posure to radiation was done in an active mode, the potential
difference Ucy in the course of irradiation was established at
the level of 1,0 V for tMOS and —1,0 V for pMOS. During
the irradiation all the transistors were in the open state.

The leak current of a closed pMOS increased 5 times at
the initial levels of influence, however, under the further ir-
radiation the level of the leaks stabilized and its further change
did not exceeded 5 %. This can be connected with the pres-
ence of the final number of the "small" charge capture centers,
activated by already small levels of influence.

The shift of the unlocking threshold (measured by the
drain current equal to 2 uA) did not exceed 200 mV at the lev-
el of the radiation influence up to 970 thousand units, except
for kMOS, which was characterized by the threshold shift of
nearby 400 mV. In the given transistor an expressed Rebound-
effect [6] was also revealed.

Analysis of the received characteristics depending on the
topology of the elements of the test structures allows us to se-
lect the optimal design of the elements of a working IC, to in-
crease its prefailure life time and radiation resistance. Besides,
by placing a test crystal together with the working IC as a part
of a wafer it is possible to carry out control and certification
of the processes of those factories, at which the working 1C
are made. The data obtained in the control process allow us
to see, which of the factories ensures the highest reliability of
IC from the point of view of the applied technology. Such
control allows us to find the "technological bookmarks" — ill-
intentioned change of the technological routes, composition
or parameters of the technological layers and materials, with
a view to decrease the IC reliability. The given changes cannot

be defined during a functional testing, however, at that, the
long-term reliability of IC can be reduced many times.

The work was done with the use of equipment of the Func-
tional Control and Diagnostics of Micro- and Nanosystem Tech-
nologies on the basis of NPK Technological Center with support
of the Ministry of Education and Science of Russia within the
Jframework of FTP "Research and Development in the Priority
Directions of the Scientific-technological Complex of Russia for
the period of 2014—2020" (GK Ne 14.574.21.0115, unique
identifier RFMEFI57414X0115).
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BUCTABUAbHbI MOMC-MEPEKAIOYATEAb C MEXAHU3MOM
AKTUBHOI' O PA3MbIKAHNA DAEKTPOAOB

Ilocmynuaa e pedaxyuro 09.06.2016

Ilpeocmassen MOM C-nepexatouamens 3neKmpocmamu4ecko20 muna ¢ pe3ucmueHsiM KoHmaxkmom. IloosusicHvim snexm-
poooMm Katoua senrsemcs 6aika, 3aKpeniennas Ha KpymuasHolx noosecax. OcobenHocmamu nepexkaouamens A64a0mes oucma-
OUABHOCMb U HAAUYUE MEXAHUIMA AKMUBHO20 PAMbIKAHUA KOHMAKMA, NO360AAIUE20 peuiums npooiemy APpUAUnanus 6aiKu
K KOMMYMupyemomy 31eKmpody noo oeticmeuem cui adeesuu. AkmueHoe pasmvlKanue peaiusyemes 3a cuem Haiuyus 08yx yn-
paeaarouux 31ekmpodos. Ompabomana mexHono2us U320moseaeHus nepexaovamens. Boinoanens: meopemuueckuii anaius, Kom-
nblOMepHoe MOOCAUPOBAHUE U IKCHEPUMEHMAAbHOe UCCAC008AHUE €20 PAdoHUX XAPAKMepUCmuxK.

Karoueevie caosa: MUKDOINCKMPOMeXaHU4YecKue cucmemsl, nepeKkirdamensb, sneKmpocmamuvecKoe ynpaeienue, pesucmue-
HbL KOHmMAakm, HanpAajceHue Cpa6amb16(1HLLﬂ, KOHmMAakmmHoe conpomuenernue, aodee3us

Beenenne

MOMC-nepekioyaTesay ¢ 3JeKTPOCTATUYECKUM MTPUH-
LIMTIOM YIIpaBlIeHUs] IIUPOKO HCIOJIb3YIOT B Pa3IMYHBIX
BY- u CBY-cucremax [1]. [1o cpaBHeHUIO C pagnovyacToT-
HBIMU KJIIOYAMU Ha pin-AvONax U TMOJEBBIX TPAH3UCTOPAX,
MBMC-KI0un 371eKTPOCTaTUYECKOTO THIIA MMEIOT CIIeIy-
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IOIlIME TPEUMYILEeCTBA: MaJlylo MOTPEeOJISIEMYI0 MOIIHOCTb,
MaJible IOTEPU B 3aMKHYTOM COCTOSIHUM; XOPOLIYIO Pa3BSI3KY
B Pa30MKHYTOM COCTOSIHUM, HU3KUI1 YPOBEHb HEJIMHEWHBIX
HMCKaXXEHUI1; BBICOKYIO palualOHHYI0 cToikocTh [2]. Hemo-
CTaTKOM COBpPEMEHHBIX KOMMEPUYECKU JOCTYyMHBIX MODMC-
KJIIOUeil SIBJISIETCS BBICOKOE HaMpsDKeHHe cpabaThIBaHUS,




KOTOPOE COCTaBJISIET HECKOJIbKO NeCSITKOB BOJIBT [3]. st yri-
paBJeHUs] TAKUMU MepeKIoyaTesIMU HEOOXOMUMBI CITeLM-
aJbHbIe YCTPOWCTBA W IIEMU BBICOKOBOJBTHON W3OJISILINH,
YTO CYILIECTBEHHO YCJIOXHSIET UX TPUMEHEHUE.

HauGonee pacripocTpaHeHHBIM METOJIOM CHIKEHUsI Ha-
NPsEKEHUS cpabaThIBAaHUS SIBJISIETCS] yMEHbILIEHUE YIIPYTOCTH
TTOIBMXKHOTO 3JIEKTpoa MepeKioyaTesss. OmHaKo pa3MbIKa-
HME KJTI04a, KaK MpaBWIO, OCYIIECTBIISIETCSI UMEHHO 3a CUEeT
CUJIBI YIIPYTOCTH, BO3HUKAIOLIEH B MOABUKHOM 3JIEKTPOIE
(maccuBHOE pasmbikaHue). [10aTOMy CHUXXEHUE ero YIpy-
TOCTM YMEHBLLUAET Pa3MBIKAIOLLYIO CUJTY U YBEJIUMYMBAET Be-
POSITHOCTh CJTUTIAHUS DJIEKTPOIOB IO NEWCTBUEM CHIT ajire-
3uu. Ho cavnaHue saeKTpoJoB UMEET U MOJIOXKUTEIbHYIO
CTOPOHY: IIJISl COXpaHEHUSI MepeKIIiouaresisi B 3aMKHYTOM CO-
CTOSTHUM He TpeOyeTcs Tmojada YIpaBIIsioNIero HampsiKe-
HMSI, T.€. 3aMKHYTOE COCTOSTHUE SIBJISIETCSl cTa0MiIbHBIM. [Tpu
5TOM B KOHCTPYKIIMIO TIEPEKITIoUaTesisi JOKHBI OBbITh 3aJ10-
K€Hbl MEXaHM3Mbl, TTO3BOJISIIOLIME TIPU HEOOXOAUMOCTHU
Mpeo0JIeBaTh aAre3MOHHBIE CUJIBI M Pa3MbIKATh 3JIEKTPOJIbI
(akTUBHOE pa3MbIKaHUe). BaxkHo, 4TOOHI peann3anus Mexa-
HU3Ma aKTUBHOTO Pa3MbIKaHUSI HE TIpUBEJia K CYIECTBEH-
HOMY YCJIOXHEHMIO KOHCTPYKLIMM TIepeKIovaTesisi, TeXHO-
JIOTMY €r0 U3TOTOBJICHHUS M CITIOCOOOB yrpaBieHus. B HacTo-
gieil pabote mpeacrabieH OucTtabuiabHblE MBOMC-nepe-
KJIIOYaTeslb 3JIEKTPOCTaTUIECKOTO THUIA C PE3UCTUBHBIM
KOHTaKTOM, 00JIafalolInii MeXaHU3MOM aKTUBHOTO pa3Mbl-
KaHUSI 2JIEKTPOIIOB.

KoHcTpyKuus m npuHIAn padoThl MepeKIoYaTe s

KoHcTpyKIyst mepekiitouareis peacTaBieHa Ha puc. 1.
IMonBUXHBIM 3JIEKTPOAOM SIBJISIETCSI MeTaJuIMuecKasl Oayka,
3aKperuieHHas Ha KpYTUJIbHBIX MoaBecax. [Toa KaxabiM rute-
YoM OaJIKu HaxOASTCsl YNPaBASIOIIMI U KOMMYTHUPYEMbIid
BJICKTPOIBI.

IIpuHumMn paGoThl IepeKoyaTesiss COCTOUT B CIEIyIO-
meM. Ha onuH 13 ynpapJisiiolmx 3JeKTPOAOB MOoAaeTcsl Ha-
NpsEKeHUe, MO/ NEMCTBUEM DJIEKTPOCTaTUUECKOMN CHTbI Oasl-
Ka HAaKJIOHSIETCST Y TIPUXOANT B KOHTAKT C KOMMYTHUPYEMbBIM
a5ieKTpoaoM (puc. 2, cocrosinue 1). [TonBeckl Ipu 3TOM HUC-
MBITHIBAIOT KPYYeHUE, B HUX BO3HUKAET CWJIa YIPYTrOCTH,
TBITAIOIIASICS BEPHYTh OAJIKY B TOPU30HTALHOE MTOJIOXKEHHE.
OnHako YNpyrocTb MOABECOB CHEeLMaTbHO 33JaHa MaJloi,
YTOOBI 00€CTIeYNTh HU3KOE HAaIpsDKeHUWe cpabaTbIBaHUS.

Onopsr
Anchors

[Moaseck
Hinges

Banka
Beam

YnpaBasroIHe 3IEKTPOIbI
Driving electrodes

KoMMyTHpYeMBIE 31EKTPOIbI
Signal electrodes

Puc. 1. Konctpykuus MOMC-nepexmouareis
Fig. 1. MEMS switch design

Cocrosiaue |
State 1

Cocrosgaue 2
State 2

Puc. 2. PaGouue cocTosinus mepexoyaTes
Fig. 2. Working positions of the switch

Cuna ynpyrocts He B COCTOSTHMM TIPEOJIOJIETh aare3nOHHbIE
CWJIBI U OTJICNMUTH OalKy OT KOMMYTHPYEMOTO 3JIEKTPOJa,
MO3TOMY MPU OTKJIIOYEHUH YIIPABJISIONIET0 HAMIPSIKEHUSI T1e-
peKITIoYaTesIb COXpaHsIeT CBOe COCTOSTHUE. JIJIsT pa3MBIKaHUsI
KOHTaKTa MCIIOJb3YIOT YIPAaBISIONIMNA 3JIEKTPOI, HaXOsl-
HIWIACS IO TIOTHSTHIM TUIe4oM 6anku. ITpu momave Harpsi-
JKeHUsI Ha Hero 0Oajika HAKJIOHSIETCS B MPOTUBOIOJIOXHYIO
CTOPOHY U NIPUXOIOUT B KOHTAKT C IPYTUM KOMMYTHPYEMBIM
3JIeKTpoaoM (puc. 2, cocTosiHre 2). YToOBI CHOBa IEPEUTH B
cocTosiHue 1, HeOOXOMMMO TTOAaTh HATIPSIKEHUE Ha TEepPBbIit
yIpaBISgoIMil 3aekTpon. TakuMm odpa3oM, B mpolecce pa-
0OThI KJIIOY HAaXOIUTCS B OMHOM U3 JABYX COCTOSIHUIA, KOTO-
pbie COXPaHSIIOTCS MPU OTKJIIOUYEHUU YIPABJISIIOUIMX CUTHA-
JIOB, T.€. KJIIOU SBJISIETCS] OMCTaOMIbHBIM. ['OpM30HTaIBHOE
rnoJsioxkeHue Oajku rmocje nepBoro cpabaTbiBaHusl 0ojiee He
JIOCTUTAETCS.

Pacuer HanpskeHHs cpadaTbIBAaHUS

KoncTpykius nepekimodyaresiss ¢ 0003HAYeHUEM pa3Me-
poB mM3o00paxkeHa Ha puc. 3. BoIpaxeHne mist HaNpsKEHUS
niepsoro cpabareiBanud (Vpy, pull-in voltage, HanipskeHUe Tie-
pexona Gajqku U3 FOPU30HTATIBLHOTO TOJIOXKEHMSI B HAKJIOH-
HO€) BBIBOAUTCS U3 ypaBHEHUs1 OajlaHCa MOMEHTOB 3JIEKT-
pOCTaTUYECKON U YIPYroi CUil U umeeT Bul [4]:

Vpr=

3 2\-0,5 1,931,-0,3244
0.8275Kg. [1[2_3) (1+0,6735[;j J , (1)

ggwa,

rae K — KOHCTaHTa YIpYyrocTH MOJABECOB, KOTOPas 3a1aeTcst
BbIpaxkeHuem |[5]:

— Gwhin etftin e 16 thin e tiin e
K= Zhinehinge | 223 36 hige| | _hinge || (2)
SLhmge 3 whinge 12Whinge

B Beipaxkenuu (2) G — Moayiib cABUTa MaTepurajia II0BECOB.
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lhu‘um

t
g

I ~hinge

OnexTpox
VOpPaBICHHA
: Driving
electrode

Puc. 3. KoHcTpyKuus nepexioyaress ¢ yKka3anueM reoMeTpuyecKux
pa3mepoB: a — BUI cOOKY; b — BUI CBEpXy

Fig. 3. Design of the switch with indication of the dimensions: a — side
view; b — top view

B 1a6n. 1 npencraBaeHsl HOMUHAIbHBIE 3HAYEHMST pa3-
MEpOB KOHCTPYKIMHU MepeKIoyaTesss U pe3yabTaThl pacue-
TOB HAIpsDKEHUST cpabaThbIBaHUSI C MCITOJIb30BAHUEM BBIpa-
xenust (1). PaccmMaTpuBaivCh 4eThlpe THIA KOHCTPYKIIMH,
OTJIMYAIOIINECS IIIMPUHON GaJIK! 1 3JIEKTPOJ0B w. B KavecT-
Be Marepuaja moaBecoB ObuT BeIOpaH xpoM (G = 115 I'Tla).
KoHcTaHTa ynmpyroctu moaBecoB B COOTBETCTBUU C BhIpa-
xenueM (2) coctassuia 3,9 1072 H -« M. ComtacHo pacde-
TaM HarpspkeHUe TIepBOro cpabaThlBaHUST JOJIKHO COCTaB-
J9Th 0T 4,1 10 8,2 B. CTOUT OTMETUTD, YTO BHIOOp MaTepuaia

yaTesisl, TaK Kak Iojiaraercs, 4YTo 6anka sipisiercs: Henedop-
MUPYEMOI.

B wensix ynpollleHust M3roTOBJICHUS TepekodaTess U
yAydIIeHUs] ero (PyHKIMOHUPOBAHUSI KOHCTPYKIIMS OaKu
6buta MomupuIpoBaHa. Bo-nepBrix, OBLIM H100ABIEHBI OT-
BepcTusl nepdopalliu, MO3BOJISIONIME YCKOPUTh YIajeHUe
JKEPTBEHHOTO CJIOSI M3-TI0J 0K Y YaCTUYHO CHSATHb OCTa-
TOUYHbIE MEXaHWYEeCKHe HalpsoKeHUsl B maTepuasie. Takke
nepdopalius CHUXana BO3AYIIHOE AeMIIUPOBaHUE U MacCy
OaJIku, TeM CaMbIM YBEJIWYUBAsi CKOPOCThb IMEPEKIIOUEHUS.
Bo-BTOpBIX, ObUIM H00aBIEHBI ITPOAOJILHEIE pedpa KeCTKOC-
TH, TIPU3BaHHBIE YBEJIMUYUTD YIPYTOCTh OATKU 0e3 CylecT-
BEHHOT'O BO3PACTaHUS €€ MacChl.

VYyecTb BausiHUE Nepdopaliuu 1 pedep KeCTKOCTH Ha Xa-
PaKTEPUCTUKU KJTI0Ya TTO3BOJISIET MOISIMPOBAHUE METOIOM
KOHEYHbIX 3JIEMEHTOB. MojielMpoBaHe BBIMOIHSIU B Cpeie
COMSOL Multiphysics. Ha puc. 4 moka3zaHa Moaeirb 6aaku
tuna 3 (cMm. Taba. 1). Ha BepxHeil moBepXHOCTH OajKu pac-
MOJIOXKEHBI pedpa >KeCTKOCTU BbicoToi 1 MKM. Mexay peo-
paMU HaXOMSATCSI OTBePCTUs Tiepdopaiuy ¢ jJaTepaabHbIMU
pasMmepaMu 2X2 MKM. Mojenab nepekioyaressi BKIoYaeT
0aJKy M OOWH YHOPaBJSIOMIMK 2JIeKTpod. ToplLbl MOIBECOB
3auKcrupoBaHbl. Ha ynpaBisiioiuii 3,1eKTpol OTHOCUTE T b-
HO 0aJIKu NoaBascs 3JeKTPUYECKUii MoTeHuuan. 3HaueHue
MOTEHIINAJIA, TP KOTOPOM MPOUCXOIUT DJIEKTPOCTATUIEC-
Koe cxyionbiBaHue (pull-in) 6aaKku ¢ 3JeKTPOIOM, COOTBETC-
TBYET HAMPSIKEHUIO TIEPBOTO CpabaThIBAHUSI.

PesynbraTel MonmenvpoBaHUs TpeAcCTaBieHBI B Tabm. 1.
CMonenMpoBaHHbIe 3HaYeHUA Vp; IPEBLIIAIOT pacCYUTaH-
Hble aHanuTUYecku B 1,5—1,7 pasza u cocrassitor 7,0...12,8 B.
MogaenvpoBaHue yYYUTHIBAJIO BAMsHUE Iepdopanuu O0anku
Ha 3JIeKTpocTaTuIeckoe moJje. BBegeHne oTBepCTHil B KOHC-
TPYKLMIO OaJK¥ yMEHBIIACT IUIOIIAAb TTEPEKPBITUS €€ C YII-
PaBJISIIOLIMM 3JIEKTPOIOM W, CJeI0BaTeIbHO, YBEJIUYMBAET
HanpsbkeHue cpabaThiBaHMS. TeM He MeHee HaJMuMe Tep-
¢opalmy HeoOX0AMMO U 00YCIOBAEHO OCOOEHHOCTSIMU TEX-
HOJIOTUY M3TOTOBJICHUS TIEPEeKITIOYaTes.

Ilocne cpaGaTbiBaHMsI mepekioyaress B 0071acTU KOH-
TakTa OaKu ¢ KOMMYTHPYEMBIM 3JIEKTPOIOM HAYMHAIOT
NIeCTBOBATh CUJIbI aAre3uu, KOTOpbie yAepKUBAIOT OAJIKy B
HAKJIIOHHOM TOJIOKeHUU. JIIg pa3sMbIKaHUsI KOHTaKTa He-
00X0IMMO TIPUJIOXKUTH HampsKeHWe MeXay Oaakol u yi-
PaBJISIONIMM  BJIEKTPOJIOM, HAXOASIIMMCS TOH TMOAHSITHIM
wiedoM Oanku. HazoBeM ero HampspkeHHEM pa3MBIKAHMUS
(recovery voltage, Vppc). 3HaUEHME ETO ONPENETAETCS U3 YC-
JIOBUSI OaJlaHCA MOMEHTOB CHJI:

OaJIKM He BIUSET Ha HaIpsAaXECHNE Cpa6aTbIBaHI/I$[ TICPEKITIO- MREC + MMECH = MADH’ (3)
Ta6auua 1
Pa3mepsl nepexiiouaTesiss ¥ pe3yJbTaThl AaHAJUTHYECKHX PACYETOB W MOJAETMPOBAHUS HANPSIKEHHUS MEPBOro cpadaThiBAHUS
Table 1
Dimensions of the switch and the results of the analytical calculations and modeling of the first pull-in voltage
Vpr, V
T P V> V, , AV
Tgpﬂgl{;}]’;‘;}é} Lyeams MM | fyeqm, MM Lhinge’ MM | Whinoe, WM | Fpipge, WM| @1, M ap, pm G, um W, pm pacuer COIIL\)/[[SOL
calculated
1 8 8,2 12,8
2 16 5,8 9,5
102 1 1,5 3 0,3 4 44 0,5 ’ ’
3 5 4 ’ 24 4,7 7,9
4 32 4,1 7,0
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rne Mppe, Mypcy, My py — MOMEHTBI 3JIEKTPOCTATHYEC-
KOIi CHJIbI, CUIIbI YIIDYTOCTU MOABECOB M CUJIbI aITE3UU CO-
OTBETCTBEHHO. Pacuer Vippe 13 BbipaxeHus (3) 3aTpyaHeH,
MIOCKOJIbKY 3HAYE€HUE AT€3UOHHBIX CUJI HEU3BECTHO. MOX-
HO YTBEPXKIaThb, YTO HANPSKEHME Pa3MbIKAHMSA OyHeT Ipe-
BbILIATh HANpPsIKEHME MEPBOTO cpabaTbiBaHus. Bo-nepBbix,
BO3/YIIHBIA 3a30p MEXy IOAHATBHIM ILUIEYOM Oalku U yII-
PABJIAIOLIMM 3JIEKTPOJOM IPEBBILIAECT HAYaIbHOE 3HAYECHME
3a30pa g. Bo-BTOpLBIX, MiA pasMbIKaHMsI KOHTAaKTa Oajku C
KOMMYTUPYEMBIM 3JIEKTPOJIOM HEOOXOAUMO IIPEOIOIET CH-
JIbI anre3uu. BaxHo, yTo B paboTe mepeKoyaTesis IpUaeTCs
OIEpUPOBaTh MMEHHO 3HAYEHMEM HAIPSKEHMs Pa3MbIKa-
HUsI, TOCKOIBKY IIOC/IE NMEPBOrO CPabaThIBAHMS T'OPU30H-
TaJlbHOE TI0JIOKEHME OalKu IOCTUIaThCsl HE OYIET.

DKCcnepuMeHTAIbHbIE Pe3YJIbTATHI U 00CYKIEeHHE

IMepekmoyaTe U3rOTaBIMBAIOT METOIOM MTOBEPXHOCT-
HOI MMKpooOpaboTku. OCHOBHBIE 3Talbl IMpollecca U3ro-
TOBJICHMSI TIpenCTaBiAcHBI Ha puc. 5. Ilommoxkoi ciykuia
TEPMUYECKH OKMCIJIEHHasl KpeMHMeBasl TIacTUHA IuaMeT-
poM 100 mM. CHavayiia Ha OUBJIEKTPUYECKOM Ciioe (hOpMHU-
POBaJIM YIPABJISIONINE U KOMMYTUPYEMbIE 3JIEKTPOIBI TTepe-
kmoyarens (puc. 5, a). st 3TOro Ha IUIACTUHY METOIAOM
MAarHeTpOHHOTO PAaCIbUIEHUSI HAHOCWIM CJIOH Xpoma TOJ-
mHOM 50 HM, BBITIOJIHSUIA KOHTAaKTHYIO (hoTonuTorpaduio
M KUAKOCTHOE TpaBJIeHWE Xpoma. 3aTeM Ha IJIaCTUHY Mar-
HETPOHHBIM METOAOM HaHOCWIIM KEPTBEHHBIN CJ10i1 aMmopd-
Horo kpeMmHus (a-Si) TomuuHoi 0,5 MM (puc. 5, b). B xep-
TBEHHOM CJIO€ C TIOMOIIBIO TUIa3MEHHOTO TpaBjieHus1 dhop-
MUPOBAIUCH SIMKM TIyouHOI okoyio 200 HM, HeoOXoauMBbIe
JUTSl CO3MaHMsI KOHTAKTHBIX BBICTYIOB Ha HWXKHEH MOBEpX-
HocTu Oanku (puc. 5, c). Jlajee Ha XXepTBEHHOM CJIO€ IMOC-
JienoBaTeIbHO (hDOPMUPOBAJIUCH MOABECHl U3 XpOoMa U OanKa
u3 amoMuHust (puc. 5, d—>5, f). XpoM 1 alioMHHUI HAHO-
CUJIM MAarHETPOHHBIM METOAOM W TPaBWJIM SKUIKOCTHBIM
Croco0oM. 3aKJIIOUUTESbHBIM 3TAallOM M3TOTOBJEHUSI ObLIO
yIaJieHue XepTBEHHOTO CJIOSI U3-To1 0aTKu METOJOM TpaB-
nenns B mnasme SFq (puc. 5, g). POM-usobpaxenue usro-
TOBJICHHOTO MTEPEKITIOYATEIIsI THIIA 3 TIPEACTABICHO Ha puC 6.

M3mMepeHue pabouux XapaKTepUCTUK TMepekiovareneit
BBITIOJTHSITM B BO3MyXe TIPY HOPMATBHBIX YCIOBUSX. DKCTIe-
PYMEHTAJIbHO TIOJyYeHHbIe 3HAYSHUST HANIPSIKeHUs TIePBOTO
cpabaTbiBaHUs MpeacTaBieHbl B Taba. 2. Habmonanu xopo-
11Iee comacue 3KCIePUMEHTAIbHBIX TaHHBIX C pe3yJbTaTa-
MM MOJEIMPOBAHUS METOAOM KOHEUHBIX 2JIEMEHTOB (CM.
Tabja. 1). HauMeHbllee HanpsikeHWe cpabaTbIBaHUS UMEIU
nepexJoyaTes v ¢ Haubosiee MpPoKo 6ankoit (tum 4), Mu-
HUMaJlbHOE 3HaueHue Vp; cocrasisuio 6,0 B.

DKCIepUMEeHTaIbHO TOJYYeHHbIC 3HAYEHMST HarpsoKe-
HUSI pa3MBbIKaHUs TakKe IpeacTaBieHbl B TaOn. 2. Hampsi-
JKE€HME pa3MblKaHUsI MPEBbIIAN0 HAMPSIKeHWE TIEPBOTO cpa-
OaTteiBaHMSI B 3—4 pasa. [IpeBblllieHrEe ObUIO OXUIAEMBIM,
OITHAKO 3HAYeHME ero TPYIHO OBLIO Mpeacka3aTh TEOPETH-
yecku. [IpemnaraemMasi KOHCTPYKLIMSI MepekaioyaTesis aaeT
BO3MOKHOCTb TIOWTH TIO APYroMy ITyTHU: 3Hasl U3 3KCIepU-
MEHTa HampsbkeHHe pa3MbIKaHMSI M TeOMETpUI0 KIltoua,
MOHO OTpeeIUTh 3HaUeHUe cuil aare3un. OmqHaKo 3TO SIB-
JIIeTCs OTIENbHOU KcciienoBaTenbckoi 3anayeil. CTouT oT-
METHUTh, YTO Ha HayaJbHOM 3Tare paboThl 3HAUEHUE HaIpsi-
JKEeHUSI pa3MbIKaHMS ObIJIO OTHOCUTEJILHO BHICOKMM, OHO CO-
crapnsuio ot 19,4 no 40,3 B. B manbHeituieM 1uiaHupyetcst

Puc. 4. Mogean 6aiKu nepekmodyareist 3-ro Tana
Fig. 4. Model of the beam of the switch of the 3rd type

el _—= I e eeme———

K

1-Si mm-Cr mm-Al

[m - Si0; @ - a-Si

Puc. 5. OcHoBHBIE 3Tanbl M3rOTOBJIEHNUS MEPEKTIOYATEIIS
Fig. 5. Main manufacturing stages of the switch

mag » | det tit | WD HV HFW S|
1751 x/ETD 40 */19.1 mm 10.00 kV 85.2 ym|6.24e-£

Quanta 3D

Puc. 6. POM-un300paxenne MOMC-nepekmoyarens Tana 3
Fig. 6. REM image of the MEMS switch of the 3rd type
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Tabnuua 2
BKCHeplflMeHTaJ'leO MNOJYYCHHBIC 3HAYCHHUA HANPSAKCHHUA
MepBOro CpadaThiBAHUS (HANPSIKEHNS PA3MBIKAHUS M CONPOTHBIICHAS
nepexyoyaTeNeil B 3aMKHYTOM COCTOSIHHM)
Table 2

The experimentally received values of the first pull-in voltages
(voltages of recovery and resistance of the switches
in the closed position)

Tun xioua

Type of key Ve V Vree: V R Q
1 13,0 £ 0,7 27,7 £ 5,1 344 + 41
2 10,6 £ 1,1 32,0 £ 8,3 318 £ 33
3 9,0+ 1,5 26,7 £ 3,9 336 £ 95
4 6,5+0,5 24,6 £5,2 317 £ 20

JIOCTMYD 00Jiee HU3KMX 3HAYCHUI ITyTeM YMEHBIIIEHUS 3a30-
pa MexXay OanKoi M 3JeKTpoaaMu U, BO3MOXHO, MOauGu-
Kamueit dopmbl OAIKM.

ComnpoTuBieHue MepeKitoyaTeieil B 3aMKHYTOM COCTOSI-
Huu coctanisio 250...400 OM. YMeHbIlIeHUSI COMPOTHBIIC-
HUS C YBeJIMYCHHUEM IIMPUHBI OaJKy He HaOIomaiu. XOTs
yeM IuMpe Oblaa Oajika, TeM MeHbIle ObUIO ee COOCTBEHHOE
COIIPOTHMBJIEHHUE U TeM OOJIbllIe OHA ColepXKaa KOHTAKTHBIX
BBICTYTIOB. OTCYTCTBUE 3aBUCUMOCTU COTPOTUBIICHUST KITIO-
Yya OT LIMPUHBI OAJKM MOXHO OOBSICHUTH TEM, YTO 3HAUU-
TEJBHYIO YacTh CONMPOTUBJIEHUS BHOCWJIM MeETaJUIMUECKUe
JIOPOXXKHU, UAYIIIME OT KOHTAKTHBIX TUIOLIA0K K 3JIEKTPOIaM
u Oanke Kioya. BelaenuTh COMpOTUBIEHME KOHTaKTa W3
CYMMapHOTI'O COMPOTHBIIEHUS KJIoua ObUIO MPOOIeMaTU4HO.
B nmnpencraBieHHbIX MepeKaovaTessix BO3HUKAT KOHTaKT
aTIOMUHMI-XpoM. B manpHeiIeM IUIaHUPyeTCs UCIIOIb30-
BaTh NMpuHsATEIe B MOMC-0oTpacin KOHTaKTHbIE MaTepua-
JIbI, TAKME KaK 30JI0TO WIM TUIaTWHA [6], IS HOCTHKCHUS
MaJIor0 KOHTAKTHOTO COTIPOTUBJICHUS M HaIeXHOCTH KOH-
TakTa 0aJKu C KOMMYTUPYEMBIM 3JICKTPOIOM.

3akmouenue

Pazpaboran u wusroroBieH MOMC-nepexiouaresb
3JICKTPOCTaTHYECKOTO TUIIA C PE3UCTUBHBIM KOHTaKTOM. Oco-

OEHHOCTSIMU KJTIOUA SIBJISIOTCS OMCTAOWIBHOCTh U HAITM4NE
MeXaHM3Ma aKTUBHOIO pa3MbikaHus. OTpaboTaHa MmpoLesy-
pa U3roTOBJICHUS TEepEKIoYaTesis ¢ UCIIOIb30BaHUEM CTaH-
JMAPTHBIX TEXHOJIOTUYECKUX ITPOLIECCOB MUKPOIJIEKTPOHUKHU.
DKCcreprMeHTalbHbIe 3HAYEHUST HaMpsIKeHUs TIEpBOTO cpa-
OaTBIBaHMSI COTJIACYIOTCSI C pe3yJbTaTaMy MOAEIMPOBAHMUS
METOIOM KOHEYHBIX 3JIeMEHTOB. HampsokeHne pa3sMbIKaHUS
nepexitovaTesass Haxogutcs B auanazoHe 20...40 B. B manb-
HelleM IJIaHUPYeTCsl JOCTUYb 00JIee HU3KUX 3HAYCHUI1 Ha-
MpsKeHUsT pa3MbIKaHUSI.

Paboma evinosnena npu gpunancosoii nodoepicke PODHU 6
pamkax HayuHoeo npoekma Ne 16-37-60065 moa_a_ Ok ¢ uc-
noawvsoeanuem obopydosanusi Llenmpa kosrnrekmueno2o noavso-

6aHus Hay4HviM 000pydosanuem "HuazHocmuka MUKpo- U Ha-
Hocmpykmyp".
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Bistable MEMS Switch with an Active Contact Breaking Mechanism

The article presents an electrostatically actuated MEMS switch with a resistive contact. The movable electrode of the switch is
a beam, suspended by the torsion springs. The specific features of the switch are bistability and the mechanism of an active contact
breaking, which solves the problem of adhesive sticking of the beam to the signal electrode. The active opening of the switch is realized
due to two control electrodes. The technology for production of the switch was mastered and the theoretical analysis, finite element
simulation and experimental investigation of the switch characteristics were done.

Keywords: microelectromechanical systems, switch, electrostatic actuation, resistive contact, pull-in voltage, contact resistance,

adhesion
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Introduction

MEMS-switches with an electrostatic control are used in
various high frequency and microwave systems [1]. In com-
parison with the radio-frequency keys on pin-diodes and field
transistors, the MEMS keys of the electrostatic type have
small power consumption and losses in the closed position; a
good outcome in the open position, low level of nonlinear dis-
tortions; and high radiation resistance [2]. A drawback of the
commercially available MEMS keys is a high pull-in voltage,
which is equal to several tens of volts [3]. Control of such
switches requires special devices and high-voltage insulation
circuits, which complicates their application.

The most widespread method for reduction of the pull-in
voltage is reduction of the elasticity of the mobile electrode of
the switch. However, a key disconnection, as a rule, is carried
out due to the force of elasticity in the mobile electrode (pas-
sive disconnection). Therefore, a decrease of its elasticity re-
duces the disconnecting force and increases the probability of
adhesion of the electrodes under the influence of the adhesion
forces. But adhesion of electrodes has also a positive side: for
preservation of a switch in the closed position no supply of the
control voltage is required, i.e. the closed position is stable.
The switch design should include the mechanisms, allowing
to overcome the adhesive forces and to disconnect the elec-
trodes (active disconnection). It is important, that the active
disconnection mechanism does not lead to an essential com-
plication of the design of the switch, the technology of its
manufacturing and the control methods. This work presents
a bistable MEMS switch of the electrostatic type with a re-
sistive contact and the mechanism of active disconnection of
the electrodes.

Design and principle of operation of the switch

The switch design is presented in fig. 1. The mobile elec-
trode is the metal beam fixed on torsion springs (suspensions).
Under each shoulder of the beam there are the control and
switched electrodes.

The principle of operation of the switch is the following.
Voltage is supplied to one of the control electrodes, under the
influence of the electrostatic force the beam bends and comes
into contact with the switched electrode (fig. 2, position 1).
The suspensions are subjected to torsion, a force of elasticity
appears in them, trying to return the beam into the horizontal
position. However, the elasticity of the suspensions is pur-
posefully designed as small in order to ensure a low pull-in
voltage. The force of elasticity cannot overcome the adhesive
forces and unstick a beam from the switched electrode, there-
fore, during the switching-off of the control voltage the switch
preserves its position. For a contact disconnection the control
electrode is used under the beam’s lifted shoulder. When volt-
age is supplied to it, the beam bends to the opposite side and
comes into contact with the other switched electrode (fig. 2,
position 2). In order to return to position 1, it is necessary to
supply voltage to the first control electrode. Thus, in the
course of operation the key is in one of the two positions,
which remain, when the control signals are switched off, i.e.
the key is bistable. The horizontal position of the beam after
the first actuation is not restored any more.

Calculation of the pull-in voltage

The design of the switch with its dimensions is presented
in fig. 3. The expression for the first pull-in voltage (Vp;, pull-
in voltage, voltage of the beam’s transition from the horizon-
tal position into the inclined one) is deduced from the equa-
tion of the balance of the moments of the electrostatic and
elastic forces, and looks like the following [4]:

Vpr=

3 20-0,5 1,931 ~0,3244
= (L.8275K¢ [1[“-3} (1+0,6735(“—j J (1)
eQWas a a
0 2

where K — is the constant of elasticity of the suspensions,
which is set by the following expression [5]:

3 4
K= Gwhingethinge |:E _ 3,36 thinge [l _ thirige J} . (2)
8 Lhinge 3 Whinge 12whmge

In expression (2) G — is the shearing modulus of elasticity of
the material of the suspensions.

Table 1 presents the nominal dimensions of the switch de-
sign and calculations of the pull-in voltage with the use of (1).
Four designs were considered, differing by the width of the
beam and electrodes w. Chrome was selected as the material
for the suspensions (G = 115 GPa). In accordance with (2),
the elasticity constant of the suspensions was 3,9 - 107°N - m.
According to calculations, the first pull-in voltage was from
4,1 up to 8,2 V. It should be pointed out that the choice of
the material for the beam does not influence the pull-in volt-
age of the switch, because it is assumed that a beam is not de-
formable.

For simplification of manufacturing of the switch and im-
provement of its functioning the beam design was modified.
Firstly, apertures were added, allowing to accelerate the re-
moval of the sacrificial layer from under the beam and to re-
move partially the locked-up stresses in the material. Besides,
the apertures reduced the air damping and the weight of the
beam, thereby increasing the speed of switching. Secondly,
the longitudinal webbing, intended to increase the beam elas-
ticity without an essential increase of its weight, was added.

Modeling by the method of the final elements allows us to
take into account the influence of the apertures and webbing
on the key characteristics. It was carried out in the COMSOL
Multiphysics environment. Fig. 4 presents a model of beam 3
(see table 1). On the top surface of the beam there is webbing
with height of 1 um (in fig. 4 designated by dark blue color).
In-between the webbing there are apertures with lateral di-
mensions of 2x2 um. The switch model includes a beam and
one control electrode. The end faces of the suspensions are
fixed. An electric potential was supplied to the control elec-
trode in relation to the beam. The potential, at which an elec-
trostatic pull-in of the beam with the electrode occurs, cor-
responds to the first pull-in voltage.

The results of modeling are presented in table 1. The Vp;
1,5—1,7 times exceed the analytically calculated values and
are equal to 7,0...12,8 V. The modeling took into account the
influence of the apertures of the beam on the electrostatic
field. Introduction of the apertures into the design reduces the
area of its overlapping with the control electrode and increas-
es the pull-in voltage. Nevertheless, presence of the apertures
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is necessary and determined by the specific features of the
manufacturing techniques of the switch.

After activation of the switch in the contact area of the
beam with the switched electrode the forces of adhesion start
to operate, keeping the beam in the inclined position. For a
contact disconnection it is necessary to apply voltage between
the beam and the control electrode, which is under the lifted
shoulder of the beam. This is the recovery voltage (Vggc). It
is found from the balance of the moments of forces:

Mrpc + Myeca = Mypws (3)

where Mppe, Mypcy, M py — are the moments of the elec-
trostatic force, force of elasticity of the suspensions and ad-
hesions, accordingly. Calculation of Vg from (3) is com-
plicated, because the adhesive forces are unknown. It is pos-
sible to assert, that the recovery voltage exceeds the first pull-
in voltage. Firstly, the air gap between the lifted shoulder of
the beam and the control electrode exceeds the initial value
of the gap g. Secondly, for disconnection of the contact of the
beam with the switched electrode it is necessary to overcome
the forces of adhesion. It is important, that in the switch op-
eration it is necessary to deal with the recovery voltage, be-
cause after the first actuation the horizontal position of the
beam will not be reached.

Experimental results and discussion

The switches are produced by the method of surface mi-
croprocessing. The basic manufacturing stages are presented
in fig. 5. The thermally oxidized silicon plate with diameter of
100 mm was used as a substrate. At first, the control and
switched electrodes of the switch were formed on the dielec-
tric layer (fig. 5, a). A layer of chrome with thickness of 50 nm
was deposited on a plate by the magnetron sputtering, then,
the contact photolithography and liquid etching of chrome
were done. On the plate by the same method a sacrificial layer
of amorphous silicon (a-Si) with thickness of 0,5 um (fig. 5, b)
was deposited. In the sacrificial layer pits were formed by
plasma etching with depth of about 200 nm for creation of the
contact ledges on the bottom surface of the beam (fig. 5, c¢).
On the sacrificial layer the chrome suspensions were consist-
ently formed and an aluminum beam (fig. 5, d, 5, f). The
chrome and aluminum were deposited by the magnetron
method and etched by a liquid method. The final stage was re-
moval of the sacrificial layer from under the beam by etching
in plasma SFg (fig. 5, g). A REM image of the manufactured
switch of type 3 is presented in fig. 6.

Measurement of the working characteristics of the switch-
es were carried out in the air in normal conditions. The ex-
perimentally received first pull-in voltages are presented in ta-
ble 2. The experimental data agreed well with modeling by the
method of the final elements (see table 1). The switches with
the widest beam (type 4) had the lowest pull-in voltages, the
minimal value of Vp; was 6,0 V.

The experimentally obtained recovery voltages are also
presented in table 2. They are 3—4 times more than the first
pull-in voltages. That was expected, however, difficult to pre-
dict theoretically. The offered design of the switch gives a
chance to go the other way: knowing from the experiments
the recovery voltage and the key geometry, it is possible to de-
termine the forces of adhesion. However, it is a problem for
a separate research. It is necessary to point out, that at the in-
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itial stage the recovery voltage was rather high, from 19,4 up
to 40,3 V. In future it is planned to reach lower values of the
gap between the beam and the electrodes and modification of
the form of the beam.

Resistance of the switches in the closed position was
250...400 Q. A reduction of resistance with an increase of the
width of the beam was not observed. Although, the wider the
beam, the less was its own resistance, and the more of contact
ledges it contained. Absence of a dependence of the key re-
sistance on the width of the beam can be explained by the fact
that a considerable part of the resistance was brought by the
metal paths going from the contact platforms to the electrodes
and the key beam. It was problematic to single out the contact
resistance out of the total key resistance. In the presented
switches an aluminum-chrome contact appeared. In future it
is planned to use the contact materials accepted in the MEMS
branch, such as gold or platinum [6], for achievement of a
small contact resistance and reliability of the contact of the
beam with the switched electrode.

Conclusion

A MEMS switch of the electrostatic type with a resistive
contact was developed and manufactured. Specific features of
the key are its bistability and the mechanism of active discon-
nection. Manufacturing of the switch with the use of the
standard processes of microelectronics was mastered. The ex-
perimental values of the first pull-in voltages agree well with
the results of modeling by the method of the final elements.
The recovery voltage of the switch is within the range of
20...40 V. In future it is planned to reach lower values of the
recovery voltage.

The work was done with the financial support of the Russian
Foundation for Basic Research within the framework of the
project No 16-37-60065 mol_a_dk with the use of the equipment
of the Diagnostics of Micro- and Nanostructures of the Center
Jfor Collective Use of the Scientific Equipment.
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