ITOTOKAX HIMPOKO IMPUMEHAIOT
ONNTUYECKUE METOAbI, OCHOBAHHBIC Ha aHAJIM3€ I1apa-
METPOB PACCECAHHOTO UBIIYUYCHUA Z[HCHGpCHOﬁ Cp@I{Oﬁ
MHTCHCUBHOCTBIO [0. MNHTEeHCUBHOCTL paCcCeAHHOIO
U3yYeHUsl SBJsieTcs (pyHKUMEN 11eJIoro psija Xapak-
TEPUCTUK KaK ra3oBbIX ITOTOKOB, TaK 1 CaMHUX YaCTHUII:

19 = LLF(V,, N, f@), n(\, @), 1, 0, 7, ..), (1)

U3M?>

rae V5 — U3MEPUTENIbHBIA 00beM, U3 KOTOPOTO CO-
Oupaercsi paccessHHoe uanydyeHue; N — KOHILEHTpa-
LIMST pacCerBalOLIMX YaCTULL PATUyCcoOM a ¢ (DyHKIIMe
pacnipenenieHus o pasmepaM f(a); n(h, a) — mokasa-
TeJIb TMPEJOMIICHHUS BelllecTBa YacTUILIbl; A — IJIMHA
BOJIHBI 30HIMPYIOILIETO U3IYYeHUs; O — yroa HaOJIto-
JEHUST PacCeSTHHOTO U3JIyYeHUsT OT YaCTUIIbI, HaXOmIs-
1ercsl OT Hee Ha paccTossHuM r. Bua dyHKIMoHa b-
Holi 3aBucuMOcCTH (1), KaKk mpaBujIo, HEM3BECTEH. DTO
3aTPYIHSIET BHIOOP CXeMbI U3MEPEHUI, TTO3BOJISIIOLIEH
o0ecreuyuTb TpedbyeMyrd TOYHOCTb M pa3pelialollylo
CIOCOOHOCTb.

B TexHOIOTMYUECKOM TIpOIIecce TP U3MEPEHNH Xa-
paKTepHbIX pa3MepOB CYOMUKPOHHBIX YacTHll (qua-
MeTp yactuil 100...1000 HM) B mpoliecce ux Karcyiau-
poBaHUs TpedyeTcsl 00ecIeunTh pa3pellalollyio CIo-
cobHocTh ~10 HM ¢ ydeTOM M3MEHEHMS IT0Ka3aTesis
MpeJOMJICHUST TIOJIMAMCIIEPCHONM Cpelbl, HEeCTaOUIIb-
HOCTU KOHILIEHTpallM¥ B U3MEPUTEIBLHOM O0BEME, a
TakXe MPU OTCYTCTBUM allpMOPHON MHGOPMAIIUN O
GYHKIIMM paclipenesieHus YacTull 1o pa3mepam [1, 2].

Ilenbio HacTosIIEH paOOTHI SIBISIETCS OOOCHOBAHKE
OINTUYECKOI CXeMbl U3MEPEHUST XapaKTepPHOIO pa3me-
pa CyOMHMKPOHHBIX YacTUll B Ipouecce hopMUpOBa-
HMSI Ha UX TMOBEPXHOCTSIX MOJUMMEPHOI 000J0UKH.

M3BecTHO, UTO C POCTOM XapaKTepHOTo pazmepa
YyacTUll, HallpuMep, B Ipoliecce UX KarcyJIUupoBaHUs
MOJMMEPOM CyMMapHasi MHTEHCUBHOCTb pacCesTHHO-
ro U3JIyYeHUSsI CPEAoi pacTeT B 00JaCTU MaJlbIX YIJIOB
0 OCHU PacOpOCTPaHECHUSI 30HAUPYIOIIETO U3TYYSHUS

(paccestHUe BIlepel) W YMEHBIIAeTCs B IPOTUBOIIO-
JIOXKHOM HampapieHuM (paccesiHue Haszan) [3, 4]. Io-
3TOMY OompeeIeHe M3MEHEHW XapaKTepHOTO pa3Me-
pa CyOMUKPOHHBIX YaCTHUIL BOZMOXHO IO M3MEPEHUIO
OTHOIIIEHNS MHTEHCUBHOCTEN [ (S)(e )/ 1 (s)(92) pacce-
SIHHOTO M3JIy4e€HUsl MO pa3HbIMU yIJIaMU COOTBETCT-
BEHHO. DTO MO3BOJIUT U30ABUTHLCS HE TOJIBKO OT HeCTa-
OMJIBLHOCTHM MUCTOYHMKA U3YYEHMSI, HO U OT BJIUSIHUS
dyKTyarmii KOHIEHTPAIIMA CYOMUKPOHHBIX YACTHII B
M3MEPUTETLHOM O0BEME, UTO MOXKET OKa3aThCsT BaXK-
HBIM TIpY MPAKTUYECKON peanu3alud paccMaTpuBae-
MOTO TTOAX0Ja K U3MEPEHHIO M3MEHEHUS MX XapaKTep-
Horo pa3Mmepa. Peann3oBaTh Takoi MOaX0a BO3MOXHO
IBYMST TIYTSIMU: 3a CYeT KOHTPOJIST M3MEHEHUSI OTHO-
LIeHUsT MHTEHCUBHOCTER [ <s)(el, A/ (S)(ez, Ay) TOx
pa3HBIMU YIJIaMH Ha pa3HBIX IUIMHAX BOJIH U 3a CYET
KOHTPOJISI UBMEHEHUsI OTHOLIEHUSI MHTEHCUBHOCTEM
I (S)(E)])/I (S>(ez) Ha OJTHO¥ JUTHE BOJIHBI A{, HATIPUMeED,
TIPA pa3HBIX yIVIaX B 30HE MAaJIBIX YIJIOB PacCesTHUS.

HMcnonb3oBaHUe MasbIX YIJIOB paccesiHus "Brepen’”
(mo 15°) mo3BOJSIET CHU3UTH BIMSAHUE ITOKa3aTes
npejaomiieHus: [4—6] Ha pe3yabTaT U3MEPEHMI, 4TO
KpaliHe BaXXHO, KOrma Ha CyOMUKPOHHOI YacTulle
(opmupyetcst odonouka U3 apyroro matepuana. O6006-
IIEHHasI cXeMa U3MEPEeHUid, peasu3ylolas MeToI Ma-
JIOYTJIOBOM MHIMKATPUCHI PACCESTHUS C KOHTPOJIEM OT-
HOIIIEHWS] MHTEHCUBHOCTU PACCETHHOTO M3ITyYCHMS,
MpeacTaBieHa Ha puc. 1.

AHanM3 MHTEHCUBHOCTU PACCESTHHOTO HU3IIyYeHUsI
19 ¢ yuyeToM ee (PyHKIMOHaJbHOI 3aBucuMocTu (1)
JUTST CXeMbl Ha puc. 1 MpOBOAMIN METOAOM MaTeMaTu-
YECKOT0 MOIEIMPOBAaHMSI, OCHOBAHHOTO Ha Teopruu Mu
[3, 4, 7]. IIpn 3TOM cumuTaNM, 4YTO (POPMUPYEMBIE CYyO-
MUKPOHHBIE YaCTUIIBI C 000JIOUKOI SIBJISIIOTCS chepu-
YeCKUMU. DTO JOMYyIIeHWe He BIUSICT HA Pe3yJIbTaThI
aHaJlM3a B cayyae, Korma U3MepeHre OCyIIeCTBISIETCS
B MHOTO()a3HBIX Ta30BbIX TIOTOKAX, B KOTOPBIX OTCYTCT-
ByeT BbIIEJEHHAs OpMEHTAlMs CYOMUKPOHHBIX 4Yac-
THI. AHAJIU3 IIPOBOAMIN C YIETOM AUCIIEPCHOCTH Yac-
THUIL 10 pa3Mepam.
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IIpu nnepexone K ucCaeag0BaHUIO aHCAMOJIs YaCTULL
C KOHILEHTpauued N NPUHIMIUAIBHBIM SBISIETCS
BOIIPOC 00 OMHOKpATHOCTU paccessHus. B paGote [7]
BBEIICH NapaMeTp T, XapaKTePU3YIOLIWil CTerIeHb MHO-
TOKPaTHOCTU PacCesTHUSI:
02 2
T~ 3 L~ Na“L, )
/
rae L — IMHEeHBINA pa3Mep paccerBaloiero Tena (13-
MEPUTEIBLHOTO 00beMa); / — pacCcTOsSHUE MEXIy pac-
ceuBarOIIMMU yactTuamu. I1pu cobioneHun ycaoBus
T < 1 MHOTOKpaTHBIM paccesiHueM MOXKHO IpeHeOpeyb,
aeciau 1 [ < A, To paccerBarolIMe YaCTUIbl MOXHO pac-
CMaTpuBaTh KaK MHOXXECTBO HEKOTEPEHTHBIX M3JTyJaTe-
Jieit. T1pyu 5TOM MHTEHCUBHOCTb M3JIyYEHUsI, paccesiH-
HOro aHcamMOJieM 4acTHll, BO3MOXHO MOJyYUTb CYMMMU -
pOBaHMEM MHTEHCUBHOCTEM pacCesTHHOTO U3yYeHUSs
oT Kaxaou yactuubl. Ecnu L He nipeBbiiaer 10 MM,
TO MOJEIMPOBAHUE MPOLIECCa PACCESTHUS U3TYUSHUS B
OJHOKPATHOM TPUONMKEHUN BO3MOXHO MpPU KOH-
LIEHTpaLuK YyacTull (pa3Mepom 10 1 MKM), HE IpeBbI-
LIaroein 108 cM™3. B atom ciayyae ¢pyHkuuio F(...) B
BeIpaxkeHUH (1) MOXHO IIpeaCTaBUTh B BUJIE

(s) —
[i (el, 7\41', r, n, ) =

a,
= 1NV | (1Y + I)f(@)da, 3)
ap

N N
rae i(ll) n II(J_) — NOJIApU3allMOHHBIE COCTaBJIAIOIINE
PaCCCAHHOTO MUBJIIYYCHUA:

2 o0 ,
ny =& Ef‘”{ B, P}’ (cos(6))sin(6) —
dn°r | "

_ 8P Vcos(o) |

sin(0) ’
el

O = |3 (_,.)/[ BIP} (cos(6))
422 =1 sin(0)

2

- B;n Pgl)'(cos(e))sin(G)J ,

TexHonoruyeckoe obopyaoeaHne
Technological equipment

Ble (n, q), B;" (n, g) — KO3 OULMEHTbI, 3aBUCSIIIUE OT
q = 2ra/\ — 6e3pa3MepHOro rmapaMerpa I pakiy B
Teopur Mu, dyHkumn yi(q) = J(nq)/2J; 4 1/5(q) nee

. 1 1
nponssomHoit, pynxunn ¢f (g) = (ng)/2 H}}, 15 (9)

o 1
¥ e¢ TIPOM3BONHOI; J; 4 |/5(¢) 1 H,(+)1 2 (9) — dyHK-

uuu beccenst u XaHkensi COOTBETCTBEHHO.

C yueroM cooTHolleHUs (3) MIsi OTHOILIEHUST WH-
TeHCUBHOCTEN [ (S)(el, a1 (S)(ez, \,) TOJIyYyaeM BbI-
paxeHue

UL®, &, 0, 1)) =

a
I(Il.(lsI)Jr]i(j))f(a)da

= G
a

[+ I ayda
a

RO
(s)
Ij (Oj,kj,r,n,...)

Oynukuma U0, A;, 0, Xj) OMUCHIBAECT UHAUKATPUCY
PACCESTHHOTO U3JIyYEHUS Ha JUIMHE BOJIHBI A;, HOPMU-
POBaHHYIO MHTEHCUBHOCTBIO PACCESTHHOTO U3JTyYeHUsI
Ij(s) (Gj, Aj, 1y, ...) IPYTOT0 30HAMPYIOLIETO UCTOYHU-
Ka B (PMKCUPOBAHHOM HarpaBjieHUU HaOII0aeHUS 0;.
B atoMm ciyyae mist obOpallieHUs MHTEIPaJIbHOTO YpaB-
HeHwUs (5) ¥ nosydeHust QyHKIUU paciipenencHus f(a)
TpebyeTcsl anpuopHasi MHopMalus TOJbKO O BEJIU-
YyyHe ToKa3atens: npenomieHus [8]. BamusiHue koH-
LIEHTpallMd PacCeMBaIOIIMX YACTUI] Ha pe3yabTaT 13-
MepeHus uHaukarpucbl U.(0, A, ej, kj) MOJIHOCTBIO
HUCKJIIOYAeTCsl, a OCTaJibHble MepeMeHHbIe B (DYHKILIMU
(1), Takue Kax I,;, V. ¥, YIUTBIBAIOTCS TIOCPENCTBOM
KaauOpOBKU CUCTeMbl M3MepeHus. B cBs3u ¢ aTum
BBIOOp MapaMeTPOB ONTHUYECKOM CXEMBI M3MEpPEHUS
MOXET OBITh CBEJEH K BHIOOPY JUIMHBI BOJHBI 30HIM-
PYIOLLETO M3JIYYEHUS A; U IMANa30Ha yIJoB, B Ipele-
Jlax KOTOPOTO M3MEpPSIIOTCSI MHTEHCUBHOCTM pacCesiH-
HOTO U3JTy4yeHUs.

Ha Hai B3misia, onpeneneHue XapakTepHOro pas-
Mepa CYOMUKPOHHBIX YaCTUIl MO pe3ybTaTaM H3Me-
pE€HUIT OTHOLLEHWS UHTEHCUBHOCTEN paCCEIHHOTO U3~
JIyUeHUSI Ha pa3IMYHBbIX IJWHAX BOJIH, KaK 3TO OCY-
LIECTRIISITIOCH B pabore [9], Hemene-
coo0pa3Ho. DTO OOYCIOBIEHO TEM,
YTO MPU 3TOM BO3HMKAET HEOOXOAU-
MOCTb TOIOJIHUTEIbHO YUMTHIBATh 3a-
BUCHMMOCTb [OKa3aTesisl Mpejomiie-
HUS OT JUIMHBI BOJIHBI.

Junamna3oH M3MEHEHUsI YIJIOB Ha-

3y
Photomuftiplier

WCTOUHKMK cBeTa
Light source

H3mepHTenbHbld 0bbem
Measuring volume

Puc. 1. O000meHHas cxeMa M3MepeHUs MAJIOYIJIOBOl MHIAMKATPUCHI PACCESTHUS
Fig. 1. Generalized scheme of measurement of a small-angle indicatrix of scattering
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Photomultiplier
6JIIO,Z[CHI/I$I IIpn MOACJINpPOBAaHUU OI-

pPaHMYMM MaJlbIMU yIJIaMU B CBSI3U C
TeM, UTO MaJIOYIJIOBOE paccesiHue clia-
00 3aBUCHUT OT (hOpMBI paccerBaroIIeit
yacTulbl [4], a Takke OT Marepuaia
YacTUIIbI (TToKazaTess MpeJoMICHUS)
B ILIMPOKOM JAuana3oHe pa3MepoB

|
|
|
|
|
|
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[5, 6]. HecmoTpst Ha TO 4TO [Ij1s1 UI3MEPEHMIA TTpeyIara-
€TCSl ICTIONTb30BaTh OTHOIIIEHNEe MHTEHCUBHOCTEM, TaK-
’Ke BaXXHO TTOBEICHNE 3aBUCUMOCTEl abCOIOTHOU Be-
JIMYMHBI PACCESTHHOTO M3TyYeHUST OT pa3MepoB MCCIe-
nyeMbIx yactull. Ha puc. 2 npuBeaeHbl HEKOTOphIE Xa-
pakTepHble pacyeTHbIE 3aBUCUMOCTH MHTEHCUBHOCTH
paccestHHOTO M3TyyeHus "Brepes’ BOJIU3U MaJIbIX YIJIOB.

KpyTtusHa aTux paboyux XapakTepUCTUK CYILECT-
BEHHO YMEHBIIIAETCS C YBEJIMUEHUEeM YIjia Habrome-
HUs, U npu yriaax ooyiee 30° u3MeHeHUE MHTEHCHUB-
HOCTH, CBSI3aHHOE C M3MEHEHMEM pa3Mepa YacTHIIbI,
CTAHOBUTCSI CPAaBHUMBIM C BEJIWYMHOM (DIYKTyallnH,
00YyCJIOBJIEHHOU IMMPaKUMOHHBIMU TPOSIBAECHUSIMU
cornacHo Teopuu Mu. Kpome atoro, npu yBeJM4eHU U
yIJIa HaOIIOAeHUS TOSBIISIETCS] HEOMHO3HAYHOCTh 3a-
BUCHUMOCTH, KOTJIa OMHOM M TOH Xe WHTEHCHUBHOCTHU
paccessHHOTO M3Jy4YeHHUsI MOTYT ObITb COMOCTAaBJIEHBI
YacTULbl C CYILIECTBEHHO pa3jMYHbIMU pa3MepaMu.
VBenuueHue MIMHBI BOJHBI 30HAUPYIOILETO U3Tyde-
HUSI TTO3BOJISIET PaCLIMPUTD AUANa30H U3MEpPEeHUs Xa-
paKTepHBIX pa3MepoB yacTull. [ToaTomy BepxHuUii npe-
JIeJ UCIOJb3yeMbIX YIVIOB HAOMIOACHMSI TIPU CHSITUU
WHAMKATPUCHI paccesiHUS onpenessieTcs JJIMHOM BOJI-
HbI 30HAUPYIOLIETO U3IYYEHMSI U B TO XK€ BpeMsl OIl-
penessieT AMana3oH M3MEPEHMs pa3MepoB UcCCeaye-
MbIX yactull. HykHuit xxe npenen yria HaOMoaeHUs
OrpaHUYMBAETCS TEXHUYECKUM COBEPILIEHCTBOM OMNTU-
YECKON CXeMbl M3MEPEHHUs] U MOXET CKOJIb YTOIHO
6m3Ko npuomkarbes K 0° [7]. Padboune xapakrepuc-
TUKM C MCIOJIb30BAHUEM OTHOULIEHMSI MHTEHCUBHOC-
Tell paccessHHOro M3JIYYEeHHUsI MOI Pa3HbIMHU YIJIaMu
W3JIy4eHUs] MpeaCcTaBIeHbl Ha puC. 3.

JaHHbIe XapaKTepuCTUKHU (pUC. 3) B AUara3oHe Xa-
pPaKTepPHBIX pa3MepOB CYOMHUKPOHHBIX YacTHIl (oua-
meTp 100...1000 HM) HE UMEIOT HEOTHO3HAYHOCTU TTPU
yriax HaomoneHus 1o 30°, XoTs HEOAHO3HAYHOCTh 3a-
BUCUMOCTH MHTEHCUBHOCTU PACCESTHHOTO M3JTy4eHMsI
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Puc. 2. PacyeTHble 3aBHCHMOCTH WHTEHCHBHOCTH PACCESIHHOTO W3-
JiydeHdsn "Brnepen” BOJIM3M MAJIbIX YIJIOB: MOKA3aTeb MPeJOMJICHHS
yactunbl 1,588, moymupuHa cnekTpajibHOi JMHAN U3Ty4eHHs 25 HM
(cBeronuon). JIiMHa BOJIHBI 30HAMPYIOLIEr0 U3aydeHus 630 um, yroua
Haomogenns: / — 10°; 2 — 15°; 3 — 20°; 4 —40°; 5— 30°; 6 — 15°
Fig. 2. Calculated dependences of the intensity of the "forward" scattered
radiation near small angles: refraction index of a particle — 1.588, half-
width of the spectral line of radiation — 25 nm (light-emitting diode).
Wavelength of the probing radiation — 630 nm, angle of observation:
1—10%52—15%53—20%4—4055—30% 6 — 15°

1%%6)/1% @ .

15

10

Puc. 3. PaGouyne xapakTepuCTHKH C MCNOJIb30BAHHEM OTHOMIECHHUS HH-
TEHCHBHOCTEl PACCESIHHOTO M3JIyYeHHs1 MO Pa3HBIMH YIJIAMH H3JY-
YeHHs: VIMHA BOJIHbI 30HAMpYIoero udaydenns 630 um, nokasareinb
npeaomienus yactunbl 1,588, monymmpuna crnekTpaibHO# JHHUH
25 um (cBeTOIMON), OTHOLIEHHE WHTEHCHBHOCTEl PACCESIHHOTO W3-
JYYeHHA: 1— Jlov/.]30°, 2— J20°/J30°, 3— J10°/J20°

Fig. 3. The working characteristics with the use of the correlation of the in-
tensities of the scattered radiation: wavelength of the probing radiation —
630 nm, refraction index of a particle —1.588, half-width of the spectral
line — 25 nm (light-emitting diode), correlation of the intensities of the
scattered radiation: 1 — J]oﬂ/.]30°,' 2— J20°/J30°,' 3— J]0°/J20°

MPU JaHHBIX YIJaX HAUMHAETCs MPY pa3Mepax YacTHll
okosio 700 HM. TToaTOoMy BBIOOpP AMana3oHa M3MEHe-
HUSI YIJIOB HAOMIONEHUs MPU CHSITUM UHAMKATPUCHI
JOJDKEH OBITh OCHOBAH Ha aHaJIM3€ XapaKTepa 3aBUCH-
MOCTeI aOCONIOTHBIX 3HaUCHU T MTHTEHCUBHOCTEH pac-
CESTHHOTO M3JTy4YeHUsI, a HE UX OTHOILICHUI.

Takum obpaszom, mis peanmzanuyd HedeIoMeTpU-
YecKOro MeTofa M3MEpPEeHMsI XapaKTEepHOro pasmepa
cyoMuKpoHHbIX yacTtull (0,1...1 MKM) mpu UX KarcyJ/iu-
pPOBaHUM B MHOTO(a3HbIX rA30BBIX MTOTOKAX 11EJeCO00-
pa3Hoii SIBJISIETCS ONTUYECKas cXema, peaju3yrolasi u3-
MepeHUe OTHOILLICHUSI UHTEHCUBHOCTEI [ (S)(el)/l (s)(ez)
0o pa3IWYHBIMM YIJIaMUd HaOIIogeHUs. YTOJ Ha-
OJIIOIeHNST MHANKATPUCHI pacCesTHUS He TOJIKEeH Tpe-
1313181112&133 15° mpu KOHUEHTpalMu 4YacTUll He OoJjee
10° cm ~.
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An increase of the reproducibility of the mechanical characteristics of the dispersedly filled polymeric composite materials
(DPCM) is reached, among other things, due to capsulation of the submicronic particles of the filler by a polymer. The technology
Jor capsulation of the submicronic particles by a polymer demands a control of the thickness of the polymeric cover in the course
of its formation. At that, it is necessary to ensure measurements of the thickness of the polymeric cover on the surfaces of the sub-
micronic particles with account of the change of the refraction indicator of the polydisperse environment, the instability of concen-
tration in the measuring volume, and also in the absence of the a priori information concerning the function of distribution of the
particles by the sizes. The given work presents estimates of the parameters of the optical scheme realizing the nephelometric method
of measurement of the thickness of the polymeric cover on the surfaces of the submicronic particles. The work demonstrates that for
realization of the nephelometric method of measurement of the typical sizes of the submicronic particles during their capsulation in
the multiphase gas flows, the optical scheme of [ ) (0)/1 ) (6,), which realizes measurement of the correlation of the intensities un-
der various angles of observation, is expedient. At that, the angles for observation of the indicatrix should not exceed 15° at the con-
centration of the particles not exceeding 108 em™3.

Keywords: nephelometric method, measurement of the typical sizes of the submicronic particles, polydisperse particles, method

of small angles, correlation of the scattering intensities

For citation:

Danilaev M. P., Dorogov N. V., Kuklin V. A., Kyrangyshev A. V., Shilov N. S. Measurement of the Typical Sizes of the
Submicron Particles in the Technological Processes by the Method of Light Scattering, Nano- i Mikrosistemnaya

Tekhnika, 2017, vol. 19, no. 7, pp. 417—422.
DOI: 10.17587/nmst.19.417-422

The research of the characteristics of the polydisperse par-
ticles in the gas flows is done by means of the optical methods
on the basis of analysis of the parameters of the scattered ra-
diation by the disperse environment with intensity of /. The
intensity of the scattered radiation is a function of a number
of characteristics, both of the gas flows, and of the particles
themselves:

19 = LF(Vy N, f@), 00, @), 1, 6, 7 ...), (1)
where — V.

sy Measuring volume, from which the scattered
radiation is collected; N — concentration of the scattering
particles with radius @ and function of distribution by the sizes
fla); n(,, a) — refraction index of the substance of a particle;
), — wavelength of the probing radiation; a — angle of ob-
servation of the scattered radiation from a particle, which is
at distance r from it. The kind of the dependence (1), as a
rule, is unknown. This complicates selection of a scheme of
the measurements ensuring accuracy and resolution.

The technological process of measurement of the typical
sizes of the submicronic particles (diameters of 100...1000 nm)
and their capsulation require resolution of ~10 nm with ac-
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count of the change of the refraction index of the polydisperse
environment, instability of the concentration in the measur-
ing volume, and also in absence of information on the func-
tion of distribution of the particles by the sizes [1, 2].

The aim of the present work is substantiation of the optical
scheme of measurement of the typical size of the submicronic
particles in the course of formation of a polymeric cover on
their surfaces.

As is known, with the growth of the typical size of the par-
ticles, for example, during their capsulation by a polymer, the
total intensity of the radiation scattered by the environment
grows in the area of the small angles on the axis of distribution
of the probing radiation (forward scattering) and decreases in
the opposite direction (backward scattering) [3, 4]. Therefore,
determination of the changes of the typical sizes of the sub-
micronic particles is possible by measurement of the correla-
tion of the intensities of 7¢)(0 O/ (S>(92) of the scattered ra-
diation at different angles. This will make it possible to get rid
of the instability of a source of radiation and of the influence
of fluctuations of the concentration of the submicronic par-
ticles in the measuring volume, which can be important for




realization of an approach to measurement of the change of
their typical sizes. There are two possible ways to realize the
approach: due to control of the change of the correlation of
the intensities / (S>(el, M)/ (S>(92, L,) at different angles on
different wavelengths, and due to control of the change of the
correlation of the intensities / (S)(E)l)/l <S>(92) on one length of
wave L, for example, at different angles in the zone of small
angles of scattering.

The use of small angles of "forward scattering” (up to 15°)
allows us to lower the influence of the refractive index [4—6]
on the results of measurements, which is extremely important
when a cover of another material is formed on a submicronic
particle. A generalized scheme of measurements realizing the
method of a small-angle indicatrix of scattering with control
of the correlation of the intensity of the scattered radiation,
is presented in fig. 1.

The analysis of the intensity of the scattered radiation / )
with account of its functional dependence (1) for fig. 1 was
done by mathematical modeling based on Mi theory [3, 4, 7].
At that, it was assumed that the formed submicronic particles
with a cover were spherical. This assumption does not influ-
ence the results in the case, when measurement is carried out
in the multiphase gas flows, in which there is no allocated ori-
entation of the submicronic particles. The analysis was done
with account of the dispersion of the particles by sizes.

During transition to research of the ensemble of particles
with concentration N the question of principle is the one of
single-action scattering. In [7] parameter 7 is presented, char-
acterizing the degree of multiple-action scattering:

2
T~ ‘1L3 L ~ Na*L, )

where L — the linear size of the scattering body (measuring
volume); / — the distance between the scattering particles. If
condition 1 < 1 is observed, the multiple scattering can be ne-
glected, but if / < A, the scattering particles can be considered
as a set of incoherent radiators.

At that, the intensity of the radiation scattered by an en-
semble of particles can be obtained by summing up of the in-
tensities of the scattered radiation from each particle. If L
does not exceed 10 mm, modeling of the scattered radiation in
a single approximation is possible at the concentration of par-
ticles (with the size up to 1 pm), not exceeding 108 cm™3.
In this case function F () in expression (1) can be presented
in the following form:

190, A 7y 1y . Viswi J (1) + 1)) ayda, (3)

where () and

tered radiation:

Ii(j) are polarizing components of the scat-

Iy = > (-) EB, PV (cos(8))sin(6) —
4752 21 1=1
_ B'P{"(cos(0)) ||’
sin(0) ’
o (1)
® - W B/ P (cos(0)) _
g 4722 E( l)[ sin(0)

2

— B Y (cos(e))sin(e)] 4)

B (n, q), B/ (n, q) — coefficients depending on g = 2na/A —
dimensionless parameter of diffraction in Mi theory, func-

tion of y/(q) = ~(nq)/2 Ji + 1 2(q) and its derivative, function
of (;El) (@) = J(ngq)/2 H,(i)l 2 () and its derivative; functions

of Bessel and Hankel.

Taking into account correlation (3) for the relation of in-
tensities 7¢)(0 1 A/ (S>(92, A,) we get the following expres-
sion:

Uc(es }"1’ e'! }\') =

I () + I a)da

_ 10

I“)( 0,0, ...)

(5)
k)

[ (i) + [ fta)da

4

Function U9, A;, 0, x) describes the indicatrix of the
scattered radiation on the wavelength of &;, standardized in-
tensity of the scattered radiation I(s) (ej x r, n, ...) of an-
other probing source in the fixed dlrectlon of observation 0.
In this case for transformation of the integral equation (5) and
reception of the function of distribution f(a) the a priori in-
formation only about the size of the refraction index [8] is
required. The influence of the concentration of the scatter-
ing particles on the result of measurement of the indicatrix
U., x;, 0; kj) is completely excluded, while the other vari-
ables in function (1) are also considered by means of calibra-
tion of the system of measurement. In this connection the
choice of the parameters of the optical scheme of measure-
ment boils down to selection of the wavelength of the probing
radiation X; and the range of the angles, within the limits of
which the intensities of the scattered radiation are measured.

In our opinion, determination of the typical sizes of the
submicronic particles by the results of measurements of the
correlation of the intensities of the scattered radiation on var-
ious wavelengths, as it was carried out in [9], is not expedient.
This is due to the fact that there is a necessity in additional
consideration of the dependence of the refraction index on
the wavelength.

We will limit the range of the change of the angles of ob-
servation during modeling to small angles, because a small-
angle scattering depends little on the form of the scattering
particle [4] and also on the material (refraction index) in a
wide range of the sizes [5, 6]. Notwithstanding the fact that
for the measurements a correlation of the intensities is pro-
posed, the behavior of the dependences of the absolute value
of the scattered radiation on the sizes of the investigated par-
ticles is important. Fig. 2 presents certain characteristic cal-
culated dependences of the intensity of the "forward" scat-
tered radiation near small angles.

The steepness of the working characteristics decreases es-
sentially with an increase of the angle of observation, and at
angles more the change of the intensity connected with a
change of the size of a particle, becomes comparable with the
value of the fluctuation caused by the diffractional displays in
accordance with Mi. Besides, an increase of the angle of ob-
servation causes an ambiguity in the dependence, when one
and the same intensity of the scattered radiation can be com-
pared with the particles with essentially various sizes. An in-
crease of the wavelength of the probing radiation allows us to
expand the range of measurement of the typical sizes of the
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particles, which is visible from comparison of dependences "2"
and "6". Therefore, the top limit of the angles of observation
used for measuring of the indicatrix of scattering is deter-
mined by the wavelength of the probing radiation and it de-
fines the range of measurement of the sizes of the investigated
particles. The bottom limit of the angles of observation is lim-
ited by the technological perfection of the optical scheme of
measurement and can approach 0° as close, as necessary [7].
The working characteristics with the use of the correlation in-
tensities of the scattered radiation at different angles of radi-
ation are presented in fig. 3.

The given characteristics (fig. 3) within the range of the
typical sizes of the submicronic particles (diameters of
100...1000 nm) have no ambiguity at the angles of observation
up to 30°, although an ambiguity of the dependence of the in-
tensity of the scattered radiation at the given angles begins from
the sizes of the particles of about 700 nm. Therefore, selection
of the range of the change of the angles of observation at meas-
urement of the indicatrix should be based on the analysis of the
character of the dependences of the absolute values of the in-
tensities of the scattered radiation, instead of their correlations.

Thus, for realization of the nephelometric method for
measurement of the typical sizes of the submicronic particles
(0.11 micrometers) during their capsulation in the multiphase
gas flows, the optical scheme realizing the measurement of
the correlation of intensities / (3)(91)/ 1 (S)(92) at various angles
of observation is expedient. The angle of observation of the
indicatrix of scattering should not exceed 15° at the concen-

tration of the particles not more than 108 cm 3.
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BbIbOP MATEPHNAAA NMOAAOXKHN B TEXHOAOTHUAX NMPON3BOACTBA MOMC

AAS CBY MPUAOXEHUHN

Ilocmynuna 6 pedaxyuio 01.03.2017

IIpusedensvr nodpobHble céedenus o Kpumepusx evlbopa mamepuana ons nocmpoenus MIMC — npubopos, pabomarowux 6
duanazone CBY. Bbibop naacmumbsl uepaem 6ajNcHyH0 poib 8 obecneveHuu npocmomst 06pabomku, Ho & cayuae npubopos, pabo-
manwux Ha paduovacmomax, 045 MOYHO2O NPOSHO3UPOBAHUS PAOOYUX XAPAKMEPUCMUK cAedyem makice NPUHUMAMb 60 GHU-
MaHue nomepu, c8A3aHHble C NOAYNPOBOOHUKO080U N00A0MNCKOU. MHmeepayus 31eKmpoHUKU HA 0OHOM Yune Haadeaem 0epaHu-
YeHUs Ha 8blO0p NAACMUHbL. JlemanbHo 06cyxcoaromes c0UCmMea U XapaKkmepucmuku pa3Au4Hoix Mamepuanos, npeooaadarouux
6 CBY MOMC, kpumepuu evi60pa mamepuaia noOA0NICKU, MEXHOAO2UHECKUE ACNeKMbl U 02DAHUYEHUS 8 8blOOpE MAMePUANos 04s
CBY ouana3zona. Coobuaemces 0 paziuyHbix no0xXo0ax, Komopwie, 00HAKO, He OMMEHSIOM HeoOX00UMOCMU NPUHUMAMb 80 GHU-
MaHue neped noCMpoeHuem CXembl NPOUECccybl NPOU3BOOCMEa, 4acmomHuill ouanazon u acnekmol npumerenuss CBY npubopa.

Karueewie caosa: nnacmuna, CBY duanason, muxpossekmpomexanuueckas cucmema (MIMC), kpemnuuil, 6vicokoe yoeavHoe
conpomuenenue

CSILMX, IJIABHBIM 00pa3oM, OT JOCTYITHOCTU MaTepU-
aja " JIeTKOCTU €ro MpOoM3BOACTBA. Tak KakK Mpou3s-
BoacTBO MOMC B 0OJIBIION CTEIIEHU HACTIEAYeT TeX-
HOJIOTUM M3roTOBAeHUsT mHTerpajdbHbiX cxem (MC)
Onaromapsi JDOCTYMHOCTU WHGPACTPYKTYpbl TMPOU3-

BBenenune

OcHOBHBIE TpygHOCTH B TipousBoactBe CBY
MBMC cBsizaHbl ¢ pa3paboTkoii 3¢ ¢heKTUBHON TexX-
HOJIOTMY KOPITYCMPOBaHUS M C BOIIpOcaMu obecrieue-

HIA HagexxHocTtr. O0a 3TU acriekKTa 3aBHUCST OT BBIOO-
pa Matepuaja U TeXHOJIOTMU M3TOTOBJICHUS.

Bribop marepunana — oOuH M3 KPUTUUYECKUX MO-
MEHTOB B TEXHOJIOTHU TIpou3BoacTBa MOMC, 3aBu-
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BOACTBAa M BBICOKOMY Ka4eCTBY MaTepHajioB, TO C
y4eTOM TPOCTOThl MX IMPOU3BOJACTBA W MHTErpaLluu
KPEMHMEBBIC IUIACTUHBI SIBIASIOTCS €CTECTBEHHBIM
BBEIOOPOM.




Tenpenuuu B TexHojgorun CBUC BenyT K mocTo-
SIHHOMY YMEHbIIIEHUIO pa3MepoB TPaH3UCTOPOB; B
npousBoactse MOMC, uayineM B HOTY C pa3BUTHEM
KMOII-cTpykTyp, MOCTEIEHHO MPOSIBISIIOTCSI TaKue
ke TeHICHIIUH, €CJIV TOBOPUTH O OBICTPOM ITPOHMKHO-
BeHUM MOMC-npubopoB B paznuuHbie obaactu [1].

Ceroans B npousBoactBe MOMC ucnosb3yioT pas-
JIMYHbIE MaTepuaibl; MpousBoauMbie MOMC-1ipubo-
pbI HaxoIAT pa3HOOOpa3HOE MPUMEHEHHE OT HMHEep-
LIMOHHBIX, ¢usndeckux nprudopos, CBY TexHuku a0
MEIWLIMHBI M TIp. MarepuajgaMu sl TPOM3BOJACTBA
MOBMC dgBasitoTcsl MOJYNPOBOAHUKU, METAJJIbI, MO-
JIMMEPHI, KepaMHuKa, KOMITO3UTHI, BBIOOP KOTOPBIX
IHUKTyeTCs TPeOOBAaHMSMM 3JIEKTPUICCKON, MeXaHU-
YeCKOl, TeMmnepaTypHOM, XUMUYECKON U MPOU3BOAC-
TBEHHOI COBMECTUMOCTH.

CBY obopynoBaHne — oIHA U3 KIIIOYEBBLIX 00JIac-
Teit, rae TexHojgorun MOMC MmoryT cnocoOCTBOBAaTh
3apOKACHUI0O HOBOTO MOKOJEHUSI BhICOKOA(D®DEKTUB-
Heix CBY cxem. B HacToslliee BpeMsi TPUMEHSIIOTCS
take CBY KOMIIOHEHTHI, KaK IMepekitoyaTesnu, peie,
pe30HaTOpbl, KOHJAEHCATOPhl IMEePEeMEHHOI €MKOCTH,
repecTpanBaeMblie reHepaTOpbl U (OUIIBTPHI.

B CBY nmmana3oHe NmpeanoyTUTENbHBI TUIaHApHBIE
TOITOJIOTUM TIepedadyd CUTHaJa BCIEACTBUEC JIydIIEH
COBMECTUMOCTH C Tpoueccamu mpousBoactsa MC u
MOCTUKEHMS KEJTaeMBIX MWHHUATIOPU3Alln U (PYHK-
LIMOHATBLHOCTU. TOIMOJIOTHS KOIJIaHAPHOTO BOJIHOBO-
Jla — TIpeamnodTuTeNnbHas nepenaromias cpega B CBY
MOBMC oOnarogapss MUHUMAaJIbHOMY BJIMSIHUIO IIOM-
JIOXKKH Y MPOCTOTE U3roToBIeHMs. [1pennouTuTebHbI
MMOUTOKKHN C MaJIbIM TAaHTEHCOM YIJIa IOTEPhb, BHICO-
KVM YIeJbHBIM CONMPOTHBIEHUEM M 0OpabOTKOM IO-
BEPXHOCTHU Ha ypOBHE TpeOOBaHWU K MOJYIPOBOIHU-
KaM; caMble pacIlpoCTpaHEHHbIe — TJIACTUHBI U3 TEpP-
MHMYECKH OKHCIIEHHOTO KPEMHUSI C BBICOKHUM YIEThb-
HBIM conpoTusieHueM (high resistivity silicon, HRSi),
n3 GaAs wim crexina. B ciayyae okuciaenHoro HRSi
3 PEeKTUBHOCTh OTPAHUYMBAETCSI HAKOIUIEHUEM 3apsi-
Jla Yy TpaHUIlbl OKCUA—KPEMHUIA.

B HacTosiiiee BpeMsl JUISI M3TOTOBJIEHUSI CXEM
MBMC B CBY nuana3oHe, KpoMe TeXHOJIOIMH, OCHO-
BaHHOI Ha ucrnoJjib3oBaHuM mnactTuH HRSi, mpumensi-
10T ¥ HAJIOKEHHE 60JIee TOJICTOTO N30JUPYIOIIETO CIIOS
(>20 MxM) moBepX KpemMHus [2, 3], U MOKpBIBAIOILIUIA
TOJICTBIM CJIOM MOJUUMMIA, U ME3aTPaBJICHUE, U 3a-
nojHeHue. Ho Bce 3TU TeXHOJOTUM MPOILIECCOEMKHE U
TIPUBOISAT K CXJIOMBIBAHWIO W TIOHMKEHMIO CTETICHU
IJIAHUPU3ALUM U OOJIBIIIMM TTOTEPSIM.

Br16op MaTepuana mouioKKy UrpaeT BaxkHYIO POJib
B (opMUpOBaHUU OOIIMX PabOUYUX XapaKTEPUCTUK
CBUY ycTpoiicTB, TaK KaK yBEIMYEHUE YaCTOThI HATIPSI-
MYIO CBSI3aHO C Bo3pacTtaHueM ToTepb [4]. OOBIYHO
ucrojb3yeMbie ractuHbl 111 CbUC/MBMC-cTpyk-
Typ — KpeMHuit Ha uzonstope (SOI), kpeMHui Kitacca
KMOII, SOS u np. OG1IenpuHATO UCNOAb30BaHUE B
CBY nuamazoHe MjiacTWMH C BBICOKMM YIEIbHBIM CO-

npotusieHueM (p > 2 KOM * cM). OCHOBHBIM OTpaHu-
YEHUWEM B WCMOJIb30BAHUM TaKWUX TIJIACTUH SIBJISIETCS
coBMectuMocTh KMOII-Tpan3uctopa 1 MOMC-npu-
O6opa 1g cOOpPKM Ha OJTHOM YWIIE WU COXPAHEHUE BbI-
COKOI'0 yIEJIbHOTO COIMPOTUBJIEHUS MPU BbICOKOTEM-
MepaTypHbBIX OIepalusx. DTO 3aTpyAHEHUE TTPUBEIO K
pa3paboTKe aJlbTepHATUBHOM TEXHOJOTMU WJIM MaTe-
puasia IS MPEoJ0JeHUsI OTpaHUUYEHKS, HajlaraeMoro
BBICOKMM YJEJbHBIM CONPOTUBJIEHUEM BCJIEICTBUE
MaJIO KOHLIEHTPAILIU TIPUMECEN.

B npennaraeMoii ctaTbe AeTaibHO OOCYXXIEHBI ac-
MEKTbI, KOTOPBIE CIeAYeT YUYUThIBATh MIPU IMTOCTPOCHUU
CBY cxem minss MOMC-cTpyKTyp, U CBOMCTBA, UMe-
IollMe 3HaUYeHue 1151 peanusanuu cxeMm MOMC B pas-
JIMYHBIX YAaCTOTHBIX AUAITa30HAaX.

Bri6op nmomnoxek aig cxem MOMC
B CBY auana3one

ToyHOCTh COOMIOAEHUST ILUIMPUHBI CHEKTPaIbHON
JIMHUM U JJIMHBI pabouero 3azopa omnpeaensieTcsl Ta-
KMMU MapaMeTpaMy MOIJI0XKM, KaK Kjlacc o0paboT-
KM TIOBEPXHOCTU, U MPOU3BOACTBEHHBIMHU TIpoliecca-
MM, TAKMMM KaK MeTaJlin3alus 1 GopMUpOBaHUE PU-
cyHka. JIpyrue rnmapameTpbl NOMIOXKHA — TAHTEHC YIJIa
NoTepb, U30TPOINUSI, YCTONYMBOCTb OUINEKTPUYEC-
KO MOCTOSIHHOM, yAeJbHas TEIIONPOBOAHOCTD, TTOJIe
npobosi, MexaHUYecKasi TPOYHOCTh U XMMMUYECKas yC-
ToilunBOoCTh. Hanboublre morepu, CBSI3aHHBIE C Bbl-
COKMMHU 4YacTOTaMM, — 3TO TOTEpPU B MPOBOIHUKE U
JIU3JEKTPUUYECKHUE TOTEPU, 3aBUCSIIME OT MaTepuasna
MOJJIOXKKM, TOT/Ia KaK M3JIydaTeJibHbIE IMOTEPU CBSI3a-
HBI, B IIEPBYIO OYEpElb, C BHYTPEHHEH MOJISIpU3ALIUCH.
ITotepu B uzonupyrouux CBY marepunanax, Takux Kak
KBapll, OKCUJ aJIlOMUHUS U camndup, NepeKpbiBaloTCs
pellakcalueit u3-3a Majioil BeJIMYMHbBI CBOOOIHOTO 3a-
psina. IToTepu B MpOBOJHMKE W TaHTEHC yrja MoTepb
WUTPaOT BaAXHYIO POJib, KAK M TTOBEPXHOCTHOE yIEb-
HOE COMpPOTUBJICHUE, 3aBUCSIIEe OT Ne0aeBCKOro pa-
Juyca 3KpaHUpOBaHUs. B KpeMHUM U apceHuje raj-
st (GaAs) 1oist CBOOOIHOIO 3apsifa 3HauMTeIbHa, 1
5TO MPUBOAUT K MOTEPSIM B MPOBOAHUKE.

MUKPOITIOJIOCKN M KOIIJIaHAPHBIM BOJHOBOI, SIBIISI-
IOTCS MPEANOYTUTEbHBIMUA CpelaMu IepeJadn, Tak
KaK B HUX MPOUCXOAUT pacIpocTpaHeHWE KBa3HUIIO-
MEePEeYHBIX 3JeKTpoMarHuTHhIX (quasi-TEM) BojH, HO
3aTyxaHWe Ha eMUHUIY JUTUHBI JUTHUY B KOTUTAHAPHOM
BOJIHOBOJIE OOJIbIIIE, YeM B MUKPOIIOJIOCKOBOM JIMHUU
BCJIEACTBME KpaeBbIX 3P PEeKTOB.

OCHOBHOE TMPEUMYIIECTBO IOJYITPOBOAHUKOBOM
nomtoxky B CBY nmmamna3oHe COCTOUT B COKpallleHUn
pa3MepPOB CXeMbI Oyarogapsi BBICOKOM IURJIEKTpUYEeC-
Koit mpoHuiiaeMoct. Ho BbICOKast muaneKTpuuecKast
IIPOHMIIAEMOCTb YCUJIMBAET IePEeKPECTHbIE UCKaKEHUS
Mexay TnHusSIMU U moHvkaeT KITJI anteHHbl. IMeroT
3HayeHue U 3¢p¢GeKThl 0a130cTU. YTOOBI YMEHBIIUTD
3T 3P@EKTH, MEXIy MPOBOIHUKAMMU JOKHO OBIThH
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JocTtaroyHo TpoctpaHcTBa. Ele
OIWH AacCIleKT, KOTOPBIA CcleayeT

|
NPUHUMATh BO BHUMAaHHE, — BbI-
6op Marepuana MPOBOAHMKA U €ro )
TommmHa. HaHeceHue CITOeB MeTal- dirgap

Jla HEIOoCPeNCTBEHHO Ha KpeMHUe-
BYIO MOMJIOXKY MPUBOIUT K 00pa3o-
BaHuwo Oapbepa IIIOTTKM M MOXKET
3aBEPLIMTHCS BO3SHUKHOBEHUEM BbI-
OpOCOB HaIPSDKEHMsI Ha ITOJIYIIPO-
BOJHUKOBOM I€PEXOIE U OCAKACHN -
eM KpeMHus. B ciyyae nmomioxku u3z GaAs Takue Ma-
Tepuaiabl, Kak Au 1 Zn, o0pa3yloT OMUYECKHE KOH-
TakThl, Toraa Kak Ti, Pt u W nmpuBoasiT Kk o0pa3oBaHUIO
koHTakToB IllorTku. Cnoii uzonsauuu tuna SiO, Ha
MOJIJIOKKE BbI3BIBAET MEXUHTep(eicHble MOTepUu U
ITOTEePH B MOIJIOXKKE, a TAKXKE BHYTPEHHUE,/COOCTBEH-
Hbl€ Y BHEIIIHWE,/TIPUMECHbIE ITOTEPU KPEMHMUSI, 00yC-
JIOBJIEHHbIE KOHEYHBIM YICIBHBIM COIPOTUBICHUEM
[5]. Mmeer 3HaYeHME M TOJIIMHA M30JUPYIOLIETO
CJ10s1: ee CeAyeT ONTUMU3UPOBATh, YTOObI YMEHBIIUTH
Mapa3vuTHbIE EMKOCTU Ha BBICOKHX YacToTax. Bzanmo-
CBSI3b MpeJESbHOM YaCTOThl U yAEJbHOTO COMPOTUB-
JIEHUS TIOTOXKKHM MOXKHO BBIPa3uTh Cieayolieit pop-
MYJIOM:

Je = 1/(2npe), (I

IIe p M & — COOTBETCTBEHHO YIEIbHOE COMPOTUBIIC-
HUE U AUDJIEKTpUYecKas MPOHUILIAEMOCTb KpeMHUe-
Boit momymoxxku. Hag morepssmu B HRSi nmpeobnangaror
[MOTEPH B MPOBOAMMOCTH, U B 3aBUCUMOCTH OT COIPO-
TUBJIEHUSI TIOJUIOXKHU CYILIECTBYET OIpeneicHHasT Tpa-
HUYHAsT 4acToTa, OTOEJISIOIAsl TIOTePU B MIPOBOIHUKE
OT IVDJIEKTPUYECKHX MOTEPb.

BEBIGODP MOJI0KKM — OTBETCTBEHHBIN 3Tar, U LieJIb
MMOKCKA — TTOJIOKKA C MaJIBIM TAHTEHCOM YIJIa ITOTeph,
BBICOKMM YIEJbHBIM CONPOTUBIEHUEM M YUCTOTOM

Puc. 1. CTpykTypbl, BO3HHKAIOIIME B MOJJIOKKAX M3 KpeMHus u GaAs mocjie MEKpomMexa-
HHYECKOit 00padoTku [7]

MOBEPXHOCTHU MOJYIPOBOAHUKOBOTO Kijiacca. OObIy-
HO B KauecTBe NMomIoXKU ucroiab3ytor HRSi, GaAs,
raBiaeHbl KBapil U T.1. CylllecTByeT ajbTepHaTHBa
5THUM IOJIOXKKAM: MOHHOW MMILIAaHTalMEN MpOTOHA-
mu kpemMHust KMOTI-knacca Toxe BO3MOXHO obecre-
YUTh BHICOKOE YAEIbHOE COMPOTUBIIEHUE, U 3TOT IIPO-
Iecc TakKe COBMECTMM c mpou3BoacTtBomM KMOII-

cTpykTyp [6].
Konnenuus MEKpOMeXaHHYECKOH 00padoTKH

CylecTByeT ABa OCHOBHBIX ITOAXOna, Haumbosee
pacripocTpaHeHHbIX B npousBoactese CBY MBOMC:
00BbeMHas1 ¥ ITOBEPXHOCTHASI MUKpOMeEXaHUuYecKast 00-
paboTka. [1TaBHOE TOCTOMHCTBO O0BEMHOM 00PabOTKMN
B TOM, YTO OHA MO3BOJISIET YIAIUTHh MaTepral MOITOX-
KW, KOTOPBbIH BBI3BIBAET MMCIIEPCUI0 CKOPOCTU pac-
MPOCTPaHEHUs] BOJHBIL. DTa TEXHOJOTUS ITO3BOJISIECT
paclIMpuTh Auana3zoH pabouyux yactor go 110 I'Ty
(W-niosioca) ¥ MOAXOAUT IJISI TTOCTPOEHUSI PEIIEeTOK
CBY natu-anTeHH. [ToBepXxHOCTHAs 06paboOTKa MpU-
MeHsieTcsl B ocHOBHOM B Tonosiorusix CBY nepekito-
yartejieil u pazoBpaluareneil. Marepuasbl, U3 KOTOPBIX
u3rotoBysitoTr MOMC, npuBeaeHs! B a0, 1.

O0beMHass MUKpoMexaHnyecKast oopadotka (puc. 1)
O6osee momnyisgpHa mipu wusrorobieHum CBY ycr-

Tabnuua 1
Table 1

Marepuanist MODMC
MEMS Materials

Koadduuuenr repmutie- | yrenpuas terutonpoBogHocTs | VaeabHast Temo- | HIOTHOCTD, | VienpHoe compo-
Marepuan CKOIO pacuLIMpeHusl, 106/K npu 300 K, Br/m* K eMKOCTb, JIx/Kr*+ K KM 3 tuBieHue, OM * M
Materials Thermal expansion Thermal Conductivity Specific Heat, Density, Electrical
coefficient 10°/K at 300 K, W/m- K J/kg+ K Kg-m™ resistivity, Q-m
Si 2,6—3,1 150 700 2330 2330
Sio, 0,5 1,4 1000 2200 1012104
SisNy 3,3 30 1100 3270 100—10"
SiC 3,9 111 667 3210 31,66 108
Hukens 13 90,7 0,44-10° 8900 6,8-1078
Nickel
Pt 8,8 70 130 21 090 10,6-107%
Au 14 295 130,2 19 300 2,2+ 108
Bo3sayx 3430 0,024 1,0005 - 103 1,239 1-10'8
Air
TMomukpemHwmin 2,8 29—34 702 2330 3,22 - 1077
Poly silicon
TMopucThIii KpeMHMI 2 1 850 466
Porous silicon
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CITNTOK

Poct kpuctanna ----— MoHokpucTtann----—[loBogka kpuctanna un ----- — lMnockoe wnudgoBaHne -|

anmasHasi obpaboTka

I

—Peska nnactuHbl—3akpyrneHve kpomok — LUnudgosaHne —MNputmupka — TpaBneHue nnactuHbl — MonnpoBaHne

Puc. 2. DrTanbl 00padoOTKH MIACTHHBI

pPOWCTB, B YaCTHOCTH, NTaTY-aHTEHH, OJ1aronapsi pe3ko-
MY YMEHBIIIEHUIO CBSI3aHHBIX C HENl JUIIEKTPUIYECKUX
NOoTepb, MEHBILUEH OUCIIEPCUA U MEHbIIEH YyBCTBU-
TEJIbHOCTU K U3BMEHEHUSM B TUJIEKTPUUECKOW TTPOHU-
LIAeMOCTU TIOMITOXKU. M30TpornHoe TpaBieHUE KpeM-
HUS OCYILIECTBJISIIOT CMECBHIO TIJIAaBUKOBOM, a30THOU U
ykcycHoit kuciotr (HNA). AHU30TPONHBIMUA MOKPbI-
MM TpPaBUTEISIMMU TIPU MUKPOMEXaHUYECKOW obOpa-
ootke sapasiorcs KOH, EDP, TMAH u ruapasuH,
npudyeM o0bryHO ucnoansyror TMAH ((CH;3)4NOH),
TaK KakK 3TOT TPaBUTEJIb COBMECTHUM C TEXHOJOTUEN
KMOII, a vOHBI 1IEJOYHbIX METa/UIOB pa3pyllaroT
KMOII-crpykrypsl. TpaBiaeHue OOBIYHBIM THUIPOKCH-
nmom menogHoro metamia (KOH) maer wyeTkuit pucy-
HOK, HO CYIIIECTBYET BEPOSITHOCTb 00pa30BaHMsI MUpa-
MUAQIbHBIX BCIYYMBaHMI (XOJIMUKOB) Ha TpaBJIEHOM
MOBEPXHOCTU U CKBO3HBIX OTBEPCTUM B TPaBJICHOM
MeMOpaHe (Mpy TpaBJIeHUM TUApPa3MHOM). PacTBopbl
sTwieHarnamMuHa — nupokarexuHa (EDP) u rugpasu-
Ha KaHLEPOTEHHbl U TOKCUYHBbI. Xumukarel EDP n
TMAH, maBast r71agKyIo IIOBEPXHOCTh, OKa3bIBAIOT MU-
HUMAJIbHOE BO3IEUCTBUE HA OKCUIHBINA CION.

Tabn. 2 mpencraBiaseT CpaBHUTEIbHBI aHaAIMU3
OOBIYHBIX MAaTEPUAJIOB TOJIOXKU U TOTIOJIOTUH, TTOJTY-
yaeMble MOKPBLIM TpaBJIEHUEM.

Pa3meps! nacTun

ITpu BeIOOPE MOMTOXKKHM AJisI TTpou3BoacTBa MOMC
PYKOBOJCTBYIOTCS COOOpaXXeHUSIMU TIPOCTOTHI CO3/1a-
HUSA 3D-CTPYKTYp C OMOIIBIO MOKPOTO TPaBIIEHUS U
MUKPOMEXaHNYECKOIl 00pabOTKM, UTO OTJIMYAET IIPO-
u3BoAcTBO MOMC oOT cTaHAapTHOro Ipoluecca Mnpo-
usBoactBa MC. TexHonorus CBUC crpeMuTeabHO
MmpoaBuraercst ot auamerpa uuma 200 MM K IuaMeTpy
300 MM, OoJsiee BBIUTPHILIHOMY B OTHOILIEHUU LIEHbI, U
B TOM K€ HaIlpaBJ€HUH IBUTAETCs MPOU3BOACTBO CXEM
MbBMC.

YBenuueHrve pa3MepoB ILJIACTUHBI CBSI3aHO C ee
VTOJILLIEHUEM U YTSKEJIEeHMEeM, KaK MokKa3aHo B TabJ1. 3.
TonmuHa MOMIOXKKU UTpaeT BaXHYIO POJIb B TeMIIe-
paTypHBIX 3(ddeKTax, IMoTepsIX Ha paclpocTpaHeHHUeE,
pacrpocTpaHeHUU B peXMME BBICLIEro MOpsaKa, CO-
OTHOIIEHNY UMIIeJAaHC/IIUPIHA TTOJIOCHI M B XPYITKOC-
TH TIJTACTUHBI.

Bribop momioxky u ToammHbl mactuHel B CBY
MOBMC 3aBuUCUT OT paboueil 4acTOTbl U KPUTEPUS
paccesiHUSI MOIITHOCTU. bosiee TosicTast moaioxka yBe-
JIMYMBAET TIOTEPH Ha M3TYyYeHHE W TMOHUXKAET TeTUIO-
MPOBOAHOCTb. YMEHbIIIEHUE TOJIIUHbI U Pa3MepoB

pubopa NpUBOAUT K 0ojiee peHTaOeIbHBIM pelleHH-
sIM, TaK KaK CTOMMOCTbh W3TOTOBJIEHUSI OJHOIO 4uma
Mpu rPyIMnoBoii 06paboTke MpsIMO MPONOPLMOHATbHA
ero oobeMy. Jy1st KpeMHUST OCHOBHBIE 3Tambl 00padoT-
KM TUIACTHMHBI TIPEACTaBIeHbl Ha puc. 2.

OOpaboTKa IIIaCTUH OOJIBIIETO AuaMeTpa Mpeid-
CTaBJISIET ONpe/ieIeHHbIE TPYIHOCTU: HEOJHOPOAHOCTh
00pabOTKM U BOBHUKHOBEHUE TEPMUYECKUX HATIpSIKe-
HUI U3-3a paJuajbHOTO rpaueHTa TeMnepaTyp, mpu-
BOJSIIIME K CMELLIEHUIO, TIPOCKAIb3bIBAHUIO U UCKPUB-
JICHUIO TIJIACTUH.

Boi0op maacTuHbl

CraHpapTHasi KpeMHUeBasl TOIOXKA (BbIpallleH-
Has MeTogoM YoxpajabCKoro) o0amaeT yaeIbHbIM CO-
npotusiaeHueM 10 Q < cM, U TIpU YacToTax, MpeBbIlIa-
omux 1 I'Tw, TommmHa CKMH-CIIOS IIPEBHILIAET TOJI-
LIMHY NOJJIOKKH, YTO MPUBOIUT K PACIPOCTPaHEHUIO
CBY notepsb Ha BCIO MOIOXKY. YIEIbHOE COMPOTHB-
JIEHUE BBICOKOPE3UCTUBHOM MOIOXKKM Ha IBa MOPSII-
Ka BbILIE YAEJbHOTO COMPOTUBICHUSI CTaHIAPTHOM
TTOJTOXKKM, M3TOTOBJIEHHOM IO TEXHOJOTUM HU3KOJIE-
TMPOBAHHOTO KPeMHUsI, T. €. TiaBatoleit 30Hb1 (113),
ui MeV MOHHOI MMILIaHTaluMuel MPOTOHOB.

Ta6auua 2

Table 2
Marepuassi CBY noaJioKKu ¥ COOTBETCTBYIOIIHE TPABUTEH

RF substrate material and subsequent etchants

Marepuan XUMUKATHI 1151 T
OTIOJIOTUSI
MOMIOXKM | MOKPOTO TpaBJIeHHsI Remarks
Substrate material Wet chemistry
GaAs H,S0,/H,0,/H,0 AHU3OTpOINHas
C LIEPOXOBATOCTSIMU
Anisotropic
with roughness
Crexio/KBapit HF W3zorpomnHas
Glass/ Quartz C 1IEpOXOBATOCTSIMU
Isotropic with roughness
Kpemunii/HRSi KOH/TMAH AHM30TpOITHAS ¢ TJIa-
Silicon/ HRSi KOU TIOBEPXHOCTHIO
Anisotropic with smooth
surface
Tabauua 3

Table 3
CooTHomeHns pa3Mepa W MacChl IIACTHHBI

Comparative chart of wafer size vs weight

Pasmep/TonuHa riactuHbl (Si) Macca miacTuHsbl, T
Size/Thickness Weight, g
4"/525 MM (um) 9,5
6""/675 MKM (um) 25
8"/725 MkM (um) 53,4
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AJNbTEpHATUBHBINM TOAXOA — WCIOJb30BaHUE MO-
puctoro kpeMHus [8], 4To Takxke COBMECTUMO C TeX-
Hosiorueit nonyyeHuss KMOTII-cTpykTyp 1 MOXeT, Ha-
psily ¢ YMEHBIIEHMEM TNEPEKPECTHBIX MOMEX, rapaH-
TUPOBaTh HEOOXOIMMOE 3JIEKTPOMAarHUTHOE 3KpaHU-
pOBaHME.

Eile omHa BO3MOXHOCTh COCTOUT B MCIOJb30Ba-
HUM TTOJKUSI 1 aMOP(MOHOTO KPEMHMSI, HO Y HUX BBICOK
YPOBEHb BHYTPEHHUX HAIPSXKEHUA U OHU HECTAOUJIb-
HEI TIpu Temneparype Boiie 250 °C.

B MOMC-TexHOJIOTUSIX UCIIOJb3YIOTCS pa3HO00-
pa3HbIe TIOAJIOXKKHM, TaKue Kak KpemHuil, GaAs, cTek-
JIo, cuMKoH. CTaHAapTHBIMU CBOMCTBAMU TUIACTUHBI
SIBJISTIOTCSI:

e yaelnbHOe cornpotusieHue (OM * cm);

e JIeTHpYIOIIAsl 100aBKa;

e TIJIOCKOCTHOCTh/TUIAHAPHOCTD (ITIOBEPXHOCTU);

e OpUEHTALUS KPUCTALIA;

e JIOBOJKA MOBEPXHOCTU (MKM);

e TOJIIIMHA IJIACTUHBI (MKM);

e MeToj BoipalBaHus (mo Yoxpanbckomy/T13);

e JMAaMeTp IUIACTUHBI (MM);

e cCoOllepxKaHUe KUCIopoda U yriepoaa (ppm);

e U3rMO, WCKpUBJICHUE/KOPODJIEeHNE, KOHYCHOCTD

(MKM);

e DpaIMaIbHOE U3MEHEHME YAEIbHOIO 3JIEKTPUIYECKO-

TO CONPOTUBJIEHUS;

e u3MeHeHue obuieit TonuHel (TTV);
e JucCIIOKaLUU (Ha CM2).

OCHOBHOI CTaHIAPTHBII TTOKa3aTes b, KOTOPbI OT-
JINYAeT KPEMHUU OT BBICOKOPE3UCTUBHOTO KPEMHUS, —
yIeJbHOE COMPOTUBJIEHUE. B anuTakcHaibHbBIX Tjac-
TUHAX TOHKWAUW SMUATAKCUATBHBIA CJIOW MMEET OPYyroe
COTPOTUBJIEHUE, YEM BCS Macca TOJJIOXKHU, OJHAKO
MOTepU, CBA3aHHBIE C KOHEUYHBIM YAEJbHBIM COIPO-
TUBJIEHUEM, BCE XK€ MPUCYTCTBYIOT.

Jpyroii BO3MOXHBIN BUJ TJACTUHbBI MPEICTaBIsIeT
SOI (xpeMHUIA Ha U3OJISITOPE); TEXHOJIOIUSI U3TOTOB-

genusi SOI-noanoxek ¢ wucnojb3zoBaHueM SIMOX
(KpeMHUsI, UMIUJITAaHTUPOBAHHOTO KMCJIOPOAOM) U
COEIMHEHHBIX TUTACTUH IIPUMEHSIETCSI B IIPOU3BOICT-
Be UC.

ITpu nmpumeHeHun SOS (kpemHMsI Ha carndupe)
candup MCKIOYaeT OTEPU, CBI3aHHBIE C MOJIYU30-
JIUPYIOLIUM KpPEeMHUEM; JO00ABOYHBIM MPEUMYIIECT-
BOM IIPH 3TOM CJIYKUT BO3MOXHOCTh MCIIOJIb30BaHUS
MESFET-texHonorn, HO OrpaHWYEHUEM SIBISIETCS
BHYTPEHHSISI aHU30TPOITHOCTD, CBSI3aHHASI C HUM.

Ilo cpaBHEHUIO CO CTaHAAPTHOM MOMJOXKON M3
oKcuaa ajJloMUHUS ¢ KO3(pGULIMEHTOM 3aTyXaHus
5-107% (10 I'Tx) moTepu B KpeMHUU CYLLIECTBEHHO 13-
MEHSIIOTCSI C UBMEHEHHWEM YIeJIbHOTO COMPOTUBIICHUS.
YnenpHOe COMPOTUBICHUE TOMJIOXEK M3 BBICOKOpE-
s3uctuBHOrO KkpeMHusi HRSi numeer nopsimoxk Bennuu-
b1 1073 o CpaBHEHUIO C 1074 Yy KPEMHUSI C yIeJIbHBIM
conpotusieHueMm 10 kQ - cm [9].

s yMeHbLIeHUS BAUSIHWUSI HU3KOTO YAEJIbHOIO
COIPOTUBJIEHUSI KPEMHUEBOU TOMIOXKKH, MOJTyYEeHUS
JIYUILIUX 3JEKTPUUYECKUX MoKa3aTesieil, OMTHOPOJHOCTHU
YU TPaHYJISIPHOW CTPYKTYpbl TPUMEHSIOT COYeTaHUe
TOJICTOTO OKCHUJIHOTO CJIOSI C TUIACTUHOM BbICOKOIO
VIEIBHOTO CONPOTUBICHUS.

Oomue cBoiictBa CBY mMarepuaioB npeacTaBieHbI
B TabI. 4.

IIpu BBIOOpE MIACTUMHBI, KOTOPBIM HUIpaeT O0Jb-
LIy POJib, MPUHUMAIOTCSI BO BHUMaHUE pa3jiuyHbIe
BJIEKTPUYECKHE CBOMCTBA MaTepUAJIOB.

ITpuBnexaTenbHbIM MaTepuagoM noaaoxku B CBY
Irara3oHe SBJISIEeTCS CTeKIIO Oaromapsi ero BEICOKOMY
yIeJIbHOMY COMIPOTUBJIEHUIO U JellIeBU3HE (3TO CaMblit
JlellleBbIi U3 Bcex MaTepuasioB). OTpaHUYEHUSIMU IS
WCIOJIb30BAHUSI CTEKJISIHHBIX TUIACTUH SIBJISIIOTCST UX
MaJlasi MexaHuuecKasl IpOYHOCTb, IJIoXasl TEeIJIOIpo-
BOIHOCTb M pa3IMUHbIe TOTEPU: Ha DJIEKTPOIPOBOI-
HOCTb, pejlaKcallMOHHbIe, BUOPALIMOHHbIE U CBSI3aH-
Hble ¢ HUMU AedopMaliMoHHbIe motepu. Habmonae-

Tabnuua 4
Table 4
OO0mue cBoiicTBa MaTepuaioB nomiioxek 1is CBY npudopos
Common properties of various substrate materials for RF
CBoiicTBO ) [Monynzomupytommii | [Momynzonupyrommii Oxcun
Characteristic GaAs Si L. GaAg .. GaA§ aIIOMUHI
Semi-insulating GaAs | Semi-insulating GaAs Alumina
JusnekTpryecKkasi OCTOSTHHAST 12,9 11,7 12,9 11,7 9,7
Dielectric constant
JusnekTpuyecKue moTepu 0,003 0,0025 0,003 0,0025 0,0001
Dielectric Loss
TnotHOCTD (r/cM’) 5,32 2,33 5,32 2,33 3,00
Density (g/cm)
YnensHast TertonpoBogHocTh (W/eMm - K) 0,48 1,45 0,48 1,45 0,37
Thermal conductivity (W/cm + °K)
YnenpHOE 31eKkTpudeckoe conportusieHue (OM * cm) — — 107—10° 103—10° 1011—10M4
Resistivity (Q + cm)
TTOIBUKHOCTb IEKTPOHOB (cM2/V * ¢) 4300 700 — — —
Electron mobility (cm*/V-s)
HacwlieHHast CKOpocThb npeﬁg)a 3JIEKTPOHOB (CM2/C) 1,3-107 | 9,0~ 10° — — —
Saturated electron velocity (cm“/s)
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Tabnuua 5
Table 5
XapakTepHuCTHKH CTEKJISHHBIX MOII0XKEK
Glass substrate characteristics
usnext- Tpuxaop- YnenvHast
puyeckas STIWIEH ngzj[jx-?cr)[cp'rob_
Martepuan npoHulae- (ppm/°C) Lo
Material MOCTb (&) tgd B;l{ M ?
Permittivi- TCE con dii;:ntz:i ty
v (e,) (ppm/°C) (W/m- °C)
CrekjiokepaMrKa 6,0 0,0050 8,6 0,75
Ceramic glass
Pyrex® 7740 4,6 0,003 3,25 1,13
(Corning® 7740)
Pyrex 7740
(Corning 7740)
[naBneHbI KBapIt 4,0 0,0001 0,5 1,58
Fused quartz
BopocunukaTHOe 43 0,0047 3,3 1.1.4
CTEKIIO
(Corning® 7050)
Borosilicate
(Corning 7050)
HarpueBo-kaib- 6,0 0,02 0,94
LIMEBOE CTEKIIO
Soda lime

MOE pacxoXIeHue MeXay pe3yabTaTaMu U3MEpPEeHUI U
JAHHBIMU, TIONIYYeHHBIMA Ha MOIEIM, B IHaNa30He
pPagrMoyvacToT OOBSICHIETCS UMEHHO 3TUMU MOTEPSIMU,
M3MEHSTIOIIMMICS OT TUIACTUHEI K TutactuHe. [lotepn
B IUIaBJIEHOM KBaplie B 1,8 paza MeHbliIe, YeM B CTEK-
Jile, HO M3 KBaplia TPYAHO M3TOTOBHUTH JETaIU C TOU-
HBIM COOJIIOICHUEM KpaliHe MaJibIX pa3MepoB.

B Tabn. 5 npuBeneHoO cpaBHEHUE XapaKTepPUCTUK
CTEKJISTHHBIX MOIOXEK.

BopocunukatHoe cTeks10 — aMop¢hHOEe TBEPIOE Be-
1iecTBo, conepxkauiee SiO,, 6Op U Apyrue 3JIEMEHTHI,
KOTOpbIE TO0ABISIOT IJII U3MEHEHMSI TePMUYECCKUX,
MEXaHWYECKNX W XUMHYECKNX CBOMCTB CTaHIAapTHBIX
CTEKOJ.

Ele omuH acmexkTt, KOTOpBIA CleAyeT paccMaTpu-
BaTh IPH BEIOOPE MaTepHala IMOMIOXKN, — MUKPOME-
XaHu4yeckass oopaboTrka. MukpoMmexaHudyeckasi obpa-
00TKa KpeMHUSI XOpo1l1o pa3padoraHa. Bo3aMoxHo Kak
MOKpO€, TaK U CyXO€ aHHU3O0TPOITHOE TpaBJEHME, HO C
IPYTUMU TTOITIOXKKAMU 3TU METOIBI HEOCYIIIECTBUMBI.

Pa6oune xapakrepuctakn B CBY nuanazone

INoTepu B KpeMHMEBBIX TUIACTMHAX MOTYT BapbUPO-
Bath oT 17 nb/cm nmisa nmomnoxek kinacca KMOIT no
<1 ngb/cm nnsg HRSi; B cayyae nmpsIMOro KOHTaKTa Me-
TaJUIMYECKOro CJI0s1 ¢ MOMI0XKOoii/6a30ii 13 HRSi Ha
yactorax oT 1 go 35 I'T'u morepu moryr yoGwIBaTh 10
0,1...0,2 nb/cm [10]. Mcroas3oBanue HRSi Tpebdyer
OCaXNIeHUs1 U30JUPYIOILEero MacCUBUPYIOILLETO CJIOsI
nepen cozganueM CBY MOMC — cxembl miIs1 UC-
KJIIOYEHUS 31€KTPOMPOBOIHOCTU MEXKIY METaLIAYeC-
KMMM 3JIEMEHTaMU U TIPO0O0ST BHITIPSIMIISIIOIINX KOH-
TaKTOB META/LTI—IOJIYITPOBOIHUK, HO HAIMUYUE TAKOTO
CJI0S1 TIPUBOIUT K HAKOIUIEHUIO 3apsiiOB y TPAHUILIBI
OKCUJI—KPEMHUI.

Tabu. 6 npeacTaBisieT CPABHUTEIbHBIN aHAINU3 T10-
Tepb B JUHUSIX Mepeaayn Hag OObIYHO MCHOJb3YEMBbI-
MM TOJUTOKKAMM

Kopnycuposanne CBY MOMC-nipubopa Takxke
MMEET KPUTUYECKOE 3HAUYEHHE, U INTABHBIM COOOpaxke-
HUEM IPU BeIOOpE criocoba KOPITyCUPOBAHMS SIBJISIET-
csI TO, UTO M3-3a HErO He JOJIKHBI OCTpagaTh paboune
XapakTepUCTUKM TTpudopa.

HNpeansubiM pist CBY MOMC-npubopa sBisieT-
cs1 KoprniycupoBaHue ypoBHs (0 (HazbiBaeMoe "thin-film
capping” v "chip capping"), Ipu KOTOPOM 3alllUTHOE
MOKpbITUE (OPMUPYETCS Ha TIJIACTUHE COPa3MEpPHO
npudopy. KoprycupoBaHue HYJIE€BOIO YpOBHSI obec-
TTeYMBACT 3alIUTY OT CYPOBBIX YCIIOBHIT BO BPEMSI pe3-
KU, DKpAaHUPOBAHMSI U MPUPAOOTKU/CTapeHus], OT OK-
pyKalollei Cpebl, JIETKYIO MHTETPALINIO ¢ BHEITHUMU
nHTep(pENCHBIMY TIpolleccaMi W MUHUMAJIBHOE BJIV-
sHue Ha paboure CBY xapakrepuctuku. bnaromaps
3TOMY METOMy KOPIyCUPOBaHUS IIaBHBIM MTPEAMETOM
paccMOTPEHMS OCTaeTcsl pa3paboTKa MepexoaoB ¢ Ma-
JIBIMA TIOTEPSIMU M CHIDKEHHUE TTOTEPh OT PaCCTPOMKM
JIMHWIA TIepenaydu.

BaxeH Takxxe BbIOOp MaTepuaia 3allMTHOIO MOK-
pPBITUSI; HAaHECEHUE TOKPBITHSI C MCIOJIb30BaHUEM
oeH3oLukia00yTeHa (BCB) B KauecTBe CBSI3YIOIIETO U
TEePMETU3UPYIOIIETO CJIOS TApaHTUPYET, TTIOMUMO JIy4-
mwmx CBY xapakTepucTUK, MUHMMAaJIbHYIO era3aiuio
(ob6esraxkvBaHuEe) U MaJjioe BJjarororyioiieHue. B ka-

Tabauia 6
Table 6

CpaBHeHHe NOTEPh B JHHHAX NEpeaadd Hal Pa3IHYHbIMH MONT0KKAMA
Comparison of transmission line losses over various substrate

[Tonyoxka
Substrate

[Torepu (nb/cm)
Losses (dB/cm)

[Tpumeuanue
Remarks

CraHaapTHBII KpeMHUIA 17 (1...35 I'Tu (GHz))
Std Silicon

HRSi ¢ uzonupymoimmm cioem
HRSi with insulating layer
Hemnocpencteenno Ha HRSi
Direct on HRSi

1 (1...35 TTu(GHz))
0,1—0,2 (1...35 I'Tu (GHz))

Crexiio <2,5 (X-monoca)
Glass (X-band)
Oxkcup aTroMUHUS <0,1
Alumina

Bonbline norepu u3-3a MaCCUBHOM MOIJIOXKHU

Higher losses associated with bulk substrate

WHuTepdeiicHble U Apyryue noTepu, CBsI3aHHbIE C OKCUIHBIM CJIOEM
Interface & other losses associated with oxide layer

O6pazoBaHue KoHTakra LLIOTTKM; TOHKOIJIEHOYHAs! aare3ust
Formation of Schottky contact, thin film adhesion

N3MeHeHMe TIOTeph; TOHKOTJICHOUHAs alre3ust

Loss variation, thin film adhesion

T'n6punnabiit monxon mist nHTerpaunu CBY 1 KMOIT

Hybrid approach for RF-CMOS integration
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YecTBe IPUPAOOTOYHOro Marepuana OObIYHO BHIOU-
palT OKCHI, MOJUUMUA WA (HOTOPE3UCT, YIUTHIBAS
"HMKHIOK" TOIMOJIOTHIO, a TAKXKe MUIaHApU3ALUIO, TOJI-
LIMHY U cOOOpaxkeHusl OMIHOPOIHOCTH.

B meMOpaHe Mcroib3yeTcsi MeTajlsl, KOTOPbIii MO-
JKeT OBITh HAHEeCEeH pacIblJICHUEM 1 UCITApeHUEM, I OH
TakXe BHOCUT CBOI BKJIAI B IMPOUCXOISIINE TTOTEPHU.
Kpome Ttoro, Mmeramnuueckue ciou B CBY mMukpo-
9JIEKTPOHUKE UCTIOJIB3YIOT U KaK CKPbIThIE TPOBOIHM -
KU, OTKPBITBIE BJIEKTPOAbl WIU 3JEKTPUUYECKHE KOH-
TakTbl. OOBIYHO MTPUMEHSIOT 30JI0TO, HUKEJb, aTIOMU-
HUI, XpOM, TUTaH, BojJbdpaMm, IUIATUHY U cepedpo,
00OCHOBBIBAsI BEIOOP IIPUMEHEHUEM (TOI'0 WM MHOTO
MeTajuia) i MPeaoTBpalleHUsT KOPPO3UU, BBICOKO-
TeMrepaTypHoil 06paboTKU, HAIMYMEM HU3KOU Karta-
JIMTUYECKOWM aKTMBHOCTHU U aAre3MOHHBIX CBOWCTB.

3akimoueHue

Texunonorust CBY MODMC pazBuBaeTcs U mpeTep-
MeBaeT B3PhIBHON (9KCIMOHEHIUATBHBII) POCT BO MHO-
rMx o0JacTsX OT GECTPOBOMHBIX A0 OBITOBBIX U BO-
€HHBIX TIpujiokeHuli. KoOMMYyHUKAIIMOHHbBIE CUCTEMBbI
Oyayliero ¢ yaydllleHHOW (DYHKIHMOHAIbHOCTBIO ITO-
TpeOyIOT OOJIBIIOr0 pa3HOOOpa3usl YCTPOICTB Mayloi
Macchbl, 00beMa U 3HEPronoTpedeHNS .

Bri6op Tomosiornu oCHOBaH Ha ydyeTe TOro dakra,
YTO JJI1 MUHMMU3aUMU noTtepbh MHTerpauus KMOII-
CTPYKTYp HYXAAE€TCs B IUIACTUHAX C HU3KUM yaesb-
HBIM colpoTuBieHueM, Toraa kKak CBY ycrpoiicTBam
JIJISL TOTO TPEOYIOTCS BHICOKOPE3UCTHBHBIE TJIACTUHBI.

Jpyroit myTb, KOTOPBI MOXKET IPUBECTU K JOCTU-
JKEHUIO BbICOKOH 3(pHEeKTUBHOCTH, COCTOMUT B cOYeTa-
Hun CBY u KMOII-cTpykTyp € HCHoJIb30BaHUEM
iacTuH SOS uau KOMOMHUPOBAHUM MUKPOMEXaHU-
YyecKol 00paboTKU ¢ BapuaHTaMHM IIPOM3BOACTBA. Ma-
TepUaJibl UTPAIOT BAXKHYIO POJIb B 3TUX pa3paboTKax,

TaK KaK OT HUX 3aBUCHUT IPOU3BOICTBO M (HYHKIIUO-
HUPOBAHUE YCTPOMCTB.

DTa CTaThsl CONEPXKUT KPaTKUil 0030p MaTepHUajoB,
OOBIYHO TMpUMEHsIeMbIX MNpu usrotosieHnu CBY
MOBMC, u ux cpaBHUTEJbHbIN aHAU3.

Aemop 6aaeodapum koanee uz SCL u dupexmopa
epynnvt SEG, ISAC 3a nocmosunyio noddepicky u 0600-
peHue.
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This article details material selection criteria for realization of the RF-MEMS devices. Wafer selection plays an important role
in MEMS keeping into consideration of ease of processing but in case of radio frequency devices the losses associated with the sem-
iconductor substrate is to be taken into account for accurate prediction of the performance. Further, integration of the electronics
on the same chip imposes restriction on the selection of wafer. This article details the properties and characteristics of various ma-
terials prevalent in RF-MEMS, selection criteria for the substrate material, process considerations and constraints associated with
the material selection particularly in RF domain. Various methodologies are reported but process, frequency considerations, appli-

cation aspects are to be considered before circuit realization.
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Introduction Tehnika

Main challenges being faced in RE-MEMS industry is the
development of appropriate packaging technology and relia-
bility issues. Both of these aspects are dependent on the
choice of material and process technology. Material selection
is one of the most critical aspects in MEMS technology and
mainly depends on its availability and ease of fabrication. As
the MEMS processes are mostly derived from IC technology
due to availability of processing infrastructure and high qual-
ity materials so silicon wafer is the natural choice in due to
ease of production and integration. Trends in VLSI technol-
ogy leads to continuous shrinkage of transistor size and keep-
ing in pace with the CMOS developments the same trend is
slowly happening in the area of MEMS in terms of rapid pen-
etration of these devices in various domains [1]. MEMS pres-
ently use various materials, processes covering wide range of
applications ranging from inertial, physical, RF to medical
domain etc. Materials for MEMS are semiconductor, metals,
polymers, ceramics, composite and are selected based on the
electrical, mechanical, thermal, chemical and processing
compatibility.

RF domain is one of the key areas where MEMS tech-
nology can enable new generation of high performance RF
circuits. RF components such as switches, relays, resonators,
variable capacitors, tunable oscillators and filters are presently
employed. Planar transmission topologies in RF are prefera-
ble due to compatibility with integrated circuit process and
are preferable so as to achieve miniaturization and function-
ality. CPW topology is the preferred transmission media in
RF-MEMS due to minimal substrate effect and ease of circuit
realization. Substrate with a low loss tangent, high-resistivity
and semiconductor grade finish are preferred and most com-
mon are thermally oxidized high-resistivity silicon (HRSi)
wafers, GaAs and glass wafers. In case of oxidized HRSi the
performance is limited by accumulation of charges at the ox-
ide-silicon interface. Various other methodologies apart from
HRSi (high-resistivity silicon) wafer presently in use for RF
circuits in MEMS domain such as thicker insulating layer
(>20 um) over silicon [2, 3], thick polyimide layer on top,
mesa etching and filling but all these techniques are process
intensive resulting in casping, lower degree of planarization
and higher losses. Substrate selection of RF devices plays an
important role for the overall performance as increase in fre-
quency is directly related with the enhanced losses [4]. Com-
monly employed wafers in VLSI/MEMS domain are SOI,
epi, CMOS grade silicon, SOS etc and especially for RF do-
main high resistivity wafer (p > 2kQ - cm) is generally em-
ployed for processing. The main limitation of employing high
resistivity wafer is compatibility of having CMOS transistor
along with MEMS device on the same chip and maintaining
resistivity while carrying out high temperature operations.
This leads to finding out the alternative methodology or ma-
terial so as to overcome the limitation imposed by the higher
resistivity due to low implant. This article details various as-
pects to be taken into consideration for RF circuits in MEMS
domain and various properties to be considered for realization
of MEMS circuits at various frequency bands.

Substrate choice for RF circuits in MEMS domain

Substrate properties such as surface finish and the fabri-
cation processes such as metallization and definition deter-
mine the accuracy of the line width and gap width. The other
substrate parameters are loss tangent, isotropicity, consistency
in dielectric constant, thermal conductivity, breakdown field,
mechanical strength and chemical resistance. The major loss-
es associated with high frequency are conductor and dielectric
loss which depends on the substrate material whereas radia-
tion losses are associated primarily with internal polarization.
Losses in insulating microwave materials such as quartz, alu-
mina, and sapphire are dominated by relaxation because they
have very little free charge. Conductor losses and loss tangent
also plays an important role along with surface resistivity pa-
rameter which is dependent on debye length. Si and gallium
arsenide (GaAs) have a large component of free charge re-
sulting in conductor loss. Microstrip and coplanar waveguide
(CPW) are the preferred transmission media having quasi-
TEM wave propagation but attenuation per unit line length in
CPW is more compared to microstrip line due to edge-cou-
pling effect. The basic advantage of the semiconductor sub-
strate in RF domain is the reduction of circuit size due to high
permittivity. But high permittivity increases the crosstalk be-
tween lines and decreases antenna efficiency. Proximity ef-
fects also are important and sufficient spacing to be ensured
between conductors to reduce these effects. Another aspect
taking into consideration is the choice of conductor material
and its thickness. Directly putting metal layers over silicon
wafer results in schottky barrier formation which can lead to
junction spiking and silicon precipitation. In case of GaAs,
materials such as Au, Tn, Zn forms ohmic contact whereas Ti,
Pt, W forms schottky contact. The insulation layer such as
SiO, over substrate results in interface and substrate losses
along with intrinsic and extrinsic losses of silicon associated
with the finite resistivity [5]. Further the thickness of insulator
also plays an important role and to be optimized to reduce
parasitic at higher frequencies. The cut off frequency in terms
if substrate resistivity can be expressed as

Je = 1/(2npg), (1

where p and ¢’ are the resistivity and permittivity of the silicon
substrate. The loss of HR Si is dominated by conductive losses
and depending on the substrate resistivity, there is a particular
frequency boundary demarcating between the conductor loss-
es and dielectric losses. Choice of the substrate is an impor-
tant consideration and substrate having low loss tangent,
high-resistivity and semi-conductor grade finish is chosen and
most commonly employed substrates are HRSi, GaAs, Glass,
Fused quartz etc. Alternatively proton ion implantation on
CMOS grade silicon can also results in high resistivity which
is also CMOS compatible process [6].

Micromachining Concept

The two main concepts are more often used in RF-MEMS
are: bulk and surface micromachining. The major advantage
in bulk micro machined circuits is the removal of bulk sub-
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Fig. 1. Micromachining structure in silicon and GaAs substrate [7]

strate beneath the transmission line leading to dispersion free
wave propagation. This technique further extends the fre-
quency ranges up to 110 GHz (W-band) and is suitable for
high frequency patch array realization. Surface micromachin-
ing is primarily used in realization of RF-switch and phase
shifter topologies.

Bulk micromachining concept (fig. 1) is more popular in
RF domain particularly in patch antenna due to drastic re-
duction in the associated dielectric losses, less dispersive be-
haviour and less sensitive to substrate permittivity variations.
HNA solution yield isotropic etching in silicon whereas ani-
sotropic wet etchants for micromachining are KOH, EDP,
TMAH, Hydrazine where TMAH ((CH;3),NOH) is generally
employed due to CMOS compatibility as alkali metal ions are
detrimental to CMOS structures. Conventional alkali metal
hydroxide (KOH) etching provides well-defined pattern but
possibility of pyramidal hillock on the etched surface exists and
possibility of hole formation on etched membrane in case of hy-
drazine is observed. Ethylenediamine-pyrocatechol (EDP) and
Hydrazine solutions are carcinogenic and toxic. EDP and
TMAH chemicals are having minimal effect on oxide layer
along with smooth surface.

Table 2 provides the comparative analysis of common
substrate materials and topology due to wet etching.

Wafer sizes and thickness

The choice of substrate in MEMS process is governed by
the ease of processing to create 3D structures employing wet
environment and micromachining technique makes it apart
from standard IC processes. VLSI technology is moving rap-
idly from 200 mm to 300 mm chip diameter due to cost ad-
vantage and the same is applicable to the MEMS circuits.
The increase in wafer size is associated with higher thickness
and weight as shown in Table. 3. Substrate thickness plays
an important role in thermal effects, propagation losses,
higher order mode propagation, impedance-bandwidth and
fragility of wafer.

The choices of substrate and wafer thickness in RF-
MEMS are dependent on the operating frequency and power
dissipation criteria. Thicker substrate increases radiation

Crystalgrowth ——> Single Crystal — 3 Crystaltrim. & ———>  Flat grinding
Dia grind

ingot

losses and decreases heat conduction.
Lower material thickness and size of
the device leads to cost effective solu-
tion as processing cost per chip in
batch processing is directly proportion-
al to the volume of the chip. The main
steps of wafer processing applicable to
silicon show on fig. 2.

The large diameter wafer poses cer-
tain challenges such as processing non-
uniformity, thermal stress due to radial
temperature difference leading to dislocations, slip and wafer
distortions.

Wafer Selection

Standard silicon substrate (czochralski-grown) is having
resistivity of 10 Q - cm and at frequencies beyond 1 GHz, the
skin depth exceeds the substrate thickness resulting in RF
losses extending over the full substrate. High resistivity sub-
strate is having two order of magnitude higher resistivity com-
pared to standard substrate which can be realized with low
doped silicon technology i. e. Float-zone (FZ) or MeV proton
implantation. The alternative methodology is to use porous
silicon [8] which is also CMOS compatible process and can
provide necessary electromagnetic shielding along with re-
duce cross talk. Alternatively, poly-Si and amorphous silicon
can be employed but are having high level of intrinsic stresses
and are unstable at >250 °C. MEMS technology employs va-
riety of substrate such as silicon, GaAs, Glass, Silicone.
Standard properties of the wafer are:

e resistivity (Q - cm);

dopant;

flatness;

crystal orientation;

surface finish (um);

wafer thickness (um);

growth method (CZ/FZ);

wafer diameter (um);

oxygen and carbon content (ppm);

bow, Warpage, Taper (um);

radial resistivity variation;

TTV;

dislocation (per cmz).

The main standard silicon and high resistivity are distin-
guished due to resistivity difference. In epi wafers, thin layer
of epi is having different resistivity compared to the bulk sub-
strate but losses associated with finite resistivity are still present.
SOI (silicon on insulator) is another option where SOI sub-
strate technologies using SIMOX (silicon implanted by oxygen)
and bonded wafers are used for IC technology. In case of SOS
(silicon on sapphire), sapphire eliminates the losses associated

Fig. 2. Wafer processing steps
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with semi-insulating silicon and availability of MESFET tech-
nology is an added advantages but limitation is the inherent
an-isotropicity associated with it. Compared to standard alu-
mina substrate having attenuation of 5+ 1074 (10 GHz), the
losses in silicon considerably changes with the resistivity.
High resistivity silicon substrate (1 kQ *cm) is having atten-
uation of the order of 1073 compared to 10~* for silicon with
resistivity of 10 kQ - cm [9]. To mitigate the effect of silicon
substrate low resistivity, combination of thick oxide with
high-resistivity wafer concept is implemented to achieve bet-
ter electrical performance, uniformity and granular structure.
Table. 4 shows the common properties of RF materials.

Wafer selection plays an important role and various elec-
trical properties are taken into consideration. Glass substrate
becomes an attractive alternative in RF due to its high re-
sistivity and is the cheapest of all the materials. The limitation
associated with the glass wafer is low mechanical strength,
poor thermal conductivity and various losses such as conduc-
tion, relaxation, vibration and deformation losses associated
with it. In case of RF mismatch between the simulated and
measured results is observed due to these losses which varies
from wafer to wafer. Fused quartz is having 1.8 times less
losses than glass but precise fabrication of extremely small
feature size is difficult. Table. 5 shows the comparative anal-
ysis of the glass.

Borosilicate glass is amorphous solid having SiO, with bo-
ron and various other elements added to change the thermal,
mechanical and chemical conditions of the standard glass.
Micromachining is another aspect to be considered for the
choice of material. Micromachining in silicon is well defined
and anisotropic etching using both wet and dry techniques is
possible but same is not applicable for other substrates.

RF performance characterization

The losses associated with the silicon wafers can vary from
17 dB/cm for CMOS grade substrate to <1 dB/cm for HRSi
and further can reduce to 0.1...0.2 dB/cm with direct contact
of metal layer with HRSi substrate from 1...35 GHz [10].
High-R Si requires the deposition of an insulating passivation
layer prior to processing RF MEMS circuits in order to pre-
vent conduction between metal features and breakdown of
metal-semiconductor rectifying contacts but it leads to the
accumulation charges at the oxide-silicon interface. Table 6
brings out the comparative analysis of losses observed on the
transmission lines over the commonly employed substrate.

The package of the RF-MEMS device is also critical and
main consideration in selection of the same is the unchanged
device performance due to packaging. The ideal packaging for
the RF-MEMS devices is 0-level packaging which creates on-
wafer device scale enclosure and are classified as ‘thin-film
capping’ and ‘chip-capping’. 0-level package provides pro-
tection against harsh environment during dicing, shielding,
ageing, harsh environment, easy integration with front-end
processes and minimal effect on RF performances. Due to
capping phenomena the main consideration is to develop low
loss transitions and effect of detuning of transmission lines.
Further the capping material plays an important role and chip
capping using Benzocyclobutene (BCB) material as the bond-
ing and sealing layer provides minimal out gassing with low
moisture intake apart from better RF performances. Sacrifi-
cial material generally chosen is oxide, polyimide, photoresist
keeping into consideration of beneath topology along with

planarization, thickness and uniformity aspects. Membrane
material uses metal which can be deposited by sputtering and
evaporation and also plays role in determining losses. Metal
layers in RF-MEMS are also used as buried conductors, ex-
posed electrodes and in electrical contacts. Commonly used
metals are gold, nickel, aluminium, chromium, titanium,
tungsten, platinum and silver and selection is based on the ap-
plication such as non-corrosion, higher temperature opera-
tion, low catalytic activity and adhesion property.

Discussion

RF-MEMS technology is evolving and showing explo-
sive growth in various domains ranging from wireless to con-
sumer and military applications. Future communication sys-
tems with enhanced functionality needs wide range of de-
vices with low weight volume and power consumption. Se-
lection of topology is based on the requirement as CMOS
integration needs low resistivity wafer whereas RF needs
high resistivity wafer for low losses. Alternatively, combina-
tion of RF and CMOS using SOS wafer or combining mi-
cromachining technique with process modifications can re-
sult in high performance realization. Material aspects play
an important role in these developments as process and per-
formance are dependent on the choice of the material. In
this article an overview of the various materials commonly
employed for RF-MEMS are shown and comparative anal-
ysis is carried out.
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MOAEANPOBAHUE XAPAKTEPUCTUK HNU3KOBOABTHOTO
MDMC-TEPEKAKOYATEASl AATEPAALHOTO TUIA C NMPY)KMHOM TUNMA "MEAHAP"

Ilocmynuna 6 pedaxyuio 27.02.2017

IIpedcmaenen cmodeauposantbili MemoooM KOHEUHbIX d1eMeHmos dnekmpocmamuyeckuti MOM C-nepexarouamens aamepans-
HO20 MUNA ¢ OMUYMECKUMU KOHMAKmMamu. B KoHcmpyKyuu Kanmuaegepa npumeHeHa npyjcuHa muna "meandp”, 6aaeodaps yemy
Kaumuaeeep umeem Manvli Kodp@uuyuenm ynpyeocmu, no3604510WUN 00Cmu4b OMHOCUMENbHO HU3K020 3HAHEHUS HANPANCeHUS
cpabamoieanus (5,5 B). [Iposedero modeauposarue u meopemu4eckKuil aHanu3 OCHOBHbIX 2NeKMPOMEXAHUYECKUX XAPAKMEPUCMUK

nepekarnvyamens.

Karouesvie caosa: Hano- u MUKDPOINEKMPOMEXAHUMECKUE CUCMEMbl, IAEKMPOCMAMUYECKULl nepeKao4ament, Kanmiuiesep,
Meandp, Ko3guyuenm ynpyeocmu, aiOMUHUL, Pe30HAHCHAS YACMOMA, HANPSJiCceHUe cPAdAMbIBaHUs, 8PeMsl NePeKAIOYeHUs]

BBenenune

Mukpo- W HaHO3JIEKTPOMEXaHMIECKNE CHUCTEMBI
(MBMC u HBMC) — 310 yCcTpOMiCcTBa, O0BEAUHSIIO-
1IMe B cebe MUKPO- U HAHORJIEKTPOHHBIC U MUKPO- U
HaHOMeXaHW4YecKre KOMIOHeHTHI. Illmpokumii Kimacc
MBMC u HOMC cocraBigioT nepeximodareau. OHu
Haxomat npuMeHeHue B BY u CBY cucremax, Takux
KaK alanTHBHbIE aHTEHHBI, MepPeKIIoYaTeIbHbIe MaT-
pUllbl U OpueMoriepeaarone 0J0KU OecrpOBOIHBIX
YCTPOMCTB CBSI3H.

OCHOBHYI0O  JOJNII0  CEpPUMHO  BBIMTYCKAEMBIX
MBOMC/HBMC-niepekitouarelieii COCTABISIOT 3J1eK-
TpocTaTUUeCKue Tepekyouaren. DIeKTpocTaTuiec-
K€ MUKPOIJIEKTPOMEXaHUIUECKNE TIepeKITIouaTen
MIPUBOMASITCS B IEMCTBUE MPUHLIUIIOM 3JIeKTPOCTaTHYEC-
KOTO BO30OYKICHUSI, TIIe MEXaHNIeCKast 9aCTh MePeKITIO-
yaTesisd (KaHTWIEeBEpP) IMepeMellaeTcsl Mol NelCcTBUEM
SJIEKTPOCTATUIIECKUX CUJI. DIIEKTPOCTATHUECKOE YCH-
JINEe CO3JAaeTCsl MyTeM IOJAaYM Pa3HOCTU MOTEHIIMAJIOB
Ha anekTponbl [1]. Takum obpa3oM, 3TU MmepeKIoYa-
TeJI MOTYT OBITh CKOH(UIYPUPOBAHEI, YTOOKI OBITH BO
BKJIIOUEHHOM (pull-in) iy BHIKIIIOYEHHOM COCTOSIHUU
(pull-ouf). DnexTpocTaTMyeckre MeXaHUUYECKUE Ie-
pexiiroyaTenn SBISIOTCS 0oJjiee MpUBJIEKATEIbHBIMU,
yeM IpyTHe BUOLI MeXaHMIeCKNX TTepeKTodaresicii mo
MMPUYMHE TIPOCTOTHI B U3rOTOBJIIEHUHU, BHICOKOM CKO-
POCTHU TIEPEKITIOUEeHUsI, HU3KOTO 3HEpPrornoTpeOIeHrs
1 BO3MOXHOCTU MHTETpal C APYTUMU JIEMEHTAMU
BJIEKTPUUECKON LIeMHn.
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CeronHsi MexaHMYeCKME TepeKIIoyaTe M U3roTaB-
JMBaT ¢ ucnoab3oBanueM KMOII-texHonoruu [2].
ITyreM yMmeHblIeHUsI pasMepoOB BJIEKTPOCTATUUECKUX
MeXaHUYEeCKUX TepeKiatouaresieil ObIO JOCTUTHYTO
3HAYUTEJILHOE YITy4IlIeHe XapaKTepUCTHK, COTTPOBOXK-
Jaroleecsl CHIDKEHUEeM pabodero HaIpspKeHUs U T10-
BBILLIEHUEM CKOPOCTH TMEPEKITIOUEHMS, YTO CIEIAI0 ITU
nepexsoyared MpUBIeKATeIbHbBIM pPEIIeHUEM IS
HCIIOJIb30BAaHUS B ILIMPOKOM Avaria3oHe MPpUMEHEHU.

OnHako CyllIecTBYeT cepbe3Hasl MmpoodseMa, mpensT-
CTByIOLIAsl LIMPOKOMY MpumeHeHuto MOMC/HOMC-
TepeKTovaresicii B COBpEMEHHBIX SJIEKTPOHHBIX CXE-
Max, UMEIOIINX HU3KOe DHEPToIoTpedjecHne, — 3TO
BBICOKOE HaIpspKeHue cpadbaThiBaHUS (10 HECKOIbKUX
JecsaTkoB BoJbT) [3]. MMeHHO mosTomy pa3paboTka
HOBBIX KOHCTpyKuuit MOMC/HBMC-nepekitouate-
JIeil, UMEeIOLMX HU3KOe HamNpspKeHue cpabaThiBaHUS,
SABJIFETCA aKTyaJbHOU 3a1a4yecid.

CylllecTByeT HECKOJIbKO CHOCOOOB YMEHbIIECHUS
HampsKeHUsl cpabaThiBaHuUs mepekimoudarenein. On-
HUM U3 HUX SIBJISIETCS MPUMEHEHUE B KOHCTPYKIIMU
MbBMC/HDMC-nepexioyarejeil MaTepruanoB, OT-
JIMYAIOIIUMXCS HU3KUM KO3 OUIIMEHTOM YIIPYTOCTH,
HO B TO X€ BpeMs MMEIOLINX TOCTATOYHYIO MeEXaHU-
YeCKYy10 MPOYHOCTh JIs1 OOJIBIIOTO YMC/ia LIMKIIOB Te-
pexkioueHus. Takxke IS CHUXEHUS HaMpPsLKeHUS
cpabatbeiBaHus (pull-in) MOMC- u HOMC-niepexitio-
yaTeell YMEHBIIIAIOT PACCTOSHHME MEXIY YIIPaBIISIO-
IIUM BJIEKTPOAOM (gap) 1 KaHTelleBepoM [4], HO 3TO
He Bcerna BO3MOXHO BBUAY OCOOEHHOCTEN KOHCTPYK-




uu. dpyrum cnocoboM CHUXXEHUSI HAINpSKEHUS SB-
JISIeTCA TPUMEHEeHNE COBEPIIEHHO HOBBIX KOHCTPYK-
uuii MOMC- u HOMC-kaHTUIeBepOB, HANPUMED,
HCIOJIb30BaHUE BepTUKaTbHOro MOMC-nepekioya-
TeJisl ¢ TIPY>KMHHBIM 3JIEMEHTOM THUMa "MeaHIp", ume-
IOIIMM Majblii KoadduimeHT yrnpyroctu [5].

O030p JTEpaTypbI

B paGote [6] npencTaBiieHbl pa3IMYHbBIE TUTIBI €M-
KOCTHBIX BepTUKaJIbHbIX MOMC-nepexitouaTesieid Ha
OCHOBE KOHCTPYKIIMU CO CKJIATYaTHIMU TETAIMHU (Me-
aHApaMu), UMEIOIIMMU HU3KUE 3HauYeHUsl Koahhu-
LIMEHTa YIPYTOCTU KaHTWiIeBepa. Pe3oHaHCHBIE Yac-
TOTHI TIepeKJIIoyaTess jexar B guamnazone 2...40 I'T.
HanpsixeHue cpabaTbiBaHUSI JIEXUT B JUaria3oHe
1,5...4,75 B. UccnenoBaHbl KOHCTPYKLIMU MEPEKIIOYA-
TeJiel ¢ pasIMYHbIM YKUCJIOM TPYKUH.

B pabore [7] coobuiaetcss o pazpadbotke MOMC-
MepeKIroyaTeIsl ¢ BeCbMa HU3KUM HampsKeHUeM cpa-
oareiBanus (1,7 B), uMmeroniero KOHCTPYKIIUIO B BUIE
cjoxxeHHoM netiau. [IpuMeHeHue TaKoil KOHCTPYKIIMU
ObUIO KJTIIOUEBBIM ISl TOCTUXKEHMSI MPOEKTHOTO BO3-
IYLITHOTO 3a30pa B 45 HM B MOABELIEHHOM KaHTUJIE-
Bepe nmpakTuuecku 6e3 mporuda. M3rotoBiaeHHbIE Te-
pexJoyaresn paboTaau CTabUJIbHO A0 100 LIMKJIOB TI€-
pexJtoueHus1 6e3 3aMeTHOTO U3MEHEHUSI HaMpsKeHUsT
cpabarbiBaHus. IIpoliecc M3roToBAECHUS IOJHOCTHIO
coBMecTUM co CMOS-TexHoIorue.

B pa6orte [8] npencrasneH BepTuKaabHblii MOMC-
nepexJoyaresb, B KOHCTPYKLIMU KOTOPOIO MCHOJIb-
30BaHbl MEaHAPOBbIE MPYXUHBI. BbUIM MCcaeaoBaHb
KOHCTPYKLIMHU C YUCJIOM MEaHAPOB OT 1 10 5, moiayye-
HO HauMeHblliee HanpspKeHue cpabaTbiBaHus 9 B nipu
3HAYEHUM Pe30HAHCHOI yacToThl 15 I'T.

B pabGote [9] mpencraBieH cMOACIUPOBAHHBIN U
u3roToBiieHHbIH MOMC-nepekitouaresb BepTUKaAb-
HOTO THUIA C YJbTPAHMU3KHUM HaIpsiKeHUeM cpadaThi-
BaHUs. 3a CUET UCMOJb30BaHUSI KOHCTPYKIIUU TPY-
KUHBI TUIIA "MeaHAp" BMeCTe ¢ KOHTAKTHOMW IIacTH-
HOH, coaepxkalleil KBaJpaTHble OTBEPCTUS, JOCTUTa-
eTcsl HampspkeHue cpabartbiBaHus okono 0,5 B, urto
JleJaeT ero MpuBJeKaTeJbHbIM B IJIaHE UHTErpaluu C
HU3KoBOAbTHEIMU KMOII-ycTpoiictBamu. JImamaszoH
4yacToT nepekiovaTesist Kojeonaercst ot 3 kI go 3 I'T,
BpeMsI cpabaTeiBaHus cocTaBisieT ~0,22 Mc.

Kak BumgHO M3 pe3ynbTaToB, IPENCTaBICHHBIX B
BblllIeyKa3aHHbIX paboTax, MpUMeHeHWe B KOHCTPYK-
LMY KaHTWJIEBepa CKJIamyaToi CTPYKTYyphl MU MeaH-
Jpa CYILECTBEHHO CHMXXAeT 3HAYeHWs] HaNpsKeHUs
cpabaThIBaHMS IIepEeKIIOYaTeIeit.

MoneaupoBanne Pe30HAHCHBIX YACTOT KAHTHJIEBepa

MopennpoBaHue METOAOM KOHEUHBIX 3JIEMEHTOB B
Pa3IMYHBIX IPOrPAMMHBIX ITAKETaX PE30HAHCHBIX Yac-
TOT KaHTwieBepa [10] 1 a/MeKTpoMeXaHMYECKUX Xa-
pakrepuctuk [11] MOMC/HBMC-nepexmovaTeneit
TTO3BOJISIET COKPATUTh BPEMsI M MaTepHabHbIE CPEICT-

80

|

820

Puc. 1. O0muii BUA ¥ reoMeTpHUYECKHE PA3MEPBI MOIEIH KAHTHIIEBEPA
(B HM)

Fig. 1. General view and the geometrical dimensions of a cantilever model
(in nanometers)

Ba Ha MPOU3BOACTBO TECTOBBIX OOPA3LIOB U CMOIEIU-
poBaTh 3(pGeKTUBHYIO KOH(MUTypalui YCTPOUCTB,
CHMXXas TIpU 3TOM IPOLIEHT Opaka Mpu MX CEPUITHOM
MPOU3BOACTBE.

MojaenvpoBaHUe BBIMOJHSUIOCh B IMPOrpaMMHOM
nakere Comsol Multiphysics. B kauecTBe mMaTepuaia
MOJIEJIM UCIIOJb30BaH META/I — aJlOMMHUK (TLJIOT-
HocTth 2700 Kr/M3, monynb ¥Onra pasen 70 I'Tla, xo-
spdunuent Ilyaccona — 0,34) [12].

OOuMii BUA MOJENM HCCIEAyeMOro KaHTWieBepa
npeacTaBieH Ha puc. 1.

HMccnenoBanu KaHTUJIEBEp CIEAyIOIIEe KOHGUIY-
pamuu: obwas aauHa — 2000 HM, mpuHa — 80 HM,
JIJIMHA MeaHapa KaHTujiaeBepa — 500 HM, BbICOTa Me-
anapa — 820 HM.

Lenb MoganbHOrO aHajiu3a — YCTAHOBJIEHUE 3Ha-
YeHUI COOCTBEHHBIX YacTOT U (hOpM KOJIeOaHUIT KaH-
TrieBepa. HeobxoamMmMocTh B pacuere COOCTBEHHBIX
4acTOT U COOTBETCTBYIOIIMX UM (DOpM KoiebaHUii He-
pEeaKO BO3HMKAET MPU aHAINU3e AMHAMUYECKOTO MOBe-
JIeHVSI KOHCTPYKIIMU MO/ AeHCTBUEM MEPEMEHHBIX Ha-
rpy3ok. Haubonee pacrpocTpaHeHa cuTyalusi, KOria
MpU MPOESKTUPOBAHUU TPeOyeTCsT YOeAUThCSl B MaJloi
BEPOSITHOCTY BO3HUKHOBEHMS B YCIOBUSIX SKCILTyaTa-
LIMM TAaKOT0 MEXaHUYeCKOIo SIBJICHMS, KaK PE30OHaHC.
Kak u3BecTHO, CyTh pe30HaHCca 3aKITI0YaeTCs B 3HAUN-
TeJbHOM (B IECITKM pa3 U 0oJiee) YCUICHUU aMILTUTY]
BBIHYKJIEHHBIX KOJIeOaHUIT Ha OMpeaeeHHbIX 4acTo-
Tax BHEIUHMX BO3JIEWCTBUM — TaK Ha3bIBa€MbIX pe-
30HAHCHBIX YacToTax. B OOJbBIIMHCTBE CilyyaeB BO3-
HUKHOBEHHE pe30HaHca SBJSEeTCS KpaliHe HexXesa-
TeJIbHBIM B TIJIaHe 00eCIeuyeHUsT HaAeXXKHOCTU U3AETUs
sBJleHeM. MHOTOKpaTHOe yBEJIWYEHUE aMIUIUTYI
KoJe06aHWi1 MpU pe30HAaHCE U BbI3bIBAEMbIE ITUM BbI-
COKME YPOBHHU HalpsiKE€HWII — OJHa U3 OCHOBHBIX
MPUYMH BBIXOJA U3 CTPOS UBAETUIA, SKCIUTYaTUPYEMBbIX
B YCJIOBUSIX BUOPALIMOHHBIX HArpy3ok. PesoHaHCHbIE
4acTOThl COOCTBEHHBIX KOJeOaHWIA KaHTUIIeBepa JOJIK-
HbI OBITh MAKCUMAaJIbHO BHICOKUMU, MHAUE B HEM Jier-
KO OymyT BO30yxKIaThcsi COOCTBEHHBIE KOJIeOaHMs TP
cpabaTeiBaHun MOMC-niepexioyareisl.

MonenupoBaHue MPOBOAMIIN B OKPYXKaOIIEH cpe-
e — BO3Iyxe, TPU HOPMAIbHBIX YCIOBHUSIX (aTMOC-
(bepHOM nmaBieHMM M KOMHATHOM TeMIiepartype).
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Puc. 4. IlepBas pe3onancuas kpusas (17 MI'n)
Fig. 4. The first resonant curve (17 MHz)

Ha puc. 2 1 3 (cM. 4eTBEpPTYIO CTOPOHY OOJIOXKKM)
MoKa3aHbl KojiebaTebHbIe MOIBI KaHTUJIEBEpa B TO-
PUM3OHTAIbHOM TMIocKOoCTU. MHTepec mpencTaBisioT
TobKO TiepBas (17 MI'x) u tpetbst (69 MTI'r) xome-
OaTesbHbIE MOJIBI, TAK KaK KaHTWIEBED JaTepaJbHOro
(To ecTtb ropuszoHTanbHOro) MOMC-nepexkiroyaTenst
TaKKe JABVKETCSI TOM BIUSIHUEM 3JIeKTPOCTaTUYeCKOM
CHJTBI B TOPM30HTAJIBHOM TIOCKOCTH.

B nensix onpeaeneHusi [0OPOTHOCTU, COOTBETCTBY-
IOLIE KaxXIoil KojebaTelIbHOl Mojle, pe30HaHCHEIe
MUKW OBUTM CMOICIMPOBAHEI AETAIBHO, C MaJIBIM IIIa-
roM 1o yactote. JIoOpOTHOCTh OIpenessiii KaK OTHO-
IIeHNEe Pe30HAHCHOW YacTOTH K IMUPHUHE PEe30HaHC-
HOTO THKa Ha ypoBHe 1/./2 or makcumyma. JleTanb-
HO U3MEPEHHbIE MUKW, COOTBETCTBYIOLLIME MEPBON U
TpeTbeil KoebaTebHBIM MOIaM, TIpeACTaBIeHB Ha
puc. 4 u 5. IlonyyeHHbIe 3HAUEHUSI COOCTBEHHBIX Yac-
TOT KoJIeOaHMI, Pe30HAHCHBIX YaCTOT W JOOPOTHOCTH
aTIOMUHMEBOTO KaHTUJIeBEpa MPUBEICHbI B TaOIUIIE.

HauGonee Hu3Koil mOOPOTHOCTBIO OOJamaeT mnep-
Basl U3ruOHasi KosebarenbHass mona. M3rubHas momaa
2-r0 nopsiika MMeeT JOOPOTHOCTh 0oJjiee YeM Ha Mo-
psmok Beie. CTOUT OTMETWUTh, YTO PE30HAHCHBIC
4acTOThl (KOOPAWHATHI BEPIIIMH PE30HAHCHBIX ITUKOB)
HECKOJIbKO TIPEBBIIIAIOT COOCTBEHHBIE YAaCTOTHI MO-
nenu. IlpeamnonoXuTeabHO, 3TO CBSI3aHO C TEM, YTO

Konebarenphast | CoOcTBeHHAs Pe3onancHas Jo6pot-

moja yacrota, MI'g yactora, MI'y | Hocth Q
Oscillatory Own frequency, Resonant Good

modes MHz frequency, MHz | quality Q

[MepBas 17,5 17,5 58

First

Tpetbst 69,09 69,1 230

Third
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Puc. 5. Tperbsa pe3onancnas kpusas (69,6 MI'n)
Fig. 5. The third resonant curve (69.6 MHz)

BO3IYIIHBINA CJION, OKPYXKAIOIIWUI KAaHTUIEBED, ACUCT-
BYET KakK MpyXWHa, co3/1aBasi JOMOJHUTEIbHYIO yIIpY-
roctb. C yMeHbllIeHUEeM TOJUIMHbI BO3AYLUIHOIO CJIOSI
(T.e. C yMEHbIIEHUEM PACCTOSIHUSI MEXY KaHTUJIEeBe-
POM M BJIEKTPOAAMU) CIAeAyeT OXUIATh YMEHbIIEHUS
JTOOPOTHOCTHU.

Hanee mo cuenytolieid opmMysie ObLI pacCcUMTaH
K03GhGULIKMEHT YyIIPYrocTU MeaHapa KaHTuiaesepa [13]:

3
= . L X
k EW(LJ

c

L ((L) 211

x (1 + _S{[_SJ +12(1+V)H1+(‘1’) J > ,

< L.|\L, t
rne E — monynb FOHra marepuaja KaHTUJIeBepa; w —
LIMpUHA KaHTWIeBepa; L, — JJIvHA NPYXUHBL; L, —
JUTMHA KOHCOJIU; { — TOJUIMHA KaHTUJIEBepa; v — KO-
addunment IlyaccoHa Marepuara.

OOmmuii Ko3(ppUUMEeHT yIpyrocTy MeaHapa OIIpe-
AesseTcs BbipaxeHueM k; = 4k/N, tne N — 4ucio me-
aHJIPOB.

KoaddunmeHTt ynpyroct npsiMOyrojbHOM yacTu
KaHTWIeBepa onpenessiercss no gopmyne:

3
_ Ewt
ky = — - (1)
4L
Takum obpazom, o0 KOIDDUIIMEHT ynpyroc-
™ K KaHTujeBepa BhIpaXKaeTcsl B BUAC
K= kl + k2
v paseH 2,7 - 1077 H/m.
Takxe OBLIO TPOBEACHO HCCJIENOBAHWE BIMSHUS

M3MEHCHUA BbICOTHI KAHTHUJICBEpA Ha 3HAYCHMA 4aCTOT
€ro COOCTBEHHBIX KoJjiebaHuii. Bricora KaHTHJIEBEPpa
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Puc. 6. 3aBucumMocTb 3HAYEHHIi PE3OHAHCHBIX YACTOT OT U3MEHEHHs
BBICOTHI KaHTHJIeBepa: / — IepBasl 4YacToTa; 2 — TPEeThsl YacToTa

Fig. 6. Dependence of the values of the resonant frequencies on a change
of the height of the cantilever

MeHsu1ach B nuana3oHe ot 500 go 50 aM. JInuHa, mm-
pUHa, KaHTUJIeBepa OCTaBaJUCh HEM3MEHHBIMMU.

Kak cienyeT n3 rpacduka, mpuBeaeHHOTO Ha pucC. 6,
3HAUYCHUS NEPBOM U TPETbEM PE30HAHCHBIX YaCTOT
KaHTUJIeBepa OUeHb HE3HAUUTEJIbHO 3aBUCST OT U3ME-
HEHUS BBICOTHI KaHTWIeBepa (TOJIIIMHBI IPUOOPHOTO
ciiost). Takke ObLIO MPOBEIECHO HCCAEAOBAHUE 3aBU-
CUMOCTHU 3HAUYEHMUSI PE3OHAHCHBIX YACTOT OT IUUPUHbI
KaHTUIeBepa. 3HAYeHUS IIMPUHBI BapbUPOBaIU B
nuarasone 40...120 Hwm.

Kax BumHo 13 rpaduka, n3o0pakeHHOro Ha puc. 7,
3HAYEHMSI PE30HAHCHBIX YaCTOT KaHTUJIeBepa Bo3pacTa-
10T TIpY YBEJIMYEHUU ILUPUHBI B 1rana3zoHe 40...120 HM.

MozaeanpoBaHue W TeOPETHUECKMIA pacyeT
OCHOBHBIX JIEKTPOMEXAHHYECKHUX XAPAKTEPHCTHK
M3BDMC-nepekmoyarens

ITo pesyabraTaM MoAeIUPOBAHUSI HECKOJIBKMX KOH-
durypaluii OblIa oIpelneeHa ONTHUMajbHasl KOHPU-
rypauusi Hu3koBoJbTHoro MOMC-niepexiitouaresi:

IJIMHA yrIpasistiomero 3jekrpoga — 1400 am; mm-
puHa — 520 HM, paccTOsIHME MEXAYy KaHTUJIEBEPOM U
VIPaBISIOIMNM 3JIeKTpoaoM — 60 HM, TONIIMHA TTepe-
kmouarens — 100 HM.

Ha puc. 8, a u b (cM. yeTBepTYy10 CTOPOHY O0JI0XK-
K1) u300paxeHo cpabarbiBaHue MOMC-mepexitio-
yaresneii. Kantunesep OblT 3a3emMyieH, Ha YMIpaBJsioO-
LIMIA BJEKTPOJI MOJABANIOCh HAMpsSKEHNUe.

Kaxk BumHO U3 pe3ynbTaTOB MOAEIMPOBAHUS, TIPU
nogaye HampskeHus 5,5 B Ha ympaBisiioluii 371eKT-
pon cBOOOIHBIN KOHEl KAaHTWIEBEpa OTKIIOHSIETCST Ha
paccrostne 60 HM. Ilepexiroyareiab aHAJIOTMYHBIX
pa3MepoB 6e3 MeaHJpa MMeeT HanpsikeHue cpabdaThl-
BaHug 8,5 B.

Jns mpoBepKM pPe3yIbTaToOB MOIEIMPOBAHUSI ObLI
MPOBEIEH pacyeT HaIpsLKeHUs cpadbaTbiBaHuss MOMC-
MepeKyroyaTes 0aJouHOW KOHCTPYKLIMU C MPYKUH-

40 60 BO 100 120
1llnprHa KaHTHIEBEPa, HM
Width of cantilever, nm
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Puc. 7. 3aBucumocTb 3HAYEHHIT PE30HAHCHBIX YACTOT OT W3MEHEHHS
IMMPHHBI KAHTHJIeBepa: / — mepBasi yacToTa; 2 — TPEThsl 4acToTa

Fig. 7. Dependence of the values of the resonant frequencies on a change
of the width of the cantilever

HBIM 3JIEMEHTOM C MCITOTb30BaHUEM CIIeAyIonieit hop-
mynasl [13]:

3
V= % , Q)
27¢g Lt

Il gy — NEPBOHAYAILHBIN 3a30p MEXIy KaHTUJIEBE-
POM U yIIPaBJISIIOIIMM 3JIeKTPOAOM; L — JJIMHA yIpaB-
JISI01Iero ajieKTpoaa; ¢ — TtoiaummHa MOMC-niepe-
kiodarenst; K — KoadhUIMEeHT yIpyrocTH KaHTUJIe-
BEpa; &) — AMDJIEKTPUYECKAS NTPOHULAEMOCTDL CPE/IbI
MEXIy KaHTUJIEBEPOM U YMPABJISIOLINM 3JIEKTPOIOM
(B JaHHOM cjIy4yae — Bo3ayx). B pe3ynbTaTe BhIUMCIIE-
HUS ObLIO TTOIYYEHO HaIpspKeHWe cpadbatbiBaHus 5,5 B.
[ns mpoBepKU pe3yabTaTOB MOIEIUPOBAHUS 10
(dopmyne CroyHu [13] ObLI BBIMOJIHEH pacyeT 3Havye-

HUSI OTKJIOHEHHUSI CBOOOIHOIO KOHIIa KaHTUJIeBepa:

e vhe? 3

8 )
E  w

3

rne F — snekrpocraruyeckas cuna; L, W, t — nnuHa,
LIMpPUHA U TOJIIMHA KaHTuiaeBepa; £ — monynb FOHra
Matepuana; v — KoagduuueHt Ilyaccona. B pe3ynb-
TaTe ObLIO MoTydYeHo 3HadyeHue § = 60 Hm. Takum 00-
pa3oM, pe3yIbTaThl MOAETUPOBAHMS TTOJTHOCTBIO COOT-
BETCTBYIOT MaTeMaTHUYECKUM pacueTam.

Ha puc. 9 npeacrasieHa 3aBUCUMOCTb DJIEKTPOCTA-
TUYECKON CHJIBI OT HAIIPSLKEHUs Ha YIIPaBISIIOLIEM
BJIEKTpOJIE.

Kak BumgHO U3 puc. 9, npu yBeIMYeHUN HaIpsTKe-
HUSI TPOMCXOIUT YBEJIMYEHME 3HAUYEHUS IepeMelle-
HUS CBOOOZHOTO KOHIIA KaHTWieBepa. Ilpm HekoTo-
POM 3HAYE€HMHM HaMpsLKeHUs (HaIlpsDKeHMe cpadaThi-
BaHus, pull-in voltage) TionoxeHue KaHTUJIEBepa CTa-
HOBUTCSI HECTAaOMJIBHBIM, €ro CBOOOIHBIN KOHEI]
nagaeT Ha KOHTAKTHBIN BJIEKTPOA. DJIeKTpocTaTUyec-
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Puc. 9. 3aBuCHMOCTb OTKJIOHEHHSI CBOOOHOTO KOHIA KaHTHJIeBepa
OT NPHJIOKEHHOTO HANPSIKEHHS

Fig. 9. Dependence of a deviation of the free end of the cantilever on the
applied voltage

Kag cuia, oJydeHHasl B pe3yJIbTaTe MOIAEIMPOBAHNS,
paBua 2,510~ H.

BbuT mpoBeneH pacueT 3JeKTPOCTATUUYECKON CUJIBI
o ciaexymouieii popmyne [14]:

ggAV”
F= ; (4)
2
2g
rie g, — OU2JIEKTpUYecKas MPOHULAEMOCTb CPEbl
Mexny IutactuHamMu; A — >¢dekTuBHasg IUIoLaab

IUIAaCTUHBI; V — HanpsikeHue cpabaTbiBaHMs; g — pac-
CTOSTHME MEXIy KaHTUJIEBEPOM 1 YIPaBJISIOLINUM 3JIeK-
TpoaoM. 3HaUeHUE BJIEKTPOCTATUUECKOU CUJIbI PaBHO
3,5-1077 H.

Cuny ynpyrocTu KaHTWIEeBepa OMNpenessiid Io
dopmyiie [14]

F=K-x, %)
rne K — Koa(ppuuMeHT YNpyroctd KaHTUJIEBEpa;
X — PpacCcTosiHMEe, Ha KOTOPOE OTKJIOHMUJICSI KOHUYMK
KaHTwieBepa. Cuja ymnpyroctTd KaHTWJIeBepa paBHaA
1,62-1071 H.

OpnHoit U3 BaxkHEHIIUX MpoOIeM PU MPOEKTUPO-
BaHWU, IPOM3BOICTBE M DKCIIyaTallMM Pa3TUIHBIX
MBMC- 1 HOMC-ycTpoiicTB 1, B YaCTHOCTHU TMepe-
KiTovaresnie, apiserca 3G@eKT 3aTumnaHns, Hempe-
HAaMEPEHHOro CUEIJIEHUSI COBMECTUMBIX MOBEPXHOC-
Teil MUKPOCTPYKTYpP, MPU KOTOPOM CUJIbI YIIPYrOCTU
HE MOTYT IMPEOI0JeTh CUIbI MEXATOMHOTO B3aUMO-
neiictBusl, HarmpuMep cuiibl BaH-Ilep-Baanbca u Ka-
sumupa [15].

Hdns vccnenoBaHUs TEOPETUYECKON BO3MOXKHOCTHU
danunanuss MOMC-nepekiouares ObLT IPOBEJAEH
pacyeT 3HauyeHus cwibl BaH-gep-Baanbca Mexmy KaH-
TUJIEBEPOM U YIIPABJISIIOLIMM 3JIEKTPOIOM MO CIEAYIO-
et popmydie [15]:

F,u, = H,/6mg>, (6)

rne H,, — nocrosaHHaa 'amakepa, nmeromas cpeaHee
3HaueHue 4,4 + 1079 IX; g — paccTossHUE MEXTy KaH-
TUJIEBEPOM U YIPABJSIOIIUM 3JIEKTPOAOM.
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B pesyabrare BeIUMCIeHUI ObUIO ITOJIYYEHO 3HaYe-
1016
Hue cuibl Ban-Iep-Baanbca, pasHoe 3,8+ 10 H.
Cuna Kazumupa Mexay KaHTUJIEBEpOM M yIpaB-
JISTIOLIAM BJIEKTPOJIOM OMpeaesisieTcsl Mo cleayloliei

dopmyie [15]:

F = nzhc (7)
c 3 ’
720g
rae # — nocrosiHHag [lnaHka, pazaeneHHast Ha 2n U paB-
Hast 1,055 10734 X * c; g — paccTosiHUe MeXITy KaHTH-
JIEBEPOM U YIPABJISIIOIIUM 3JIEKTPOIOM; ¢ — CKOPOCThb
cBeTa B BaKyyMe, cocTapistiomas 2,998 - 108 M/C_l.
Cuna Kazumupa pasua 7,17 - 10724 Hx. CnenoBaTesib-
HO, IO pe3yJibTaTaM MaTeMaTUYECKUX PacyeToOB CUJIa
yIpyrocTu oosbliie, yeM cuia Ban-gep-Baanasca u Ka-
3UMMPA, U MOXKHO MPEIIOJI0XKUTb, YTO MPU pa3MbIKa-
HUU TIepeKIIIoYaTess CBOOOTHBIN KOHEIl KaHTUJIeBepa
MpeonoseeT CUJIbI MEXXaTOMHOTO B3aUMOAEHCTBUSI.
Takxe Oblna paccuntaHa eMKocTh MOMC-miepe-
Kouaresis no popmyie [16]

€0
C= Z¢A, (8)
8

e &) — SJIEKTPUYECKAd TOCTOSAHHAsA; & — JAMSJIEKT-
puyeckas MPOHMIIAEMOCTh MaTepHaia MeXIy KaHTH-
JIEBEPOM U YIIPaBJISIIOLIMM 3JIEKTPOJIOM, B JAHHOM CIIy-
yae — BaKyyM; A — IUTOIIAAb YIIPABJISIONIETO 3JIEKT-
pona; g — pacCTosIHUE MEXIY KaHTUJIEBEPOM U YIIpaB-
JISIIOIIMM BJIEKTPOAOM. 3HayeHue emkoctu MOMC-
nepekioyaTess paBHo 1,3+ 1071° @,

BpeMms cpabaTbiBaHUSI IIepeKIOUYaTes sl OoOpaTHO
MPOMNOPLIMOHAIBHO PEe30HAHCHOI YacTOTe KaHTHJIe-
Bepa f; U MOXET ObITh OLIEHEHO C TIOMOLIbIO BbIPa-
skeHUs [16]

T,~0,58f," . 9)

DTO BbIpakeHMWE CIPaBEUIMBO B Ciiydyae Majoro
JneMiupoBaHus, T. €. Korjaa J00pOTHOCTb KaHTUJIe-
Bepa IMpeBbIIaeT 2.

Hnst pacyetra BpeMeHU cpabaThiBaHUS Oblia BbI-
OpaHa yacToTa TEpPBOl MOABI, MOCKOJbKY XapaKTep
u3ruba Oankyu Mpu cpadaThiBAHMM COBIAJAET C Xa-
pakTepoM KojiebaHUi1 Ha TepBoil (OCHOBHOI1) cOOCT-
BEHHOU 4acToTe.

CoracHo pacyeTaMm, BpeMsl cpabaTbhIBaHUS 0aI0d-
HO KOHCTPYKLMHM Tepekioyaresiss ¢ MPYXXUHHBIM
BJIEMEHTOM C MEpBOI pe3oHaHCHOM 4yactoToit 7 MI'1g
cocTtaBuio 3,3 1078 ¢.

Taxke ObLUIO IIPOBEAECHO MOACIMPOBAHNE HAIPSLKe-
HMST cpabaTbiBaHMS U MaTepuajoB, Haubosee YyacTo
npumeHsieMbix B MOMC- u HOMC-texHonoruu:

KpeMHuit — 9 B;

™aTaH — 8 B;

xpoMm — 12 B;

BoJib(bpam — 15 B;

3071010 — 6 B.




Kak crnenyer u3 aHanM3a 3TUX JaHHBIX, HAMMEHbIIIKE
HaIIPSDKEHUST MMEIOT TIepeKITIiovaTe I U3 MaTepUalioB,
HMMEIOIIMX HU3KUI Moayib KOHra, 3HauyeHus: KOTOPOro
BJIMSIIOT Ha KO3(M(UIIMEHT yIpyrocT KaHTUIIEBepa.

3aBHCHMOCTD HaNpPAXKCHUA CpaﬁaTblBa]'ll/lﬂ
OT U3MEHCHHUA T€OMETPHYECCKHX pasMepoB

Takxe ObLIO MPOBEAECHO MCCieIOBaHME 3aBUCHU-
MOCTH HamnpsKeHUsl cpabaTbIlBaHUS AJTIOMUHHEBOTO
MBOMC-nepekitouaresiss OT U3BMEHEHUsI €ro reoMer-
PUYECKUX pa3MepOB — IITMPUHBI, BHICOTHI, YIjla Tpy-
JKMHBI, PACCTOSTHUS MEXITY KAHTUJIEBEPOM U YIIpaBJIsi-
IOINM 3JIEKTPOIIOM.

Ha puc. 10 nzobpakeHa 3aBUCUMOCTb HAIIPSIKEHUS
cpabateiBannst MOMC-niepexiouaresiss OT MU3MEHEHUS
LIMPUHBI KaHTUJIeBepa B AuanazoHe ot 120 go 40 HM.
B xozne mccnemoBaHMs BBICOTA M IJIMHA KaHTHUIIEBepa
He U3MEHSJIMCh, M3MEHsIach IIMpUHA KaHTWIeBepa B
nuamasoHe 40...120 Hwm.

W3 rpaduka Ha puc. 10 caenyeT, 4To IO Mepe yBe-
JIMYEHUS IIUMPUHBI KAaHTWIEBEPA CYLIECTBEHHO YBEJIM-

-
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Pull-in voltage, V
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LUHpHHa KaHTWneBepa, HM

Width of the cantilever, nm

Hanps»xeHue cpabartbisaHua, B

Puc. 10. 3aBucuMocTb HANPSKEHUS CPAOATHIBAHUS OT INMPUHBI KaH-
THJIeBepa

Fig. 10. Dependence of the operate voltage on the width
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Puc. 12. 3aBucuMoOCTb HANPSDZKEHUS CPAOATHIBAHUS OT BBICOTHI KaH-
THJIEBepa

Fig. 12. Dependence of the operate voltage on the height of the cantilever
(from 80 to 10 nm)

YMBaeTCs HampsokeHue cpabateiBaHusi MOMC-niepe-
KJIroyaTes.

Ha puc. 11 u 12 nokazaHa 3aBUCHMOCTb HaIpsiKe-
HUsI cpabaTbIBaHUS TepeKJIovaTesisi OT BbICOThI KaH-
TUIIeBepa (TOJIIMHBI TpUOOpHOTO ciiost). B xone uc-
cllefoBaHUs IIMPUHA U JUIMHA KaHTWIeBepa OCTaBa-
JIUCh HEM3MEHHBIMM, MEHSJIaCh BBICOTA KaHTUJIEBEpa
B auamnazoHe 500...10 HM.

Kak cnenyer u3 rpacdukoB, NMpeAcTaBIeHHbIX Ha
puc. 11 u 12, npu M3MeHEHUU BBICOThI KaHTUJIEBEepa
3HaUYeHUEe HaIpsKeHUus1 cpabaTbiBaHus MIOMC-me-
pexJiroyaTesisi U3MeHsSIeTCsl He3HAYUTeJIbHO (B Mpefe-
nax 0,5 B).

Ha puc. 13 uzo6pakeHa 3aBUCMMOCTDb HAIIPSKEHUST
cpabaThIBaHUSI OT PACCTOSIHUSI MEXAY KaHTUJIEBEPOM
1 YIIPABIISIIOIIAM 3JIEKTPOIOM.

Kak crnemyer wu3 rpacduka, NpUBEAEHHOIO Ha
puc. 13, Ipu yMEHbBIIEHUU PACCTOSTHUS MEXIY KaHTH -
JICBEPOM U YIPaBISIIOIIUM 3JIEKTPOJAOM TMPOUCXOAUT
YMEHbIIIEHNEe 3HAYEeHUs HampsKeHUsT cpabaTbIBaHUS
MBMC-niepekaogaTensi.

6,2 o

Pull-in voltage, V

59

Hanpsoxenne cpaGarsigaHus, B

58

BrIcoTa KauTHIeBepa, HM
Heigh of the cantilever, nm

Puc. 11. 3aBuCHMMOCTb HANPSKEHUS CPAOATHIBAHMS OT BHICOTHI KaH-
THIIeBepa

Fig. 11. Dependence of the operate voltage on the height of the cantilever
(from 500 to 100 nm)
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Puc. 13. 3aBucMMOCTb HANpSIKEHHS CPA0ATBHIBAHHA OT H3MEHEHHS
3HAYEHNS PACCTOSHASA MEXKIY KAHTHIEBEPOM M YNPABJISIOIHM 3JI€K-
TpozoM (gap)

Fig. 13. Dependence of the operate voltage on a change of the distance
between the cantilever and the control electrode (gap)
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3akioueHue

B nanHoit paboTte ObUTa paccMOTpeHa KOHCTPYKLIUS
KaHTWIeBepa C MPYXXMHHBIM 3JEMEHTOM TuMa "Me-
aHap", UMEIOIIEro HU3KU KO3((OULIMEHT YIIPYTOCTH.
[TpoBeneH aHaIM3 PE3OHAHCHBIX YACTOT U JOOPOTHOC-
™M KojiebaHuil. Takxke mpeacTaBieHa KOHCTPYKIIUS
HU3KOBOJIBTHOTO JiaTepajibHoro MOMC-nepekitoya-
TeJIsI ¢ OMUYECKMMU KOHTAKTaMH, MPOBEICHO MOJe-
JINPOBaHNE XapaKTEPUCTUK U TEOPETUYECKHE pacue-
Thl. I3 pe3ybTaTOB MOJEIMPOBAHUS CIEIYET, UTO MPU
KUCIIOJIb30BaHUU JaTepajibHoro MOMC-kaHTuleBepa
C NPYXUHHBIM 3JIEMEHTOM "MeaHAp" IPOUCXOIUT Cy-
IIECTBEHHOE CHIDKEHME HAMpPSDKEHUWST cpabaThIBAHUS
MBMC-nepekaodaTesss IO CpaBHEHUIO C ITPUMEHe-
HUeM naTtepanbHoro MOMC-kaHTuieBepa 0OBIYHOTO
Ttuna 6e3 meannpa (c 8,5 no 5,5 B). Takke ObL10 TpoO-
BEJICHO MOIEIMpPOBaHUE 3aBUCHMOCTHM HaIpPsLKEHUS
cpabateiBaHusI MOMC-niepexiitouaresisi B 3aBUCUMOC-
TU OT U3MEHEHHUs €ro reoMeTpUYecKuX pa3MepoB —
IIAPUHBI, BBICOTHI, OT U3MEHEHUS PACCTOSTHUS MEXIY
KaHTHJIEBEPOM W YIIPABISIIOIIAM 3JIEKTPOIOM.
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Introduction

A common thing for the micro- and nanoelectromechan-
ical systems (MEMS and NEMS) is micro- and nanoelec-
tronic and micro- and nanomechanical components. A wide
class in the MEMS and NEMS systems are switches. They
find application in high-frequency and microwave systems,
such as adaptive aerials, switching matrixes and transmit-
ter/receiver modules of the wireless communication devices.

Most of the serially produced MEMS/NEMS switches are
electrostatic microelectromechanical switches. They are ac-
tuated by an electrostatic excitation, where the mechanical
part (cantilever) moves under the influence of the electrostat-
ic forces. An electrostatic effort is created by supplying of po-
tential difference to the electrodes [1]. Thus, these switches
can be configured to be operated in the switched on (pull-in)
or the switched off (pull-out) modes. The electrostatic me-
chanical switches are more attractive, than the other kinds of
the mechanical switches, because of their simplicity for man-
ufacturing, high speed of switching, low energy consumption
and possibility of integration with the other elements of an
electric circuit.

They are manufactured with the use of CMOS technology
[2]. Due to reduction of the dimensions of the electrostatic
mechanical switches the characteristics of these switches were
improved considerably, a lower working voltage and higher
speed of switching were achieved, which made them an at-
tractive solution for a wide range of applications.

However, there is a problem hindering a wide application
of the MEMS/NEMS switches in the electronic circuits with
low energy consumption, and this is a high operate voltage
(up to several tens of volts) [3]. For this reason the develop-
ment of their new designs with a low operate voltage is a top-
ical problem.

There are several ways to reduce the operate voltage of the
switches. One of them is application in the design of the
MEMS/NEMS switches of the materials with a low elasticity
coefficient, but with sufficient mechanical durability, neces-
sary to ensure a big number of the switching cycles. Also in
order to reduce the operate actuation voltage (pull-in) of the
MEMS and NEMS switches the distance between the control
electrode (gap) and cantilever is decreased [4], but this is not
always possible, because of the specific features of a design.
Another method is application of new designs of the MEMS
and NEMS cantilevers, for example, the use of a vertical
MEMS switch employing a spring element of a meander type
with a low elasticity coefficient [5].

Literature review

In [6] various types of the capacitor vertical MEMS
switches on the basis of a design with the folded loops (me-
anders) are presented, which have a low coefficient of elas-
ticity of the cantilever. The resonant frequencies of the switch
lay within the range of 2...40 GHz. The operate voltage is
within the range of 1.5...4.75 V. The designs of the switches
with various numbers of springs were investigated.

In [7] there is information about development of the
MEMS switch with a very low operate voltage (1.7 V), which
has a design in the form of a folded loop. Application of such
a design is of key importance for achievement of an air gap
of 45 nm in a suspended cantilevere practically without a de-
flection. The manufactured switches demonstrated working
stability in up to 10° switching cycles without an appreciable

change of the operate voltage. Their manufacturing process is
completely compatible with the CMOS technology.

In [8] the vertical MEMS switch is presented, in the de-
sign of which meander springs are used. The designs with the
number of meanders from 1 up to 5 were studied, the lowest
operate voltage of 9 V was achieved at the value of the reso-
nant frequency of 15 GHz.

In [9] the simulated and manufactured MEMS switch of
the vertical type with an ultralow operate voltage is presented.
Due to the use of a spring design of a meander type with a
contact plate containing square apertures, the operate voltage
of nearby 0.5 V is reached, which makes it attractive from the
point of view of its integration with the low-voltage CMOS de-
vices. The range of frequencies of the switch varies within the
range from 3 kHz up to 3 GHz, the actuation time is ~0.22 ms.

As it is apparent from the results presented in the above-
mentioned works, application of a cantilever of a folded struc-
ture or meander in a design essentially reduces the values of
the operate voltage of the switches.

Modeling of the cantilever resonant frequencies

Modeling by the method of the final elements in various
software packages of the resonant frequencies of the canti-
lever [10] and electromechanical characteristics [11] of
MEMS/NEMS switches allows us to reduce the time and
material means for the manufacture of the test samples and to
simulate an effective configuration of the devices, reducing
the percent of the defective goods in their batch production.

The modeling was carried out in Comsol Multiphysics
package. As a model material the aluminum was used (den-
sity — 2700 kg/m3, Young modulus — 70 GPa, Poisson ra-
tio — 0.34) [12]. The general view of the model of the inves-
tigated cantilever is presented in fig. 1.

The cantilever of the following configuration was inves-
tigated: total length — 2000 nm, width — 80 nm, length of
the cantilever meander — 500 nm, height of the meander —
820 nm.

The purpose of the modal analysis is determination of the
own frequencies and forms of oscillations of the cantilever.
The necessity for calculation of the own frequencies and
forms of oscillations corresponding to them quite often arises
during an analysis of the dynamic behavior of a design under
the influence of variable loads. The most frequent is the sit-
uation, when during designing it is necessary to make sure
that under the operating conditions the occurrence of such a
mechanical phenomenon as the resonance has a small prob-
ability. The essence of the resonance is in a considerable (doz-
ens of times) strengthening of the amplitudes of the forced os-
cillations on certain frequencies of the external influences —
the resonant frequencies. In most cases occurrence of reso-
nance is an extremely undesirable phenomenon for ensuring
of the products’ reliability. A multiple increase of the ampli-
tudes of oscillations at a resonance and high levels of voltages
caused by it are the principal causes of failure of the products
operated in the conditions of vibration loads. The resonant
frequencies of the own oscillations of a cantilever should be
as high as possible, otherwise, the own oscillations will be ex-
cited easily during actuation of the MEMS switch.

The modeling was done in the environment — air, under
normal conditions (atmospheric pressure and room temper-
ature).

Fig. 2 and 3 (see the 4-th side of cover) demonstrate the
oscillatory modes of the cantilever in a horizontal plane. Of
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interest are only the first (17 MHz) and the third (69 MHz)
oscillatory modes, because a cantilever of the lateral (hori-
zontal) MEMS switch also moves under the influence of the
electrostatic force in the horizontal plane.

In order to determine the good quality corresponding to
each oscillatory mode, the resonant peaks were simulated in
details, with a small frequency step. Good quality was deter-
mined as the relation of the resonant frequency to the width
of the resonant peak at the level of 1/.,2 of the maximum.
The peaks measured in details and corresponding to the first
and the third oscillatory modes are presented in fig. 4 and 5.
The received values of the own frequencies of the oscillations,
resonant frequencies and good quality aluminum cantilever
are presented in table.

The lowest good quality is observed in the first oscillatory
bending mode. The bending mode of the 2nd order has good
quality more than 10 times higher. It is necessary to point out,
that the resonant frequencies (co-ordinates of the tops of the
resonant peaks) somewhat exceed the own frequencies of the
model. Presumably, this is connected with the fact that the air
layer, surrounding the cantilever, operates as a spring, creat-
ing an additional elasticity. With a reduction of the thickness
of the air layer (with reduction of the distance between the
cantilever and the electrodes) one should expect deterioration
of good quality quality factor.

Further, under the formula [13] the coefficient of elastic-
ity of the cantilever meander is calculated:

k= E-W(LL)3 x

c

2 -1
L [(L w)2 -1
X <1 + Lc{[Lc] +12(1+V)H1+(I J > ,
where £ — Young modulus of the cantilever material; w —
width of the cantilever, Ls — length of the spring; L. — length
of the console; ¢ — thickness of the cantilever; v — Poisson
ratio of the material.

The total coefficient of elasticity of the meander is ex-
pressed in the following way: k; = 4k/N, where N is the
number of meanders

The coefficient of elasticity of the rectangular part of the
cantilever is expressed in the following way:

3
ky = WL, 1)
4L

Thus, the total coefficient of elasticity K of the cantilever
is determined under the following formula: K= k| + k, and
it is equal to 2.7 - 1077 N/m.

Also a research of the influence of the change of the can-
tilever height on the values of the frequencies of its own os-
cillations was carried out. The height of the cantilever varied
from 500 down to 50 nm. The length and the width of the
cantilever remained invariable.

As it follows from the diagram in fig. 6, the values of the
first and the third resonant frequencies of the cantilever de-
pend insignificantly on the change of the cantilever height
(thickness of the instrument layer). Also a research was done
of the dependence of the value of the resonant frequencies on
the cantilever width. The values of the width varied within the
range of 40...120 nm.

As one can see on the diagram in fig. 7, the values of the
resonant frequencies of the cantilever grow with an increase
of the width within the range of 40...120 nm.
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Modeling and theoretical calculation of the basic
electromechanical characteristics of the MEMS switch

By the results of modeling of several configurations the
optimal configuration of a low-voltage MEMS switch was de-
termined. The length of the control electrode — 1400 nm,
width — 520 nm, distance between the cantilever and the
control electrode — 60 nm, thickness of the switch — 100 nm.

Fig. 8, a and b (see the 4-th side of cover) present actu-
ation of the MEMS switches. The cantilever was earthed, and
voltage was supplied to the control electrode.

As one can see from the results of modeling, during supply
of voltage of 5.5 V to the control electrode, the free end of the
cantilever deviated at the distance of 60 nm. The switch of a
similar size without a meander has the operate voltage of 8.5 V.

For checking the results of modeling a calculation was
carried out of the operate actuation voltage of the MEMS of
the beam design switch with a spring element by the following

formula [13]:
_ | 8Kg
v 27¢yLt’ 2

where g, — initial gap between the cantilever and the control
electrode; L — length of the control electrode; ¢t — thickness
of the MEMS switch; K — coefficient of elasticity of the can-
tilever; g; — dielectric permeability of the environment be-
tween the cantilever and the control electrode (in this case —
air). As a result of the calculation the operate voltage was re-
ceived — 5.5 V.

For checking of the results of modelling under Stoney for-
mula [13] a calculation was done of the deviation of the free
end of the cantilever:

FavhHL L

E wi’
where F — electrostatic force, L, W, t — length, width and
thickness of the cantilever; £ — Young modulus of a material;
v — Poisson ratio.

As a result, the value of 60 nm was received. Thus, the re-
sults of modelling correspond completely to the mathematical
calculations.

Fig. 9 presents the dependence of the electrostatic force
on the voltage on the control electrode presents deflection free
end of the cantilever on the voltage on the control electrode.

Apparently, if the voltage increases, there is also an in-
crease of movement of the free end of the cantilever. At a cer-
tain value of the voltage (pull-in voltage) the position of the
cantilever becomes unstable, and its free end falls on the con-
tact electrode. The electrostatic force received as a result of
modeling is equal to 2.5 - 1077 N.

Calculation of the electrostatic force was done under the
formula [14]:

5=06 3)

2
wdV )
2g

where g, — dielectric permeability of the environment be-
tween the plates; A — effective area of a plate; V' — operate
voltage, g — distance between the cantilever and the control
electrode. The value of the electrostatic force is equal to
3.5-1077 N.

The force of elasticity of the cantilever was defined under
the formula [14]

F=

F=K-x, (5




where K — coefficient of elasticity of the cantilever; x — dis-
tance, at which the tip of the cantilever deviated. The force
of elasticity of the cantilever was equal to 1.62 - 10714 N.

One of the major problems during designing, manufacture
and operation of the MEMS and NEMS devices and switch-
es, in particular, is the effect of sticking, inadvertent coupling
of the compatible surfaces of the microstructures, at which
the forces of elasticity cannot overcome the force of the in-
teratomic interaction, for example, Van der Waals force and
Casimir force [15].

For research of a theoretical possibility of sticking of the
MEMS switch a calculation of Van der Waals force between
the cantilever and the control electrode was done under the
formula [15]:

Fop = H, /618, (6)
where H,, — Hamaker constant having average value of

44-10719y; g — distance between the cantilever and the con-
trol electrode.

As a result of the calculations the value of Van der Waals
force was obtained equal to 3.8 - 10710 N.

Casimir force between the cantilever and the control elec-
trode was defined under the formula [15]:

2
Fe= Zhe 7
720g
where # — Planck constant divided by 2r and equal to
1.055- 10734 J-5; g — distance between the cantilever and the
control electrode, ¢ — velocity of light in vacuum, equal to
2.998 108 m/s™!. Casimir force is equal to 7.17- 10724 J.
Hence, from the results of the mathematical calculations we
see that the force of elasticity is greater than Van der Waals
force and Casimir force, and it is possible to assume that in
case of disconnection of the switch the free end of the can-
tilever will overcome the interatomic interaction.
Also the capacity of the MEMS switch was calculated un-
der the formula [16]

C= D¢y, 8)
8

where g, — electric constant, ¢ — dielectric permeability of the
material between the cantilever and the control electrode, vac-
uum in this case. A — area of the control electrode, g — distance
between the cantilever and the control electrode. The value of
the capacity of the MEMS switch equals to 1.3 - 10716 F.

The actuation time of the switch is in inverse proportion
to the resonant frequency of the cantilever f; and can be es-
timated by means of the following expression [16]:

T,~0,58/," . )

This expression is fair in case of a small damping, i.e.,
when the good quality of the cantilever exceeds 2.

For calculation of the actuation time the frequency of the
first mode was selected, because the character of the bend of
a beam during actuation coincides with the character of os-
cillations on the first (basic) own frequency.

According to calculations, the actuation time of a beam
design of the switch with a spring element and the first reso-
nant frequency of 7 MHz was 3.3 - 1078 .

Also modeling was done of the operate actuation voltages
for the materials most frequently applied in the MEMS and

NEMS technologies: silicon, titanium, chrome, gold, nickel,
tungsten

The data received as a result of modeling are presented
below:

Silicon. . .......... 9V
Titanium . . ........ 8V
Chrome.......... 12V
Tungsten . . ....... 15V
Gold............. 6V

As it follows from the analysis of the data, the lowest ac-
tuation voltages are observed in the switches from the mate-
rials with a low Young modulus, the values of which influence
the elasticity coefficient of the cantilever.

Dependence of the operate actuation voltage
on the changes of the geometrical sizes

Also a research was done of the dependence of the operate
actuation voltage of an aluminum MEMS switch on a change
of its geometrical size — width, height, spring angle, distance
between the cantilever and the control electrode.

Fig. 10 presents the dependence of the operate actuation
voltage of the MEMS switch on the changes of the width of
the cantilever within the range of 120...40 nm. During the re-
search the height and the length of the cantilever were not
changed, only the width of the cantilever was within the range
of 40...120 nm.

As it follows from the diagram in fig. 10, with an increase
of the width of the cantilever, the operate actuation voltage of
the switch MEMS increases essentially.

Fig. 11 and 12 demonstrate the dependence of the operate
actuation voltage of the switch on the height (thickness of the
instrument layer). During the research the width and the
length of the cantilever remained invariable, only the height
of the cantilever changed within the range of 500...10 nm. As
it follows, a change of the cantilever height changes the value
of the operate actuation voltage of the switch MEMS only in-
significantly (within 0.5 V).

Fig. 13 presents the dependence of the operate actuation
voltage on the distance between the cantilever and the control
electrode. As it follows from the diagram, a reduction of the
distance between the cantilever and the control electrode
causes a reduction of the value of the operate actuation volt-
age of the MEMS switch.

Conclusion

The given work presents the design of a cantilever em-
ploying a spring element of a meander type with a low coef-
ficient of elasticity, an analysis of the resonant frequencies
and good quality of oscillations. It also presents a design of a
low-voltage lateral MEMS switch with the ohmic contacts,
modeling of characteristics and theoretical calculations. From
the results of modeling it follows, that application of the lat-
eral MEMS cantilever with a meander spring element causes
reduction of the operate actuation voltage of the MEMS
switch in comparison with the design of a regular lateral
MEMS switch without a meander (from 8.5 down to 5.5). Al-
so modeling was done of the dependence of the operate ac-
tuation voltage of the MEMS switch on a change of its geo-
metrical dimensions — width and height, and on a change of
the distance between the cantilever and the control electrode.
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LUNOPOBAA ®ATY AAl TEXHOAOTUYECKOTO INMPOLECCA

C HOPMAMMU 65 HM

Ilocmynuna ¢ pedaxyuro 23.03.2017

Ilpedcmasnennt pe3yromamol npaKkmu4eckou paspabomKy CA0HCHO-PYHKUUOHANbHOR0 OA0KA YUPPOB020 ycmpoticmea ¢az060il
asmonooCcmpoUKy 4acmomst ¢ UCNOAb308aHUeM 6a3080u mexuosoeuu KMOII ¢ npoexmuvimu Hopmamu 65 um. Paccuumarst oc-
HOBHble XAPAKMepUCmuKy — UeHmpaibHas 4acmoma OCYUIIAYUL, NOA0CA NPONYCKAHUA U Oxcummep.

Karoueeswie caoea: KMOII-mexnonoeus, ghazoeas aemonodcmpoiika 4acmomol

BBenenue

B coBpemMeHHBIX cHCTEMaX KOMMYHUKALUMU YCT-
poiictBa (a3oBoii aBTonoacTpoiiku YacToTel (DAIIY)
SIBJISTIOTCST HE3aMEHMMBIM 3jieMeHTOM. VX mpuMeHsIoT
JIJIS IEMOYJISILIMKA CUTHAJIa, BOCCTAHOBJICHUSI CUTHAJIA
U3 LIYMHOTO KaHalla, TeHepaluy TAKTOBOIO CUTHAJIA U
1.4. lllupokoe pacrnpocTpaHeHUe MOJYYUIU aHAJIOTO-
Bole (DAITY. AHaIOroBBEIE CUCTEMBI 00ECTIEUMBAIOT
BBICOKYIO TIOMEXOYCTOMUMBOCTh IPU HU3KOM COOTHO-
IIEHUU CUTHAJ/IIyM Ha BXONe, HO MX HEIOCTaTKOM
SIBJISIETCS y3Kasl Iojioca 3axBaTa. Bpemsa 3axmara, oII-
peneasieMoe IapamMeTpaMM TeTiIeBoro uibTpa, pea-
JIN3alKsI KOTOPOTO CBSI3aHA C CYLIECTBEHHBIM YBEJIH-
YyeHHeM TUJIOIIAAM Ha KPUCTajle MHTErpajabHOM cXe-
MbI, 10BOJbHO Beimko. lLludposbie DAY ummeror
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0ojiee LIMPOKYIO TOJIOCY 3axBaTa M IOTEHLIMATbHO
MeHbliiee BpeMsi 3axBata. CyllecTBYIOT pa3nyHbIe Ba-
puanThl peanu3anun TU@poBbix AIY (LPAITY).
B paGote [1] aHan0roBbIM YaCTOTHO-(A30BBIN AETEK-
TOp 3aMEHEH Ha JBYXTAKTOBBIN YACTOTHBIA KOMITapa-
TOpP, GWIBTP HUKHHUX YACTOT BBITIOJTHEH B LIM(MDPOBOM
Buze. [To3gHee ObLT NIpeaioxeH HOBBIM i LIDAITY,
B KOTOPOM YacCTOTHBII KOMITApaTop 3aMeHeH Ipeoo-
pasoBarelieM "BpeMeHHOM MHTepBall — Kox'" [2]. BroT
tunn HPAITY umMeeT yiydiieHHbIE LIYMOBBIE Xapak-
TEPUCTUKU, B YACTHOCTH, B CIIEKTpe (ha30BOro IIymMa
OTCYTCTBYET rapMOHUMKa onopHoro curHaia. LIOAITY
9TOr0 TUIIA YK€ HallUTA cebe MpUMEHEHHEe B TAKUX KOM-
MYHUKAIIMOHHBIX CUCTEMax, KaK COTOBasl CBA3b [3],
Bluetooth [4], WIMAX [5].




PHV,[i]

CKR

CJIOXXEHUSI eT0 TEeKYIero 3HAaYeHUsI
co 3HayeHueM FCW, u Takum obpa-
30M TMoJiyueHHbIH pesdynabTaT PHR
BbIpaxkaeT TeKyllylo ¢a3zy Tpedye-
Moro curHaina. s Toro 4ro0sl mo-
Jyuuth pazy ocumuigtopa PHV, uc-
MOJIB3YIOT (pa30BBIl aKKYMYJISITOP U
npeodpa3oBarelib "BpEeMEHHONW WH-
TepBaJl — Kon'. BeIxomHble TaHHBIC

PHV,

X

KO HOPMANW3I0BIHHOTO NEPHOAA CUIHANA OCUMNNATOPa
{normalized DCO period code)

Puc. 1. CrpykrypHas cxema [I®AITY (TeMHbIM IIBETOM BbIIEJIEHbI AHAJIOTOBbIE KOMIIOHEHTHI):
1 — ocumnATop, ympasisieMblii KogoMm; 2 — mugpoBoit GpuiabTp; 3 — mpeodbpa3oBareib
Kona (a3oBOil OMIMOKM B KOJ YIpaBJICHUSI OCLMLIATOPOM; 4 — (ha3oBbIii aKKYMYJISITOP
OIOPHOTO CUTHANA; 5 — aKKyMYJISITOP CUTHajla OCLWLISATOPa; 6 — CAMILIEP; 7 — CUHX-
poHuzaTop; & — mpeobpazoBaresib "BpeMEHHOW MHTepBal — Iudpa”

Fig. 1. DPLL structure (the dark color designates analog components): 1 — digital-controlled
oscillator; 2 — digital filter; 3 — code-to-thermocode converter; 4 — reference phase
accumulator; 5 — variable phase accumulator; 6 — sampler; 7 — retimer; § — TDC

IIpenmeToM uMcciaegoBaHUsI JAaHHOI paOOTHI SIBJISI-
erca LIDATIY, npenHasHadyeHHAas I peain3aliu 1o
TEXHOJIOTMM C HOpMaMu 65 HM, C BBIXOZHOM YaCTOTOM
10 I'Tu m moJiocoii mponyckaHus He Oosee 2 MI.
B xauecTtBe aHanora misi JaHHOK pa3pabOTKU MCIOJIb-
3oBaHa uudposag PAIIY, omucanHas B pabote [2].
OHa nMeeT CIenyrole OCHOBHBIC JOCTOMHCTBA!

e BBICOKAS YCTOMUYMUBOCTH K IIIyMaM;

e BO3MOXXHOCTb YITPaBJICHUS TTOJIOCOM TTPOITYCKAHMS
JIJIT YMEHbBIIIEHUSI BpEMEHU YCTAHOBKU B PabOuMi
peXUM;

e BO3MOXHOCTh PETYJIMPOBAHUS YaCTOTOI OOHOBIIE-
HUSI YIPABJISIOLIEro Koaa B LEIsIX YBeJTUUCHUST Ha-
JIEKHOCTU CXEMHBI;

e OTCYTCTBHE "BBIOPOCOB" Ha rpaduke (a3oBOro Iy-
Ma, KOTOpble MOXHO HaOIt0AaTh B Cllyyae ¢ aHaJlo-
rosoii ®AITY;

e BO3MOXHOCTb YMCHBIICHUS TIUIOIIAAN, 3aHWMAae-
MOI1 Ha KpHUCTalljie, IPU NepexoJe Ha TeXHOJIOTUIO
C MEHBIIEH TOMOJOTMYECKON HOPMOM.

IIpuanun padorsr LIOAITY

CrpykrypHast cxema LIDAIIY mnpencraBiieHa Ha
puc. 1. B LI®AITY ncrionb3yoTcst 32-pa3psiaHble 1BO-
WYHBIe KOJbI, KOTOpbIe MPEACTABISIOT BellIECTBEHHOE
yucao ¢ (UKCUPOBAHHON TOuKoul. BeuiecTBeHHas
yacTh npeacrasieHa 20 mnagmumu ourtamu. HasHa-
yeHue curHajoB cieaywouiee: FREF — omnopHblit
curHan, CKV — curnan ocuwuisitopa; CKVD8 —
JeneHHbI curHan ocuwuisitopa; FCW (Frequency
Command Word) — mudpoBoii Koa, BeC KOTOPOIro
oIpenensieT OTHOLIEHWE YaCTOThl OMIOPHOTO CUTHaJla
FREF k yacrore curnama CKV.

Bmecte ¢ TeM FCW paBeH uMciy TakKTOB CUTHaia
CKYV 3a ogun TakT curHaia FREF. ®a30BbIil akKy-
MYJISITOpP OIIOPHOTO CUTHAJIA OCYLIECTBIISIET ONePaLInIO

KOHBEpTOpa IIPOXOIsSIT 00pabOTKy B
0JIOKEe aHAJIM3aToOpa U €ro BHIXOAHOE
3HaueHue PHVp aBigercs BeLIECT-
BEHHOW KOMIIOHEHTOW Koga PHV.
PHYV}, cOOTBETCTBEHHO, 1i€/1asi KOM-
noHeHTa koaa PHV. HeobxonumocThb
npeoOpa3oBaTesisi 0O0YCIOBICHA TEM,
yTo (pa3oBbIl aKKyMYJISITOp cpada-
ThIBA€T TOJBKO IO MOJOXKUTEIbHOMY
(¢ponty curHana CKV, 1. e. peruct-
pUpyeT TOJBKO 1ieJioe 3HaueHue da-
3bl. [Ipeobpa3oBaTenb "BpeMeHHOM
VHTEpBal — Ko u3MepsieT BpeMs € MexXay poHTaMU
nocinenHero nukia curdHaia CKV u FREF (puc. 2).

IHudposas yacts (CM. puc. 1) TaKTUpPyeTCs CUTHA-
JoM CKR, KoTophlil reHepupyeTcss 6J10KOM CHUHXPO-
Hu3atopa. IlonpoOHoe ommcaHue 3TOro 0J0Ka JaHO
Huxke. IlepeMeHHast i 3HAUUT, YTO AAHHBII KO SIBJIS-
ercs pyHkuueit B jomeHe curHana CKV, a k — ¢yHk-
uueit B nomeHe curHaga CKR.

PHFE[k] — xon ¢a30Boii o1IMOKM, KOTOPBIH MOy-
YeH CeAyIoIIUM 00pa3oM:

PHE[k] = PHR[k] — PHVk]. Q)

Haiee 3TOT KO MPOXOAUT 00pabOTKY B LIM(PPOBOM
¢unbTpe, KOTOPHIM yMeHbIIaeT 3HaueHue (a3oBoOit
OLIMOKMU:

PHE k] = PHE[k] - o. )

st yIpoleHnsT pearn3allii MOXHO HCIIOJIB30-
BaTh 3HauYeHus a. = 1/2,1/4,1/8, 1/16, ..., TaK Kax rpu
TaKMX 3HaYEHUSIX UMPPOBOI HUIBTP MOXET ObITH BbI-
MOJHEH B BUAE perucrpa CABUIa BIIPaBo. 3HAUCHUE
Ko ULMEHTA ¢ ONPEAesieT MOJOCY IMPOIyCKaHUsI
Jpw LDAIIY:

Tew= %E " JEREF> (3)

rae fpppp — vacrora onopHoro curtaina FREF.

[
1

Puc. 2. Bpemennsie auarpammbl curianios FREF u CKV
Fig. 2. Time diagrams of FREF and CKV signals
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pBIil SIBIISIETCS CYETYMKOM CHMTHAaja
FREF. YcnoBueM nepekiatoyeHUs o
SIBJSIETCSI OOCTMXKEHUE CUYETYMKOM
3aJaHHOT0 U3BHE 3HAUCHUSI.

Anajorossie KomnoHenTsl ITPAITY

Awnanorosasa dacte LHDAITY co-
JEPKUT CIIEAYIoNe OJIOKU: OCLMII-

JIITOP € MOOK/IIOYEHHBIMM K HEMY
JEIUTEISIMA 9aCTOThI, CUHXPOHU3A-
TOp M TIpeobpa3oBaTesb "BpeMEHHOU
uHrepBan — kon" (ITBHUK). B gaH-
Hoil pabote wucnosisdyercsi LC-oc-

LWIJISATOp, LIEHTpaJIbHAs 4acTOTa KO-
Toporo paBHa 10 I'Tu. OH comepxuT

Puc. 3. [IpunnunuaibHas cxema nepeKioyarens Ko3gduuuenra o
Fig. 3. a-shifting circuit

Hanee mojydyeHHOE 3HAYE€HME HEOOXOIMMO HOp-
MaJn30BaThb B BUJ KOAa YIPaBICHUS OCUUIISTOPOM
OTW (Oscillator Tuning Word):

OTW k] = PHE[k] - fj@” , (4)
DCO

rne Kpco — Ko3bdULUMEHT nepenayn oCLuUIATOpa.

KoHeuHbli1 pe3yabTaT yMHOXEHUS IIPOXOAUT IIPeo0d-
pasoBaHue B TepMoko. Ilponecc HacTpoitku LIDAITY
JNeIUTCS Ha TPU peXuMa, KOTOPbIE OMpPeaesstoTCs
TUIABHOCTBIO HACTPOWKU. [IepBbIii peXXM COOTBETCT-
BYET Irpy0OO#i HaCTpOIiKe, BTOPOI pPeXXUM — MPOMEXKY-
TOUHOM; TpeTuit, pabouuii pexum, — IUIaBHOU Ha-
cTpoiike. 1151 KaXa0ro pexxuma CyliecTBYIOT CBOU KO-
spuumentel o U Kpop. Ilepexkmoyenne pexumon
OCYILECTBJISIETCSI C MOMOIIBI0O KOHTPOJBHOro OJIOKa,
KOTOPBI MEHSIET peXUM B 3aBUCMMOCTU OT COCTOSI-
HUS cueTuymka, TaktupyeMmoro curHaiom FREF. Ko-
sduumentel Kpr-o ONPENEeNAOTCcs €elle Ha CTaauu
MPOEKTUPOBAHMS, U JOIYCKAETCS CPAaBHUTEJIbHO He-
0oJIbLIOE pA3IUUME C UX PeabHbIMU 3HAUYCHUSIMMU.

J1st mocTHKeHusI TpeOyeMOMi ITOJIOCHI MpPOITycKa-
HUSI MOXET MOTpeboBaThCsl OUEHb MaJIOe 3HAYEHUE o,
YTO, B CBOIO OUEpelb, MOXKET CKa3aThCsl HA 3HAYUTEb-
HOM YyBEJIMYEHUU BPEMEHU YCTAHOBJIEHUS B paboumii
pexuM. 1151 Toro 4ToObl yAOBJIETBOPUTL TpeOOBaHUS
JIJISI CKOPOCTH YCTAaHOBJICHUS B pa0OYMiA peXUM U JIS
LIMPUHBI TIOJOCH MPOMYCKaHUS, peaanu3yercsl Mexa-
HU3M IepeKIoueHus o (puc. 3).

Ha HauanbHOM 3Tare TpeThero pexxmma MCIoJb3y-
€TCSl OTHOCUTEIBHO OOJbIION KO3(hMUIHUEHT o U ye-
pe3 onpeaeeHHbIN TPOMEXYTOK BpeMEHU TMOC/Ie KOH-
TPOJILHOTO CHUTHaia "gear" TPOMCXOOUT TIEpPeXom K
MEHbllIeEMYy 3HayeHu1o. [lepekiaoueHre ocylecTBiIs-
eTCsl TaKXKe BHEIIIHUM KOHTPOJbHBIM OJIOKOM, KOTO-
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TpU Habopa KOHAEHCATOpPOB, COOT-
BETCTBYIOIIMX TpEeM peXHUMaM Ha-
crpoiiku. IlepBomy, rpyoomy, pexku-
My HACTpOMKU COOTBETCTBYET HAOOP
sT9eeK W3 KOHIEHCATOPOB C OTHOCH-
TeJIbHO OOJIbIION eMKOcCTbhlo. Jlis
BTOPOTO M TPETHETO PEXMMOB €MKOCTH MeHbIe. B pe-
3yJbTaTe JIJIs1 TIEPBOTO, BTOPOTO U TPETHErO PEKUMOB
Ko3(PUILIMEHTHI Mepenady paBHbI 3HaUeHUSIM 44 MI'1g
u 2,5 MI' u 290 xI'ti coorBeTcTBeHHO. OCHOBHBIMU
(byHKUMSIMU 06JTOKa CUHXPOHU3ATOPA SIBJISTIOTCS TeHepa-
LIMSI TAKTOBOTO CUTHaJA T 1udposoit yactu LIDAITY
u noacuyeT umnyiabcoB curHaiza CKV. Curyauuu, B
KOTOPBIX TOJ0XUTeAbHbIe (DpoHTH curHasioB FREF u

e

| CueTumk
i (counter)

Puc. 4. Cxema CHHXPOHH3AaTOpa
Fig. 4. Retimer circuit with counter




B paboueMm pexume. Tak Kak wuue-
aJlbHOE 3HAYEHUE HE MOXET ObITh
W3BECTHO 3apaHee, 6JJ0K 00paboTKu
JIOJKEH OIpeAesiiTh ero U3 COCTOSI-
HU peoOpa3oBaresis. YIpaBieHue
3aI€PKKON IIPOUCXOIUT IIyTEM M3-
MEHEHWST HaIIPSDKeHUS ITUTAHWST MH-
BEPTOPOB — 3JIEMEHTOB 3aIEPKKHU.
IIpu M3MeHeHUM HampsDKEHWST M-
taHusa Ha +10 % wusMeHeHue 3a-
JepKKU cocTtaBigeT okono 30 %.

Puc. 5. PesyabraThl pacueroB auddepeHnuanbHoil (CIUIOMHAS JIMHUA) W HHTErpajbHOM
(myHkTupHas quHus) HequHeiiHocteil IIBUK
Fig. 5. Differential (the continuous line) and integral (the dashed line) nonlinearities of TDC
in worst case

CKV cauikom 6113KU, KpaiiHe HexXeaTeIbHbl, TaK
KakK MOTYT CITIpOBOLIMPOBaTh cOOUl B MOACUYETE TaKTOB.
HMMeHHO MO3TOMYy HCHOJIb3YETCSl CTPYKTypa, IpUBeE-
neHHast Ha puc. 4. CurHan SEL_EDGE dopmupyercs
6;10Kk0M 00padotku gaHHbix [IBUK u curHanusupyet
0 HEoOXOAMMOCTHM MPOIMYyCKa TEKYILIEro MUMITYJibca Ha
BBIXOAE OCLIMJIITOpa, YTOOBI M30exXaTh cOOs B IO~
cuere TakToB. Kog PHV[2:0] — mMianiuue OUTHI 1110
cocrapsitouleit koga PHV. Crapiiue 6utsl hopMupy-
€T OOBbIYHBIM CUETYMK, HAa TAKTOBBI BXOJ KOTOPOTO
MocTymnaer AejeHHbI curHan ocuuisatopa CKVDS.
Kpome Toro, BpeMeHHOI nIuana3oH MeXIy MOJOXKM-
tenbHbIMU poHTamMu curHajioB FREF u CKR non-
KE€H OBbIThb NOCTATOYHO BEJIMK, YTOOBI 3a 3TO BpeMS
a”agmu3aTop ycnea oopadborath gaHHbie [IBUK.

KoHeuHoii 3apaueit 3Toro 6;1oKa sIBIsIeTCs Mpeood-
pasoBaHMe BPEMEHHOI'O MTPOMEXYTKA MeXTy Oauxkaii-
LIIUMU TTOJOXUTEbHBIMU (ppoHTamu curHasioB FREF
u CKV B nudpoBoit kox. be3 Hero ¢a3a BBIXOZHOIO
curHanma LIDAITY nuiob Tokanm3oBaHa B AUama3oHe
oT 0 1o 2rx. B naHHO# paboTe UCIOJIb30BaH Mpeodpa-
30BaTe/ib HA OCHOBE JIMHUM 3aepXKKU. OH CONEePXUT
WHBEPTOPHI B KAUECTBE 3JIEMEHTOB 3aIePKKHN M TPUT-
repbl, Ha TAaKTOBBbI BXOJA KOTOPBIX MOJAETCS] CUTHAI
FREF. Pa3pelialoliiasi cnocoOHOCTb TaKOTro Ipeoopa-
30BaTelisl paBHA BpEMEHU 3aJep>KKU OTHOTO MHBEPTO-
pa. [lns TexHojorMu 65 HM 3TOT MPOMEXYTOK PaBeH
okosio 20 nc. Tpebyemas TojHas1 1IKajaa mpeodpa3o-
BaTess JoJikHa cocTaBiisiTh 800 mc nmpu KoadduieH-
Te Tepenayn okojo 14 out/mc.

®dopMupoBaHNE BEIIECTBEHHON COCTaBJISIONIEH
kona PHV onpenensieTcs cieayioluM BbIpakeHUEM:

PHV,= =%, (5)
I Tegy
IIe &€ — pa3HMWlla BO BPEMEHU MexXiay (ppoHTaMWu;

Tcxy — uaeanbHoe 3HaueHue nepuoga curana CKV

Hanuuue nuddepeHuMaNbHbIX JU-
HUM 3agepXKu cMsrdaetr 3ddekr
pa3bpoca TEeXHOJOTMYEeCKUX Tapa-
METpOB, M B TAKOM IIpeoOpas3oBaresie
MOXHO OOOWMTHCH 0€3 KaJIMOpPOBKM.
Ha puc. 5 mokaszaHbl pe3yJbTaThbl
pacyeTHOM 3aBUCHMMOCTH nudde-
PEHIIMATBHOM U WHTETPAJIbHOU HE-
muHeitHocTeit (DNL u INL) oT BpemeHHOro mpome-
KyTtka mexny ¢poHtamu CKV u FREF.

Ocnosubie xapakrepuctukn [TOAITY

Pesynbrarel MopmenaupoBanusi B cpene CAIIP
CADENCE npuseneHbl Ha puc. 6 u 7.

HMcnonb3oBaicss TUIIOBOM TEXHOJOTMYECKUIl MPO-
necc 65 HMm npu temneparype 27 °C, IKXUATTEpE BXOI-
HOro curHasa, paBHoM 60 mc. Yacrora ormopHOro cur-
Hama paBHa 100 MI'u. ITosoca mpomycKaHWsI COCTaB-
nsgeT 2 MI'n. Ha puc. 6 mokaszaHo M3MeHEHHE YacTo-
Thl B IIpOlieCCe HACTpOMKU. IlepBblil pexxum pabdOThI
Imics 2 Mkc, BTopoit pexxum — 10 Mxc. CymmapHoe

10.2

f, GHz 10.1

10.0 =4

Puc. 6. U3menenue yactotsl B mpouecce nacrpoiiku: I, 11, 111 — pe-
SKUMBI HACTPOMKU

Fig. 6. Frequency dynamic during calibration: I, 11, II] — the calibration
modes
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Puc. 7. 'na3koBas aquarpaMma CHrHaja reHepaTopa
Fig.7. Eye diagram of the oscillator signal

BpeMsl HacTpoliku coctaBuiio ~20 mkc. Ha puc. 7 mo-
KazaHa IJIa3KOBasl JuarpaMma CHUTHajJa TeHeparopa.
HeTepMUHNPOBAHHBIN KUTTEP BBIXOTHOTO CUTHAja
paBeH 5,9 ric.

3akimouenue

B nanHoli paboTe mpeacTaBieHa peaau3alus
L DAITY ¢ ucnonp3oBanueM 6azosoit KMOII-TexHO-

JIOTMM C MPOEKTHBIMM HOpMaMu 65 uM. Ilpn 1eHT-
panbHOI yactote ocumigTopa 10 I'Tx u mosoce mpo-
nyckaHus 2 MI'ty neTepMUHUPOBAHHBINA TXKUTTEP CUT-
Hama LHDATIY cocraBiseT 5,9 T1C.

Hannas peanusanusg LIDPAITY Moxer ObITH HC-
MOJIb30BaHAa KaK CUHTE3aTOP YaCTOThI AJIs1 BHICOKOCKO-
POCTHBIX KaHAaJIOB CBSI3M B MUKPOIIPOLIECCOPHBIX U
koMMmyHuKaimoHHbIXx CBbUC.

CnHCOK MTEepaTyphl

1. Dunning J., Garcia G., Lundberg J., Nuckolls E. An All-
Digital Phase-Locked Loop with 50-Cycle Lock Time Suitable
for High-Performance Microprocessor // IEEE Journal of Solid-
State Circuits. 1995. Vol. 30, N. 4. P. 412—422.

2. Staszewski R., Poras T. Balsara, All-Digital Frequency
Synthesizer in Deep-Submicron CMOS. Wiley, 2002.

3. Staszewski R., Wallberg J. All-Digital PLL and Trans-
mitter for Mobile Phones // IEEE Journal of Solid-State Cir-
cuits. 2005. Vol. 40, N. 12. P. 2469—2482.

4. Staszewski R. Khurram M. All-Digital TX Frequency
Synthesizer and Discrete-Time Receiver for Bluetooth Radio in
130-nm CMOS // IEEE Journal of Solid-State Circuits. 2004.
Vol. 39, N. 12. P. 2278—2291.

5. Wenlong J. DPLL design for WiMAX (Msc Thesis) //
Delft University of technology, 2011.

6. Staszewcki R., Poras T. Balsara. Digital PLL with ultra-
fast settling // IEEE Transactions on circuits and systems-11: Ex-
press briefs. 2007. Vol. 54, N. 2. P. 181—185.

7. Popong E. Time-to-Digital converter (TDC) for WiMAX
DPLL in State-of-The-Art 40-nm CMOS (MSc Thesis). Delft
University of Technology, 2011.

V. V. Masterov, Junior Researcher, masterov@cs.niisi.ras.ru,
Yu. B. Rogatkin, Ph. D., Head of Department, ryb@cs.niisi.ras.ru
Scientific System Research Institute of the Russian Academy of Sciences (NIISI RAS), 117218, Moscow,

Russian Federation

Corresponding author:

Rogatkin Yuriy B., Ph. D., Head of Department, Scientific System Institute of the Russian Academy of Sciences, 117218,

Moscow, Russian Federation, e-mail: ryb@cs.niisi.ras.ru

Digital Phase-Lock Loop Design in 65 nm CMOS Process

Received on March 23, 2017
Accepted on April 10, 2017

This paper presents the result of practical development of IP-block of digital phase-locked loop (DPLL) using a basic CMOS
process with design rules of 65 nanometers. The analog PLLs are widespread but advanced CMOS technologies are becoming less
friendly for analog design, therefore digital solutions adaptation for analog applications issue is of great interest. The structure of
implemented DPLL is the same as one of WiMAX and Bluetooth receivers DPLL. The main advantages of this structure is higher
noise immunity in comparison with the analog PLL one, scaling and bandwidth control during calibration. The operations of analog
and digital parts are described. For simplicity, the inverter-delay chain is used as the time-to-digital converter. Its main parameters
are presented, differential and integral nonlinearities are obtained using Monte-Carlo analysis. Also, the settling time reducing tech-
nique is implemented using gain shifter. The digital part implementation is done with Verilog. The central frequency of oscillation
and bandwidth are calculated. The simulation is implemented and the output jitter is obtained.
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Introduction

In communication systems, the phase-locked loop devices
(PLL) are irreplaceable. Their applications are signal demod-
ulation, signal restoring from a noisy channel, clock signal
generation, etc. The analog PLL devices are now widespread.
The analog systems ensure high noise immunity at a low sig-
nal to noise ratio at the input, but their drawback is a narrow
locking band. The locking time determined by the parameters
of the loopback filter, which implementation is related to an
essential increase of the area on the integrated circuit, is rath-
er long. Digital PLL have a wider locking band and poten-
tially smaller locking time. There are various versions of the
digital PLL (DPLL) implementation. In [1] the analog fre-
quency-phase detector is replaced with a two-clock frequency
comparator, and the low-pass filter is digital. Later a new type
of DPLL was offered, where the frequency comparator is re-
placed by time-to-digital converter (TDC) [2]. This type of
DPLL has improved noise characteristics, in particular, there
is no reference spurs in phase noise spectrum. DPLL devices
of this type have already found application in such commu-
nication systems, as cellular communication [3], Bluetooth
[4] and WiIMAX [5].

The object of research is DPLL implementation in 65 nm
CMOS process, output frequency of 10 GHz and bandwidth
of no more than 2 MHz. The reference for the given design
is the one of the DPLL described in the work [2]. Advantages
of this design are:

e High noise immunity;

e Bandwidth control for settling time reduction;

o Filter output updating control for reliability improvement;

e Absence of reference spurs, which can be observed in case
with an analog PLL;

e Scaling at advanced technologies which is not the case
with analog PLL.

Principle of operation of DPLL

Block diagram of DPLL is presented in fig. 1. In DPLL
32-bit binary codes presenting fixed point numbers are used.
20 least significant bits represent the fractional part. The pur-
poses of the signals are the following: FREF is a reference sig-
nal; CKV is an oscillator signal; CKVDS is a divided oscillator
signal; FCW (Frequency Command Word) is a digital code,
which value determines the frequency ratio between FREF
and CKV signals.

On the other side, FCW is equal to the number of time
steps of CKV signal per one period of FREF signal. The ref-
erence phase accumulator carries out the operation of addi-
tion of its current value with the value of FCW and thus re-
ceived PHR code expresses the current phase of the demand-
ed signal. In order to receive PHV code the variable phase ac-
cumulator and TDC are used. TDC output data are processed
in analyzer and one output value PHFis a fractional part of
PHYV code. PHV;is an integer part as well. The necessity of
converter use is explained by the fact that the phase accumu-

lator works only with the positive edge of CKV signal, i.e. it
detects only the integer part of a phase. TDC measures time ¢
between the positive edges of the CKV last cycle and FREF
(fig. 2).

The digital part (see fig. 1) is clocked by CKR signal,
which is generated by the retimer. A more detailed description
of this block is given below. The variable i means, that the giv-
en code is a function in the domain of CKV signal, while k&
is the function in the domain of CKR signal.

PHE]k] is the code of a phase error, which is calculated
in the following way:

PHE[K] = PHR[k] — PHV[K]. (1)

Further, this code undergoes processing in the digital fil-
ter, which reduces the value of a phase error:

PHE_[k] = PHR[K] - a.. )

For simplification of the implementation it is possible to
use values o = 1/2, 1/4, 1/8, 1/16... because at such values
this operation can be performed by simple right-shift register.
The value of coefficient o determines the bandwidth fy, of
DPLL:

Tew= %C “JFREF (3)

where fprpr is the frequency of the reference signal FREF.
Then, the received value should be normalized into oscil-
lator control code OTW (Oscillator Tuning Word):

OTW |kl = PHRIk] - &@f, 4)
Kpco
where Kjco is the transfer coefficient of the oscillator.
The result of multiplication undergoes transformation into
a thermocode. The DPLL calibration has three modes differ-
entiated by the smoothness. The first mode corresponds to a
rough adjustment, the second — to an intermediate adjust-
ment, the third — to a smooth adjustment. The third mode
corresponds to a normal mode. For each mode their own co-
efficients are o and K. Switching of the modes is carried
out by means of the control unit, which changes a mode de-
pending on a counter condition. The counter clocked by
FREF signal. K factors are determined at the design stage
and small differences from their real values are allowed. For
achieving of the demanded bandwidth a very small value of o
may be required, which can cause a substantial increase of the
settling time. In order to meet the requirements for the set-
tling time duration and the bandwidth, the switching mech-
anism of factor o (fig. 3) is implemented. At the initial stage
of the third mode a relatively large coefficient a is used, and
after a certain period of time by the "gear" reference signal a
transfer to a smaller value is performed. The o switching event
is also controlled by the external control unit, clocked by
FREF signal. When current unit value is equal to ones spec-
ified by designer, the unit calls the switching event.
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Analog components of DPLL

The analog part of DPLL contains the following units: an
oscillator with the frequency dividers connected to it, a retimer
and a TDC. In the given work oscillator based on LC-tank is
used, its central frequency is about 10GHz.

The oscillator contains three sets of capacitors corre-
sponding to three modes of adjustment. A set of capacitor
cells with high capacity corresponds to the first mode of ad-
justment. For the second and the third modes cells with small
capacitors are used. Therefore, the one cell switching changes
the frequency by 44 MHz, 2.5 MHz and 290 KHz respec-
tively. The retimer functions are clock signal generation for
the DPLL digital part and CKV pulses accumulation. The
cases, when the positive edges of FREF and CKYV signals are
too close, are extremely undesirable, because calculation fail-
ures of the time steps can be caused. For this reason the struc-
ture presented in fig.4 is used. TDC data processing unit gen-
erates SEL._ EDGE signal and the purpose of this signal is to
make retimer skip the current CKV pulse in order to avoid a
failure in calculation of the time steps. PHV[2:0] bits are the
least significant ones of the integer part of PHV code. A sim-
ple counter clocked by CKVD8 signal generates the high or-
der bits. However, the time span between the FREF and CKR
positive edges should be large enough to allow the analyzer to
process TDC data.

The TDC task is conversion of the time interval between
the closest FREF and CKYV positive edges to a digital code.
Without this block the output signal phase of DPLL is only
localized within the range from 0 up to 2x. In the given work
a delay line converter is used. It contains inverters as the delay
elements and flip-flops, clocked by FREF signal. The reso-
lution is equal to the time delay of one inverter. In 65 nm
CMOS process this interval is about 20 ps. The demanded
time range of the converter should be 800 ps at the ~14 bit/ps
transfer coefficient.

The fractional part of PHV code is determined by the fol-
lowing expression:

PHV,= & 5)
s TCKV

where ¢ — difference between the edges; T(-x) — CKV period
ideal value in the normal mode. Since Tk} cannot be known
in advance, the processing unit should determine it from the
converter states. In addition, the time delay control of all in-
verters can be achieved by power supply adjustment. Chang-
ing supply voltage by £10 % can change the resolution by

30 %. Presence of differential delay lines mitigates mismatch
effects, and with proper design this converter can be calibra-
tion-free. Fig. 5 presents the worst-case TDC differential and
integral nonlinearities (DNL and INL) obtained by Monte-
Carlo analysis.

Basic characteristics of DPLL

The results of simulation in the CAD CADENCE environ-
ment are presented in fig. 6 and 7. Typical process at 27 °C is
used, input jitter is 60 ps. The reference frequency is 100 MHz.
The bandwidth is 2 MHz. Fig.6 presents a change of the fre-
quency during the calibration. The first mode lasted 2 ps, the
second mode — 10 mcs. The total time of adjustment is about
20 ps. Fig.7 presents an eye diagram of the oscillator signal.
The determined jitter of the output signal is equal to 5.9 ps.

Conclusion

The work presents an implementation of DPLL in 65 nm
CMOS process. At the central oscillator frequency of 10 GHz
and a bandwidth of 2 MHz, the determined jitter of DPLL
signal is 5.9 ps.

The given DPLL implementation can be used as a fre-
quency synthesizer for the high-speed communication chan-
nels in the microprocessor and communication GSI.
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«MICROPROFILING TECHNIQUE USE IN GALLIUM NITRIDE BASED
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Fig. 3. Etching profile of GaN epitaxial layer in BCL/CL/Ar plasma. Etching parameters:
ICP power — 600 W, RIF power — 40 W,
Pressure — 1.2 Pa, gas flow rate BCl,/Cl,/Ar — 20/60/10 sm’/min
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Fig 4. Schematic representation and appearance of the diode structure
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Fig. 8 Actuation of the MEMS switch:
a — with a meander (5.5 V); b — without a meander (8.5 V)
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