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MIMC-TIEPEKAIOYATEAb SAEKTPOCTATUYHECKOIO THUINA
HA OCHOBE KAHTUAEBEPA HAHOPASMEPHOWM TOALLMHDbI

Ilocmynuna 6 pedaxyuro 04.08.2014

Hpeacmaeﬂeh M9MC—nepelcm0uameﬂb aneKmpocmamu4ecKkoeo muna ¢ peaucmueHbvlimM KOHmMmaxKkmom, U320MOBAEHHDBLU C NOMO-
ULbH0 MUKDPOSIEKMPOHHbLIX mexnonoeu. Ilodeuxichvim anemenmom nepexkarnvyamensd A6AA1emcs mpexc’/zoﬁﬂbtﬁ MemaniuecKkuil Kamn-
muneeep, MMGFOMHIZ HAHOPA3MEpPHYI0 MOAUWURY U 6bICOKOE OnHOouWeHue ONUHBL K moaljuHe. Manas ynpyeocmb Kanmu.ieeepa no-
36045em 00CMU4b OMHOCUMENbHO HU3KUX 3HAYEHUIl HANPANCEHUA cpa6ambteaﬂuﬂ. Buvinoanen meopemuwecnuli aHaau3 u IKcne-
pumenmanvHoe uccaedosanue NEeKMPOMEeXAHUHECKUX XapaKkmepucmuK nepexKaro4amend.

Karoueevie crosa: MUKDPOINEeKmpomMexanu4ecKue cucmemol, aﬂelcmpocmamultecxuﬁ nepexkirn4amels, pe3ucmu6Hb1L7 KOHmMaKkm,
Memanau4ecKuil KaHnmuaeeep, Hanpsjicenue cpa6ambteaﬁuﬂ, KOHMAaKmHoe conpomueieHue

BBenenue

IIupokuii Ki1acc MMKPO3JIEKTPOMEXaHUYECKUX CHUC-
teM (MOMC) cocraBnsior nepekaodaread. OHU Ha-
xonat npumeHeHue B BU u CBY cucteMax, Takux Kak
afanTUBHbIE AaHTEHHBI, MEPEKIIOYATEIbHbIE MAaTPULIbI
U Tipuemoriepenamlie OJOKU OeCrpOBOAHBIX YCT-
poiicTB cBs3u [1]. Cpenu MOMC-kitoueit HanOOJb-
1ee pacrnpocTpaHeHue MOJYyYUIN YCTPOMCTBA C DJIEK-
TPOCTaTUYECKUM MEXaHM3MOM cpabaThiBaHus. B Takux
KJII04aX MOJABMXKHBIM MEXaHUYECKHUM DJIEMEHTOM SIB-
JIsIeTCsT KaHTWIeBep (MOCT, MeMOpaHa), IToJ, KOTOPEIM
pacrioyaraloTCs YHpPAaBJISIOIIUNA WU KOMMYTUPYEMBII
3JIEKTPOIBI. MeXIy KaHTUJICBEPOM M YITPaBJISIONIM
5JIEKTPOIOM MPUKIATLIBAETCS HATIPSIKEHNE, KAHTHJTIE -
Bep nedopMupyeTcsl 1o HalpaBiIeHMIO K 3JEKTPOLY
MO/ NEWCTBUEM 3JIEKTPOCTATUYECKON CUJIBI TIPUTSI-
xeHus. [1py HEeKOTOpOM 3HAUYEHUU HaIMpSIKEHUs, Ha-
3bIBAEMOM HAIpsIKEHUEM cpadaTblBaHUS, KaHTUJIE-
BEp COIPUKACAETCS ¢ KOMMYTHUPYEMBIM 3JIEKTPOIOM,
MepeBOIs KJIIOY B 3aMKHYTO€ COCTOsIHME. PasmMbikaHue
KJII0Ya OCYUIECTBIISIETCSI, KAaK MPAaBUIO, 32 CYET CUJIbI
VIIPYTOCTH, BO3HUKAIOLIEH B 1e(pOpMUPOBAHHOM KaH-
tuseBepe. [10 cpaBHEHUIO ¢ PaaMoOYacTOTHBIMU KITIOYa-
MU Ha pin-auojax U MojeBbIX TpaH3uctopax, MOMC-
MepeKIoyaTeiu 31eKTPOCTaTUUECKOTO TUIIA UMEIOT s
MPEUMYLIECTB: MaJiasi MoTpebsieMast MOUIHOCTb LIeTH
yIpaBlIeHUs; Majible TOTepU B 3aMKHYTOM COCTOSTHUU,
Xopolasi pa3Bsi3ka B Pa30OMKHYTOM COCTOSTHUM; HM3-
KW ypOBEHb HEJIMHEUHBIX UCKAXEHUI; BBICOKAS pa-
JMUAIMOHHAsI CTOMKOCTD; LIMPOKUIA AMANa30H paboumnx
Temriepatyp [2].

CoBpeMeHHOM TEHICHIINEH SIBIISIETCS TIePexXo OT
MMKPO- K HAHOBJEKTPOMEXaHUYECKUM CHUCTeMaM
(HOMC) ¢ cozpaHueM Kioueil Ha OCHOBE HaHOpa3-
MepHBIX KaHTuieBepoB [3—35]. Llens Takoro mepexo-
Jla — YMEHbIIIEHUE TabapUTHBIX pa3MEpPOB MePEeKIIO-
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yaTesisi, yBeJIUMYEHUE CKOPOCTHU IIePEKIIOUYEHUSI U pac-
LIMPEeHUE TIOJOCH MpoIycKaeMbiX yacToT. OIuH u3
OCHOBHBIX HeJocTaTkKoB MOMC/HOMC-kmoueit —
BBICOKO€ HaIlpsiK€HUE CcpabdaThIBaHUSI — MO-IIPEeXKHEe-
My He MpeopoyieH. HampsixkeHue cpabGaThiBaHUST CO-
BPEMEHHBIX CEPUIAHO BBIITYCKAeMbIX KJIIOUEil COCTaB-
JISIET HECKOJIBKO JECSATKOB BOJIBT [6] 1 He MMO3BOJISIET
IIMPOKO MCIOJIb30BaTh MX B COBPEMEHHBIX JIEKTPOH-
HBIX CXeMaxX, MMEIOLIUX HU3KOe DHEepPronoTpedyeHue.
ITosToMy pazpabotka MOMC/HOMC-nepexitouare-
JIell ¢ HU3KUM HaIIpsSDKeHWEM cpabaThlBaHUS SIBJISIETCS
aKTyaJIbHOU 3aJaueid.

CylIeCTBYIOT HECKOJIbKO CIIOCOO0OB CHUXEHUS Ha-
MpsKeHUs cpabaTbiBaHUs Kitodya. OnWH U3 HUX — yBe-
JIMYEHUE BJIEKTPOCTATUUYECCKOM CHUJIbI, IEHCTBYIOILEH
Ha KaHTWJeBep, 3a CUET pacllUpeHus] 30HbI AeHCTBUS
3JIEKTPOCTATUYECKOTO MOJISI, T. €. 32 CUET YBEJIUUYEHUS
TUTOIIAAY TIEPEKPBITUS KaHTWIEBEPA U YIIPABJISIONIETO
ayieKkTpona [7], Apyroil MeTon — yMEHBIIEHHE 3a30pa
MEXIy KaHTUJIEBEPOM M YIPABISIOIIAM 3JEKTPOIOM
[8]. OnmHako Hanbosee 3(PHEKTUBHBIM U IIUPOKO MPU-
MEHSIeMbIM METOJOM CHIKEHUsI HampsKeHMsT cpaba-
TBHIBAaHUS SIBJISIETCSI YMEHbIIEHUE YIPYTOCTU KaHTU-
JeBepa. YMEHBIIeHWE YIIPYTOCTH JOCTUTAETCS, KakK
MpaBuUJIo, MMyTeM UCIOJIb30BaHUsI HECTAHAAPTHOM KOH -
CTPYKIIMU KaHTUJIeBepa: MPUMEHSIOTCS CKiaayaTble
KaHTujaeBephbl [9], KaHTUIEBEepbl Ha TOPCUOHHBIX [10]
U 3urzaroodpasHbix noasecax [11] u ap. B HacTosei
pabote nipencraieH MOM C-nepekiirodaresib 3JeKTpo-
CTaTUYECKOTO TUIIA C PE3UCTMBHBIM KOHTaKTOM. KaH-
TUJIEBEp TepeKITIoYaTelIsl UMeeT HaHOPa3MEPHYIO TOJI-
muHy (80...160 HM) 1 BBICOKOE OTHOILLEHUE IJIUHBI K
tomuuHe (nocturatoiee 400) 1 mosToMy objagaeT Ma-
JIOW ynpyroctblo. Masnasi yrnpyroctb KaHTUJeBepa IMno-
3BOJISIET JOCTUYDb HU3KWX 3HAYECHM I HaMPSIKEHUST cpa-
OaThIBaHUS TIEpPEeKITIOYaTeIs.




KOHCprKHHﬂ H TE€XHOJIOIHA M3roToOBJICHUA
nepexknovyareis

MBMC-nepexioyareib 3J€KTPOCTaTUYECKOIO TH-
Ia IpeacTaBIsieT COOOM OMHOMOMIOCHBIN KIIFOY C HOP-
MaJlbHO Pa3OMKHYTHIMU KOHTakTamu. KoHcTpykiims
MepeKioyaTesis IpeacTaBieHa Ha puc. 1. Mertammmue-
CKUIl KaHTWJIEBEP pacIiojiaraeTcsi Haja yIpasisioluM
1 KOMMYTHUPYEMBIM 3JIEKTpoAaMU (TakKe MeTajinye-
ckumu). Ha cBoOogHOM KOHIIE KAHTUIEBEpa HAXOAUT-
Csl KOHTaKTHBI BBICTYIIL. [1pu mpunoxeHun Hanpsike-
HUST MEXIY KaHTUJIEBEPOM U 3JIEKTPOJIOM YIIPABJIEHUS
KaHTWJIEBEP MPUTSITUBAETCS K HEMY 3a CUET BJIEKTPO-
CTaTUYECKUX CHJI, 3aMBIKass KOMMYTHPYEMBIN BJIeK-
Tpon. Ilocne oTKIOUEeHUST HAMPSDKEHUST KaHTWIEBED
BO3BpalllaeTcsl B UICXOIHOE cocTosiHue. B mepekitoua-
TeJIe OCYILIECTBSETCS KOHTAKT METaI—MeTaJll.

11 obecrieyeHUsT MajToro HampsDkeHUsT cpabaThiBa-
HMS B TIepeKITIouaTeste MpUMEHSTIOT KaHTHJIEBEPhI, UMEI0-
e Hu3kue 3HadyeHus ynpyroctu (0,012...0,38 H/m).
TexHonornst U3roToBJIEHUs KaHTUJIEBEPOB ObliIa OTpa-
0oTaHa KOJJIEKTUBOM aBTOpOB paHee [12]. Takke ObI-
JIN IeTaJIbHO UCCJIeOBaHbl pa3iMUHbIE CBOMCTBA KaH-
TUJIEBEPOB, B TOM YMCJIE PE30HAHCHBIC XapaKTepu-
ctuku [13].

Ilepexitouarenn M3TOTOBISUIM 110 TEXHOJIOTUU
MOBEPXHOCTHON MUKPOOOpadboTKH. OCHOBHBIE STAITbI
Ipoliecca M3roTOBJIEHUS IpeaCTaBIeHbl Ha puc. 2. Ha
kpemHueBoil mnactuHe KJIb 0,01 nuamerpom 100 Mm
dopMUPOBAIM TUBIEKTPUIECKIIA cJToi. st aTOro mia-
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Puc. 1. Koncrpykuuss MOM C-nepexiouares
Fig. 1. Design of MEMS switch
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Puc. 2. IIpouecc U3roToBjIeHNs MEPEKIIOYATENS
Fig. 2. Manufacture of the switch

CTHHA TEPMUYECKU OKUCJISIACh BO BJIAXKHOM KHUCJIOPO/IE
10 TonmuuHel cnod SiO, 1 M. lanee Ha cnoe SiO,
CO3[aBAJIM YIPABJISIOLINIA U KOMMYTUPYEMBIA 3JIEKTPO-
Bl Tiepekimovaresisd. JJIg 3Toro IJIaCTMHY TOKPBIBATIU
CJIO€M MO3UTUBHOIO (POTOPE3UCTa TOMIUHON 1,5 MKM
¥ BBITIOJIHSUIA KOHTaKTHYIO ¢potonuTorpaduio. Ilocue
MposIBJIeHUsI (GOTOpE3nCTa Ha TUTACTUHY METOIOM Mar-
HETPOHHOTO pacHbUIEHUSI HAHOCWJIM aare3UOHHBIN
clioil xpoma TouHOM 10 HM U CJIOM MIaTUHbBI TOM-
wurHoit 50 HM (puc. 2, a). Ilociae HaHeceHUST CIOCB
MeTaJlJla BRIIOJTHSUIOCH "B3phIBHOE" yaaneHue hoTope-
sucra (lift-off, puc. 2, b).

Hanee opMUpOBAIM KaHTUJIEBEP C KOHTAKTHBIM
BBICTYIIOM Ha €ro HUXXHEH MoBepXHOCTH. 151 aTOro Ha
TUTACTUHY MarHeTPOHHBIM METOIOM HAHOCWIIM KepT-
BEHHBIN cJI0if aMopdHOro KpeMHUs (a-Si) TOJILIUHOMI
1 MM (puc. 2, ¢). [1nacTuHy cHOBa MOKPBIBAIU CIOEM
¢oTope3ncTa ¥ BBIIOJIHSIM KOHTAaKTHYIO (DOTOIMTO-
rpad¢uio. Ilpn stomM B cioe pe3ncra (POPMUPOBAIN
KpyIjoe OKHO auaMeTpoM 2 MKM. Uepe3 OKHO MeTO-
noM TpasieHud B 1ua3me SF¢ B cioe a-Si popmupo-
Ba/Ix SIMKY I1yonHoit okoso 100 aMm (puc. 2, d). danee
Ha TUIACTUHY HambLIsid ciaoil Pt tommmHoi 100 HM
(puc. 2, e) u ynansuim ocratku ¢otopesucra (puc. 7, f).
3aTeM IUIaCTMHY CHOBA MOKPBIBAIM C10eM (hoTope3u-
CTa ¥ BBITIOJHSIN JIUTOTpaduio — GHOPMUPOBATI PU-
CYHOK KaHTWJIeBepa. Ha TuracTMHy HanbUISIM CIIOU
metayia Cr/Al/Cr Tommumao#n 10/60/10, 15/90/15 n
20/120/20 um (pwmc. 2, g), 3aTeM TIPOBOAVIIN B3PEIBHOE
ynaineHue ¢oropesucra (puc. 2, h).

3aKTI0YUTENBHBIN 3TAIl U3TOTOBIECHUS — yaajJeHue
>KEPTBEHHOTO CJ10s1 a-Si M3-TojA KaHTuJeBepa (0CBO-
OoXJeHre KaHTUJIeBepa) METOAOM TPaBJICHUS B Ij1a3-
Mme SF¢ (puc. 2, i).
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UMEIOLLAs pa3MEPHOCTh CUJIbI, IEIEH -
HOM Ha eauHuuy Towani. Ha ma-
JIBIIA BJIEMEHT KaHTWJIeBepa JUIMHOM dx
C KOOpAMHATOI x OydeT OeliCTBOBAaThb
cuna F(x) = g(x)wdx, tne w — 1mu-
puHa KaHTwieBepa. OOyCIOBIEHHOE
JIECTBUEM 3TOW CUJIBI BEPTUKAJIb-
HO€ OTKJIOHEHME CBOOOJHOIO KOHIIA
KaHTWJIEBEPA OT HAYAJIBHOIO IOJIO-
XKEeHUS 3afaeTcs BeipaxkeHueM [15]

2
Bup = g, O T D ()

Puc. 3. COM-u300paxkenne nepekiogarensi: ¢ — o0l BUl; b — CBOOOIHBIN KOHEI] KaH-
TUIeBepa (IIMHA KaHTWiIeBepa 14 MKM, mmMpuHa 2 MKM, ToamrHa 120 HM)

Fig. 3. SEM image of the switch: a — general view; b — free end of the cantilever (length —
14 um, width — 2 um, thickness — 120 nm)

Bbum M3roTOBIIEHBI TIEPEKITIOUATEN C Pa3TUYHbBI-
MM pa3MepaMM KaHTUJeBepa U 2JeKTpoaoB. KaHTu-
JieBep uMen IMHy 14...32 MM, mupuny 2...6 MKM 1
tomuuHy 80...160 HM. YTIpaBiasioInii 571€KTPOS UMET
mupuHy 4...16 MxM. [InprnHa KOMMYTHPYEMOTO 3JIeK-
Tpona coctasisiia 4...6 MKM. 3a30p MeXIy KaHTHIIEeBe-
poM U sjiekTpoaamu Obul 1 MKM. BbicTynm Ha HMXKHel
ITOBEPXHOCTU KaHTWIeBepa uMel (OopMy IIWIMHIpA
JuaMeTpoM 2 MKM M BbicoToit okojo 100 oM. B kaue-
CTBe MaTepHayia KOHTAaKTHOTO BBICTYITA M KOMMYTH-
pyeMoro ajieKTpoja Oblja BbIOpaHa IjlaTMHA 0yaro-
mapsi XUMHAYEeCKON WHEPTHOCTH, OTHOCUTENIFHO BBI-
COKOI TBEpAOCTU U TIpoBoauMoOcTH [14]. COM-u3zo-
OpakeHVe TIepeKITIoUaTelis PeCcTaBIeHo Ha puc. 3, a.
Ha puc. 3, b, KpynHbIM TUJIAHOM TOKa3aH CBOOOIHBIN
KOHell KaHTWJIeBepa ¢ KOHTAKTHBIM BBICTYTIOM.

Pacyer 3/1eKTpOMEXaHHYECKMX XAPAKTEPUCTHK
nepexIYaTes

Ha puc. 4 cxematnyecku n300pakeHbl KAHTUJIEBED U
YIIPABIISIIOLIMIA 3JIEKTPOJ IIEPEKIIIoUATeIsl ¢ YKa3aHUEeM
OCHOBHBIX TeOMeTpuuYecKuX pazmepoB. [1ycTh Ha KaH-
TWJIeBep AEHCTBYeT paclipefelieHHas Harpyska g(x),

Puc. 4. Kantunesep m ynpapisiiomuii 3JIEKTPOA TNepPeKII0YaTeNs
¢ YKa3aHMEM NapaMeTPOB, UCHOJIb3YEMbIX MPH pacyeTe HANPSIKEHAS
cpadaTbiBaHus

Fig. 4. Cantilever and the control electrode of the switch with specification
of the parameters, used for calculation of the actuation voltage
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rue (El)eﬁc — oddeKkTuBHas XecT-
KOCTb KaHTWJIeBepa Ha u3rub; L —
ero JnuHa. DPeKTUBHAs XecT-
KOCTb TPEXCJIIOMHOTO KaHTWIeBepa,
paccurTaHHass METOIOM 3KBUBAJIEHTHOTI'O MTOMEPEYHO-
ro cedyeHus [16], 3amaeTcst BeIpakeHUEM

3 3
TAwic, Wiy

(EDgg= Ecy—5— *+ Ea5 @)

rne Ec., Ep), Icp, T — Monynu FOHra 1 TommHa cio-
€B XpoMa U aJIIOMUHUST COOTBETCTBEHHO.

Ecnu Harpyska g(x) meiiCTByeT I10 BCeil IJIMHE KaH-
TUJeBepa, TO I HaXOXIEHMSI OTKJIOHEHUS CBOOOI-
HOTO KOHIIA OT HayaJIbHOTO MOJIOKEHUSI HEOOXOAUMO
MPOUHTETPUPOBATh BhipaxeHue (1):

L
Sip = QELI)% gx2(3L — x)g(x)dx. (3)

INon kaHTHIIEBEpOM Ha PACCTOSTHUU g HAaXOIUTCS
YIPaBISIIOIIMI 3JIEKTPO/I, TPAaHULILI KOTOpOro (a u b)
OTMEYEeHBI Ha puc. 4. Mexny KaHTUJIEBEPOM U 3JIeK-
TpoIOOM IpUKIaAbiBaeTcs HarpskeHue V. IlpeHeOpe-
rasi KpaeBbIMU TOJISIMU, 3JIEKTPOCTATUYECKYIO CUITY,
JIEWCTBYIOIIYI0O Ha eOIWHUILY TIOIIAAM KaHTUJIeBepa,
MOXHO 3amnucarh B Bume [16]:

eV [6(x-a) - o(x-b)]

2(g-8(x))°
IIe gy — SJEKTpUYECcKas MOCTOAHHAA; 6(x) — (YHK-
oy XeBucaiiga; 8(x) — OTKJIOHEHME TOUYKM KaHTHU-
JieBepa ¢ KOOPAMHATON X OT HAYaJIbHOT'O MOJIOXKEHUS.
IIpoduns nedopMUpOBAaHHOIO ITOJ, AEHCTBUEM 3DJIEK-
TPOCTATMUYECKON CUJIbI KAaHTUJIEBEPA MOXKHO TTOJOXUTh
KBaApaTUIHbIM [17]:

8(x) = (x/1)%8, ()

IMoncraBus BeipaxkeHus (4) u (5) B unrerpan (3) u
BBITIOJTHUB TIPe0Opa30BaHMS, TTOJTYIUM

q(x) = ; 4

3 rb 2 =2 7l

12(ET) 57

V2 = ;)eye{jf(u_x)(éi_ 2] dx} . (6)
80WL a 8”.1]
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Puc. 5. CBsa3b OTKIOHEHHS CBOOOJHOr0 KOHIA KAHTHJIEBEPA C MpH-
JIOXKEHHBIM HANpPSDKEHHWEM, PACCUYMTAHHASA JJIs TepeKJroyaTenss ¢
L =20 MM, a = 4 mkm, b = 12 mMkm (Tada. 1, Tan 4)

Fig. 5. Connection between the deviation of the free end of the cantilever
and the applied voltage, calculated for a switch with L = 20 um, a = 4 um,
b = 12 um (table 1, type 4)

BripaxkeHnue (6) ipeacTaBisieT co00ii CBSI3b OTKIIO-
HEHMUsI CBOOOLHOTO KOHIA KAHTHJIEBEPA §;, C TPUIIO-
KEHHbIM HampskeHueM V. I'paduk, MIIIOCTpUPYIO-
LW 3Ty CBS3b, MpUBeAcH Ha puc. 5. [Ipu HekoTOpoM
3HAUCHUU HaIpsikKeHUus: (HampspKeHue cpabaThbiBaHUS,
pull-in voltage) noyioxxeHre KaHTUJIEBepa CTaAHOBUTCS
HeCcTaOMJIBHBIM, €r0 CBOOOJIHBIN KOHell MagaeT Ha IO/ -
JIoxkKy. HampstkeHue cpabaTbiBaHUsl OMpenessiyioch
KaK MaKCHMMaJbHOe 3HaUeHUe (DYHKIIUU V(Stip) (BbIpa-
xeHue (6)) [17]. PacyeTHble 3HAYEeHUS HAMPSKEHUS
cpabaThIBaHUS MepeKIoyaTeseil ¢ KaHTUIEBEPOM 11U -
PUHON 2 MKM U Pa3JIMYHbIM MOJOXEHUEM YIPaBJIsIIO-
LLIETO 3JIEKTPojJa IIpeacTaBlieHbl B Taba. 1. 3HaueHUs
nexat B auamnaszoHe 9,8...105,1 B. Uem 1mpe 3nex-
TPOA YIPABJICHUS U 4YeM OJIMXKe OH PacIojioXeH K
CBOOOJTHOMY KOHIIY KaHTUJIeBepa, TEM HUXe Hampsi-
XeHue cpabarbiBaHMs. [Ipu pacuerax ObUIM KUCIOJb-
30BaHbI 3HaYeHUsI MoayJis1 FOHra oobeMHOro MmaTepua-
na Eq, =279 I'lla, E,) = 70 I'Tla.

KoHTakTHOE COnpoTUBIEHME NIEPEeKIIIoYaTes oLe-
HUBAaJIM C MCIMOJb30BAaHUEM MOJIEIN, B KOTOPOI 1Iepo-
XOBaTasl MOBEPXHOCTD MPUXOIUT B KOHTAKT C TIIIOCKO-

cThio. Mcxons u3 mapaMeTpoB KOHCTPYKIIUM TTEPEKITIO-
yartesisl ObUla paccuuMTaHa Ccuia, C KOTOPOM KOHTAaKT-
HBI BBICTYN KaHTUJIEBepa JaBUT HA KOMMYTUPYEMBbIi
a7eKTpoA. 3HaUeHUE 3TON CUJIBI 3aBUCHUT OT T€OMET-
pumn kaHtwiesepa u cocrasiasier 0,01...1 mH. ITpu Tta-
KAX KOHTAKTHBIX YCHWJIMSX TPOUCXOIWT IIACTHYEC-
ckast gedopmalisi HepoBHOCTell moBepxHocTu [18],
1 TUTOIAIb KOHTAKTa BBICTYIIA C 3JIEKTPOIOM OIIpee-
aserca Boipaxenuem A = F,/H, rne F, — cuna npu-
JKaTusl BbICTYNA K 3j7eKTpony; H — TBepAOCTh MaTe-
pMaja KOHTaKTOB (TBEPAOCTh IIATMHBI TT0JIarajii paB-
Hoii 450 TI'Tla). KoHTakTHOE COIPOTUBIICHUE IIEpe-
KJIIOYaTeNId ONpPEeNesAeTCsl BhIpaxXeHueM R, = p/ JrA,
Ime p — yIeJdbHOE COMNpPOTHUBICHUE MaTepuana (Ijs
miatuHel p = 10,6 - 107 Om-cm MpUA TEMIEpaType
293 K) [18]. IIpu koHTakTHBIX ycunusax 0,01...1 mH
IUIOLIAAb KOHTAKTa He mpeBbillaeT 2,4 1073 MM
CornacHO pacdeTaMm MepeKIoUaTeNn JOJKHB UMETh
KOHTakTHOe cornpotusieHue 1...10 Om.

Bpemsi cpabGaTbiBaHUSI TepekiouyaTessi oOpaTHO
MPOMOPILMOHATBLHO PE30HAHCHON YacTOTe KaHTUJIE-
BEPA fi; U MOXET OBITb OLIEHEHO C IMOMOLIbIO BbIpa-
xenus 1y~ 0,58 /) [18]. D10 BBIpaxkeHue crpaBe-
JINBO B cllydae Majioro AeMI(UpoBaHUs, T. €. KOoTAa
JOOPOTHOCTb KaHTUJIeBepa MpeBbilaeTt 2. Pe3oHaHc-
Has yactota KantmieBepoB Cr/Al/Cr Obla u3MepeHa
MeTonoM "cBeToBOoro phryara” [13]. Y kaHTUIEBEepOB
¢ tommuHoi cioeB 10/60/10 HM oHa cocTaBisiia
89...466 xI'll B 3aBUCMMOCTH OT IJIMHBI KAHTWIEBEpa, y
KaHTWIeBepoB ToauHoi 15/90/15 um — 134...699 xI'1,
20/120/20 um — 178...932 xI't1. JIoOpOTHOCTh KAHTU-
JIEBEpOB B BO3AyXe NMPM HOPMAJbHBIX YCIOBHUSX CO-
crapnsia 3...10. CornacHo pacuetam BpeMsi cpadaThl-
BaHMSI TIepeKIIouaTesiei J0JKHO COCTaRATh 1...10 MKc.

DKcnepuMeHTAJIbHOE HCCJeI0BaHNE MepeKodaTesei

DdoTtorpadust U3roTOBICHHOIO 00pa3la MpeacTaB-
JieHa Ha puc. 6. Ha uune pacrnosioxeHbl TpU KOHTAKT-
HbIe TIOIIAAKU padMepamu 1,5 X 1,5 MM, KOTOpBIE C
TMOMOILIO METAJUIMYECKHUX TOPOKeK IMpUHOM 200 MKM
COCMMHEHBI ¢ KAaHTUJIEBEpOM M BJIEKTPOJaMU Iepe-
kmoyvatens. Ha ruolanku ycraHOBIEHbI BOJIbhpaMo-
Bble urjbl. K WUrjiaM IMoakIloYeHbl M3MEpPUTEIbHbBIC
MMpUOOPHI, cXeMa MOAKIIOYEHUsI IPUOOPOB MToKa3aHa

Tabnuua 1

Table 1
Ver V
Tun =80 =120 = 160
obpasia L, um a, um b, pm 7= 30 nm 1= nm 1= nm
Sample type Pacu. DKCII. Pacu. DKCII. Pacu. DKCII.

Calc. Measured Calc. Measured Calc. Measured

1 14 3 7 37,1 19,4 £ 3,1 68,2 27,0 £ 8,3 105,1 49,1 £ 13,6

2 20 4 28,4 20,7 £ 4,9 52,2 36,7 £ 11,8 80,4 63,2 £ 12,8

3 20 8 12 12,6 15,1 £ 5,2 23,2 33,6 £ 10,2 35,8 54,6 £ 10,3

4 20 4 12 9,8 12,5+ 4,4 18,2 36,1 £9,9 29,1 49,3 + 11,5
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Puc. 6. @oTorpadus odpasua ¢ UriIaMd HA KOHTAKTHBIX ILIOMAIKAX
Fig. 6. Photo of the sample with needles on the contact sites

HY3005D

- @)

1MQ

P4105 + MS803R

Puc. 7. Cxema noakiioueHnsi npudopoB 1J1sl TECTUPOBAHHS NEPEKIIIO-
qareus

Fig. 7. Connection of the devices for testing of the switch

Ha puc. 7. TecTupoBaHUE MEPEKIIOYATENECH MPOBOAU-
JIU B BO3IyX€ NMPU HOPMAJBbHBIX YCIOBHUSIX.

st ompeneneHus] HaMNpsKEHUs] cpabaTbIBaHUS
KJTI0Ya MEXIY KaHTUJIEBEPOM M YIIPABJISIOIINM BJIeK-
TPOIOM MPUKIANbIBAIM MOCTOSIHHOE HAMNpPsDKEHUE OT
CcTabmIM3aTopa HanpsKeHUs MoCcTosTHHOro Toka 114105.
ITonaBaemoe HampsikKeHME MOCTENEeHHO YBEIUUYMBAIN
JIO TeX MOp, MoK HEe MPOUCXOIUIO KACAHUE KAHTUIIE-
Bepa C KOMMYTUPYEMBIM 3JIeKTpoaoM. MoMeHT cpaba-
ThIBaHUS (pUKCUpoBasl MyJbTuMeTp Mastech M9803R
B pexuMme oMmeTpa. B Tabi. 1 mpuBeneHbl cpegHue
3HAa4YEHUs HANPsKeHUs cpabaTeiBaHusA Vpy nepexiito-
yaTeNeil pa3IMIHO TeOMETPUN M MaKCMMaJIbHBIE OT-
KJIOHEHMSI OT cpenHero. HauMmeHblllee 3HaueHUEe Ha-
MpsikeHusi cpabaTeiBaHus cocTaBisuio 8,1 B (mepe-
KJIouatesb Tvna 4, TonlrMHa KaHTwieBepa 80 HM).
Habmonanoch 3HAUUTENBHOE PACXOXKIECHUE SKCIEPU-
MEHTAJIbHBIX JaHHBIX C pe3yjbTaTaMu pacueToB. M3-
MepeHHbIe 3HAYEHMST HAMPSDKeHUsI cpabaThIBaHUSI KITIO-
yeil Tuna 1 ObLIM B 2—2,5 pa3a HUXE pacueTHBIX, He-
3aBUCUMO OT TOJIIIMHBI KaHTUJIeBepa. B To xxe Bpems,
y nepexJiouaTeneit Tumna 4 cpenHue 3HaUYeHUST Hampsi-
JKeHUs cpabaTbiBaHus B 1,3—2 pasza npeBbIllIaid T€O-
peTuyecKue.

MOXHO BBIIEIUTH HECKOJIBKO TIPUYMH PACXOKICHUSI
9KCIMEPUMEHTATIbHBIX AaHHBIX ¢ Teopueil. Bo-mepBbix,
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KaHTWIEBEPBI UCXOMHO OBIIM M30THYTHI IO NEHCTBU-
€M OCTAaTOYHBIX HAMPSXKEHUN B TPEXCIOMHON MeTall-
Jundeckoit rieHke [12]. TToaTomMy paccTosiHue MexXay
KaHTWIEBEPOM U BJIEKTPOAAMU OTJIMYATIOCh OT HOMU-
HaJIbHOTO 3HaueHUsA. BO-BTOpBIX, TEXHOJOTUS W3TO-
TOBJICHMSI TIepeKIIovaresieil Obljia TakKoBa, YTO yIpaB-
JISTIOIIAI ¥ KOMMYTHPYEMBII 3JIEKTPOIbLI "OTIeYaThI-
BaJIMCh" HA BEPXHEI ITOBEPXHOCTU XXEPTBEHHOTO CJIOS.
CreacTBreM 3TOTO SBJISINCH "CTYNEHBKM' Ha KaHTU-
JieBepe (MOXHO HabJoaaTh Ha puc. 3), CHUXalollue
€ro yrnpyroctb. B-TpeTbux, B mpoliecce 0CBOOOXKICHMS
KaHTWIEBEPOB KEPTBEHHBIN CIIOIN YIAJIICS HEe TOJIBKO
M3-TI01 KaHTWIeBepa, HO U U3-TI0Jl €T0 OTIOPHOII IO~
manku [12], yto yBennuyuBano 3G GEeKTUBHYIO JUTMHY
KaHTWJIeBepa M TaKKe CHIKaAlIo YIpyroctb. Ilepsoe
00CTOSTEbCTBO MOIJIO KaK YBEJUYUTh, TAK U YMEHb-
IIINTh HATIpSDKEHUE cpabaThIBaHUS B 3aBUCUMOCTHU OT
HarpaBJeHMsI MU3THUOa KaHTUIeBepa (B SKCIIEPUMEHTE
Habjoaanuch, obe curtyauuu). JIBa apyrux o0CTos-
TEJIbCTBA CHIKAJIM HampskKeHUe cpabaThbiBaHUs. YUeT
OIHOBPEMEHHOTO BJIMSHUS BCeX TpeX (PaKTOpoB Ha
CBOMCTBA MEPEKIoYaTeNIsl SBJISECTCS CJIOXHOM 3ama-
yeit, 7151 ee pelleHusl TpeOyeTCs TIIATeIbHOE YMCTIeH-
HOE MOIC/IMPOBaHUE.

ComnpoTuBieHrEe TIEPEKITIOYaTeNIsI B 3aMKHYTOM CO-
crosgHum coctanisuio 200...500 OM. DkcriepuMeHTaIb-
HO TIOJTyYeHHBIC 3HAYCHUs CONMPOTHBICHUS R Tpen-
cTaBleHbl B Tabna. 2. M3mepsiemMoe COMpPOTUBICHUE
TIPENICTABIISIIO COO0I CYMMY COITPOTUBIICHUI TpeX yda-
cTKOB Tiepekmouarens: 1) nopoxku Cr/Al/Cr Tomu-
Hoit 80...160 HM, WoyIIeil OT WTIBI K KaHTUIIEBEPY;
2) KOHTaKTa KaHTWIeBepa C KOMMYTHUPYEMbIM 3JI€K-
tpomoM; 3) mopoxku Cr/Pt TonmmHoi 60 HM, HIyIIEi
OT 3JIeKTpona K umnre. PacueTHoe 3HaUYeHWE COMPOTUB-
nenus gopoxku Cr/Al/Cr cocrapnsio 7...15 OMm u 3a-
BHICEJIO OT €€ TOJIIINHBI, SKCITePUMEHTATbHbBIC 3HAUCHIST
coctapnmsui 8...40 OM. CormacHO pacyeTraM JOPOXKa
Cr/Pt nomxHa uMeTb conpotuBieHue okojo 80 Owm.
M3mepenHble 3HaueHus cocTasisii 100...300 Om. Ta-
KM 00pa3oM, CYLIECTBEHHbI BKJIaa B COMPOTUBIE-
HUS TIepeKITIouaTesi BHOCUIN TOPOXKH, U BBIACINTh
COIPOTUBJIEHME KOHTAKTa KaHTUJIEBEpa C DJEKTPOAOM
(pacuetHoe 3HavyeHue 1...10 OM) U3 cyMMapHOIo co-
MpOTUBJIEHUS ObLIO 3aTpyaHuUTeNbHO. Ha ocHOBaHUM
SKCITePUMEHTATEHBIX JAHHBIX MOXHO YTBEpXIATh, UTO
COIPOTUBJICHNE KOHTaKTa, KaK MPaBUJIO0, HAXOIMJIOChH
B qnamnaszoHe 10...100 OM 1 3HaYNUTETHLHO MPEBHIIIATIO

Ta6nuia 2

Table 2
t= 80 nm t= 120 nm t= 160 nm
w’
I I I

uwm max’ max> max>

RO mA RO mA R Q mA

2 | 417531021287 54| 9+£3|262+44| 8%1
4 | 408 £43(16£5[240+35[20+£2|276 45| 13+£3
6 |436 73| 155242 +£33[{24+6|309 45| 13+2




pacuyeTHoe 3HauYeHUe. [1pMUMHOI MPEeBBIIIEHNS] MOTJIO
SIBJIATBCSI 3arpsi3HEHUE KOHTAKTUPYIOIIUMX MOBEPXHO-
CTel IpY HaXOXACHUU MepeKIodaTessl B BO3IyXe Mpu
HOPMAaJIbHBIX YCIOBUSX [14].

bru1 u3MepeH MaKCHMaJbHO JOMYCTUMBIA TOK,
MpoTeKaloMii yepe3 MepekiaoyaTesib B 3aMKHYTOM
COCTOSTHMY U HE TIPUBOASIINN K BBIXOIY €TI0 M3 CTPOSI.
ITocne cpabaThiBaHMS NIEPEKIIOYATENISI MEXKIY KaHTUJIe-
BEPOM U KOMMYTHUPYEMBIM 3JIEKTPOIOM TTPUKIIAIBIBATIN
MMOCTOSTHHOE HAaNpPSDKeHWE OT MCTOYHWKA ITHTAHMS
Mastech HY3005D (cm. puc. 7). Tok, mpoTeKaroluii
MIPA 3TOM 4Yepe3 TMepeKIodaTellb, U3MEPSTTA MYJITbTH-
metpoM M9803R. HanpsixeHre MOCTereHHO MOBbI-
1Iajau, U MpY HEKOTOPOM 3HAYEHUM TOKA MTPOUCXOIM-
JIO TUTaBJIeHWE KaHTUJIeBepa B MECTe KOHTAKTa C dJIeK-
TPOAOM. 3HaY€HUs JOMYCTUMOro ToKa [, TpUBEIe-
HbI B Ta0J1. 2. MuHUMaIbHOe 3HaueHUe (0KoJio 10 MA)
AMEIU TIEPEKITIoUaTeNIn ¢ KaHTUJIEBEPOM IITMPUHOMU
2 mxkM. Kitoun ¢ Gojiee LIMPOKUM KAHTUIIEBEPOM BbI-
JaepxxuBaiv Tok 10 30 MA. JlonmycTUMBbIiA TOK HEe 3aBU-
ceJl OT TOJIIMHBI KaHTHIIEBEpa, BEPOSITHO, ITOTOMY,
YTO IJIOTHOCTh TOKA AOCTHUTaja MaKCHMAaJIbHOTO 3Ha-
YeHHST B 00J1aCTM KOHTAKTHOTO BEICTYITa, KOTOPHIN Y
BCEX MepeKioyaTesIeil Mel OTMHAKOBYIO TEOMETPHIO.

OcHOBHOI1 TTpo0JIeMOI MepeKIoYaTes e SIBISIIIOCh
NpUJIMIaHWe KaHTWIeBepa K KOMMYTUPYEMOMY BJIEK-
Tpoay Mpu cpabaTbiBaHUHU. DTOT 3 deKkT ObLT 0COo-
OEHHO XapaKTepeH ISl KaHTWIeBepOB TOIIIMHOK 80 1
120 um. BosBpailaronieii cUiibl yOpyrocTu 0bUI10 HEa0C-
TaTOYHO JUISl MPEONOJEeHUs] aare3uOHHBbIX CWJ, JEMCT-
BYIOIIMX MEXIY KOHTAaKTHBIM BBICTYIIOM KaHTUJIEBepa
u a1ekTpoaoM. Aare3usi B MOMC/HOMC-ycrpoiict-
Bax 3a4acTylo 00YCJIOBEHA KaMWUISIPHBIMUA CUJIAMU U
cunamu BaH-nep-Baanbca [19]. OnHuM u3 Haubosee
3((HEKTUBHBIX METOAOB YMEHBIICHUS! aATre3MOHHbBIX
CUJI SIBJISIETCSI COKpallleHWe TUIOLIaAM KOHTaKTa, IMo-
9TOMY B JaJIbHEHIEM TUIAaHUPYETCS YMEHbBIIATh JAva-
METp KOHTAaKTHOT'O BBICTYIa HA HUXKHE MOBEPXHOCTU
KaHTHWJIeBepa, ITOBBIIIATH IIEPOXOBATOCTh KOHTAKTH-
PYIOIIMX ITOBEPXHOCTEM, a TaKXe UCIOJIb30BaTh OoJsiee
TBep/bie, YeM IJIaTMHA, MaTepuabl (XpoM, BoJbgppam).

3akimoueHue

IIpencraBnen MOMC-niepekiaouaTeb 3JIEKTPO-
CTaTUYECKOro TWUIMAa Ha OCHOBE TPEXCJIOMHOIo MeTas-
JIMYECKOTO KaHTWIeBepa HAaHOPA3MEPHOM TOJIIWHEI,
HMMEIOIIETO BbICOKOE OTHOIIEHUWE IJIMHBI K TOJIIMHE.
Huzkue 3HaueHUsT HaNpsiKeHUsT cpabaThbIBaHUS Tiepe-
KJTIOUaTesiss JOCTUTAIOTCS 3a CUeT Majoil yIpyrocTu
KaHTWiIeBepa. M3rotopiieH mepekioyaTesib ¢ Hampsi-
>XeHueMm cpabateiBaHus 8,1 B. OmucaHa TexXHOJIOTHUSI
M3TOTOBJICHUS TIEPEKITIoUaTeNieil, MpoBeaeHBI PACUEThI
1 BBIMOJIHEHBI U3MEPEHUSI UX DJIEKTPOMEXaHUUYECKUX
XapakTepucTUK. PacxoxaeHue skcnepuMeHTaIbHbIX
3HAUYEeHUI1 HamnpsDKeHUs1 cpadaThIBaHUS C Teopueil o0y-
CJIOBJIEHO OCOOEHHOCTSIMU KOHCTPYKLUM TePEeKITIO-

yaTes, CBA3aHHBIMU C TEXHOJIOTUEU M3TOTOBJICHUS.
CrnencreueM Majoi YHIPYTroCT KaHTUJIEBEPA ABJIACTCA
€TI0 MOABEP>KCHHOCTD ITPMIIMIIAHNIO K KOMMYTUPYEMO-
MY SJICKTpOAY IO JNIECTBUEM QAT€3UOHHBIX CHUIIL.

Paboma evinoanena c ucnonvzosanuem 060py006anus
Llenmpa KoareKMUBHO20 NOABL30BAHUS HAYHHBIM 000DY-
dosanuem "luacnocmura Muxpo- u HaHocmpykmyp " npu
gunancosoli nodoeprcke Munucmepcmea o6pazoeanus u
Hayku P®, a maxoce PODHU 6 pamkax nayunozo npo-
exma No 14-07-31156 moa_a.
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Electrostatically Actuated MEMS Switch Based on a Cantilever

of Nanometer Thickness

The presented electrostatically actuated MEMS switch with a resistive contact was manufactured with the use of micro-electronic
technologies. The movable electrode of the switch is a three-layer metal cantilever with a nano-scale thickness and high length-to-
thickness ratio. Low elasticity of the cantilever allows us to achieve relatively low values of the pull-in voltage. The authors im-
plemented a theoretical analysis and experimental study of the electromechanical characteristics of the switch.
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Introduction

Switches present a wide class of microelectromechanical
systems (MEMS). They find application in high frequency
and superhigh frequency systems (adaptive aerials, switching
matrixes, transmitter/receiver modules of wireless communi-
cation devices) [1]. Among the MEMS-keys the most wide-
spread devices are the ones with an electrostatic mechanism
of actuation. The mobile mechanical element in them is a
cantilever (a bridge, a membrane), under which the control
and switched electrodes are located. Between the cantilever
and control electrodes a certain voltage is applied, and under
the influence of the electrostatic force the cantilever is de-
formed in the direction of the electrode. When the voltage is
applied, the cantilever contacts the switched electrode, mov-
ing a key in the closed position. As a rule, the disjunction of
the key is implemented due to the force of elasticity in the de-
formed cantilevere. In comparison with radio-frequency keys
on pin-diodes and field transistors, MEMS switches of elec-
trostatic type have low power consumption of the control cir-
cuit, small losses in the closed state, a good isolation in the
opened state, low level of nonlinear distortions, high radiation
resistance, and a wide range of the operating temperatures [2].

A modern trend is transition to the nanoelectromechani-
cal systems (NEMS) with development of keys on the basis of
nano-sized cantilevers [3—5]. Its aim is reduction of the di-
mensions of a switch, increase of the speed of switching and
widening of the frequency band. One of the main drawbacks
of MEMS/NEMS-keys — their high actuation voltage, still
has to be overcome. For the batch-produced keys it reaches
several tens of volts [6] and does not allow us to use them
widely in the electronic circuits with a low power consump-
tion. Therefore, development of MEMS/NEMS switches
with a low actuation voltage is a topical task.

There are several ways to lower the actuation voltage of a
key. One of them is an increase of the electrostatic force, in-
fluencing a cantilever, due to expansion of the operative range
of the electrostatic field, i.e. an increase of the area overlap-
ping the cantilever and the control electrode [7]. Another one
is reduction of the gap between the cantilever and the control
electrode [8]. The most effective and widely applied method
of reduction of the actuation voltage is reduction of the elas-
ticity of the cantilever, which is reached, as a rule, due to an
unusual design of the cantilever: application of folded canti-
levers [9], cantilevers on torsion [10] and zigzag suspensions
[11], etc. The work presents a MEMS-switch of an electro-
static type with a resistive contact. The cantilever of the switch
has a nano-zised thickness (80...160 nm) and high relation of
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its length to its thickness (up to 400). Therefore, it has low
elasticity, which allows us to reach low actuation voltage val-
ues of the switch.

Design and manufacturing technology of the switch

The MEMS-switch of an electrostatic type is a single-pole
key with normally opened contacts (fig. 1). A metal cantilever
is situated above the control and switched electrodes (also
made of metal). On the free end of the cantilever there is a
contact ledge. When voltage is applied between the cantilever
and the control electrode, the cantilever is attracted to it by
the electrostatic forces, closing the switched electrode. When
the voltage is switched off, the cantilever returns to the orig-
inal position. The switch employs a metal-metal contact.

In order to ensure a low actuation voltage in the switch,
the applied cantilevers have low values of elasticity
(0,012...0,38 N/m). The manufacturing technology of the
cantilevers was developed earlier [12]. Also various properties
of the cantilevers, including their resonant characteristics [13]
were investigated in detail.

For production of the switches surface microtreatment was
used. The basic manufacturing stages are presented in fig. 2. On
KDB 0,01 silicon plate with diameter of 100 mm a dielectric
layer was formed. For this purpose the plate was thermally ox-
idized in moist oxygen up to the thickness of 1 um of SiO,
layer. Then the control and switched electrodes of the switch
were made on SiO, For this purpose the plate was covered
with a layer of a positive photoresist with thickness of 1,5 pm
and a contact photolithography was done. After development,
an adhesive layer of chrome with thickness of 10 nm and a
layer of platinum with thickness of 50 nm were deposited on
the plate by the method of magnetron sputtering (fig. 2, a).
After the deposition of the layers a lift-off of the photoresist
was done (fig. 2, b).

Then a cantilever with a contact ledge on the lower surface
was formed. By the method of magnetron sputtering a sacri-
ficial layer of amorphous silicon (a-Si) with thickness of 1 mi-
cron (fig. 2, ¢) was made. The plate again was covered with
a layer of photoresist and a contact photolithography was
made. In the photoresist layer a round window with diameter
of 2 microns was formed. Through it by etching in SFg plas-
ma a pit was formed in the layer of a-Si with depth of about
100 nm (fig. 2, d). A layer of Pt was sputtered on the plate with
thickness of 100 nm (fig. 2, e), and the remains of the pho-
toresist were removed (fig. 2, f). The plate again was covered
with a layer of a photoresist and a lithograph was done — a
drawing of the cantilever was formed. Layers of Cr/Al/Cr




metals with thickness of 10/60/10, 15/90/15 and 20/120/20 nm
were sputtered on the plate (fig. 2, g), and a lift-off of the pho-
toresist was carried out (fig. 2, /#). The final stage was removal
of the sacrificial layer of a-Si from under the cantilever (clear-
ing) by etching in SF¢ plasma (fig. 2, i).

Switches with various sizes of the cantilever and electrodes
were made. A cantilever had length 14...32 um, width 2...6 um
and thickness 80...160 nm. The control electrode had width
from 4...16 um. The width of a switched electrode was 4...6 um.
The gap between the cantilever and the electrodes was equal
to 1 um. The ledge on the bottom surface of the cantilever had
the form of a cylinder with diameter of 2 um and height of
about 100 nm. Platinum was chosen as the material of the
contact ledge and of the switched electrode thanks to its chem-
ical inertness, relatively high hardness and conductivity [14].
SEM image of the switch is presented in fig. 3, a. Fig. 3, b
presents a close up of the free end of the cantilever with a con-
tact ledge.

Calculation of the electromechanical characteristics
of the switch

Fig. 4 presents a cantilever and a control electrode of the
switch with indication of the basic dimensions. Let the can-
tilever be subjected to a distributed loading ¢(x), having a di-
mension of force divided by an area unit. The small element
of cantilever with length of dx and coordinate x is influenced
by force F(x) = g(x)wdx, where w is the width of the canti-
lever. The vertical deviation of the free end of the cantilevera
caused by this force from the initial position is expressed by
the following formula [15]

2

oy = 6(EI)

(BL — x)g(x)wdx, (€))
where L is the length of the cantilever, (E),4 is efficient
bending stiffness of the cantilever. The efficient bending stiff-
ness of a three-layer cantilever, calculated by the method of
equivalent cross section [16], is expressed by the following
formula:

)

Tawie, P wiy,
3 ATy
Where Ec,, Epj, fc;» ty) are Young modules and thicknesses,
accordingly, of the layers of chrome and aluminum.
If loading g(x) works along all the length of the cantilev-
era, we can find the deviation of the free end from the initial
position by integrating the following expression (1):

(El)ef: ECr

= §EDL, | [2GL ~ Do 3)

Under the cantilever at the distance of g there is the con-
trol electrode, the borders of which (a and b) are marked in
fig. 4. Between the cantilever and the electrode the voltage V'
is applied. If we neglect the regional fields, the electrostatic
force, influencing per unit of the area of the cantilever, can
be expressed in the following form [16]:

Vo(x-a)-a(x-b)]

2
2(g-58(x))
Where g is an electric constant, o(x) is Heaviside function,

3(x) is a deviation of the point of the cantilever with coordi-
nate x from the initial position. The profile of the cantilever

glx) = = 4)

deformed under the influence of the electrostatic force can be
presented as quadratic [17]:

8(x) = (/L)% (5)

By substituting expressions (4) and (5) in the integral (3)
and implementing transformations, we will get:

V2 12(E])ef[ lg |:J‘ (3L x)(
80WL

) -1
xz) dx} ()
tlp

Expression (6) presents a connection of the deviation of
the free end of the cantilever Ssip with the applied voltage V.
The diagram illustrating this connection is presented in fig. 5.
At a certain actuation voltage the position of the cantilever is
unstable, its free end falls on the substrate. The actuation volt-
age was defined as the maximum value of the function V(Sﬁp)
(expression (6) [17]. The calculated actuation voltage of the
switches with a 2 um wide cantilever and various positions of
the control electrode are presented in tablel. They are within
the range 9,8...105,1 V. The wider is the control electrode and
the closer it is situated to the free end of the cantilever, the
lower is the actuation voltage. The calculations used the

Young modulus of the voluminous material: £, = 279 GPa;
Ey =70 GPa.

The contact resistance of the switch was estimated on the
basis of the model, in which a rough surface contacts the
plane. Proceeding from the switch design, the force with
which the contact ledge of the cantilever presses the switched
electrode, was calculated. This force depends on the geometry
of the cantilever and varies 0,01...1 mN. Such contact efforts
result in a plastic deformation of the roughness of the surface
[18], and the contact area of the ledge with an electrode is de-
termined by formula A = F,/H, where F, is the force pressing
the ledge to the electrode, H is hardness of a contact material
(hardness of platinum was assumed as equal to 450 GPa). The
contact resistance of a switch is determined by expression
R. = p/JnA, where p is the s 6peciﬁc resistance of the material
(for platinum p = 10,6 - 107> Q- cm at 293 K) [18]. In case
of the contact efforts of 0,01...1 mN the contact area does not
exceed 2,4 - 1073 umz. According to calculations, the switches
should have a contact resistance of 1...10 Q.

The operating time of the switch is in inverse proportion
to the resonant frequency of the cantilever f; and it can be es-
timated by means of expression t, = 0,58 f0 [18]. This ex-
pression is fair in case of a low damping, i.e. when the quality
factor of the cantilever exceeds 2. The resonant frequency of
the cantilevers of Cr/Al/Cr was measured by the light lever
method [13]. For the cantilevers with the thickness of lay-
ers of 10/60/10 nm it was 89...466 kHz, depending on the
length of the cantilever, for the cantilevers with thickness of
15/90/15 nm — 134...699 kHz: 20/120/20 nm — 178...932 kHz.
The quality factor of the cantilevers in the air under normal
conditions was 5—10. According to calculations, the operat-
ing time of the switches should be about 1...10 pm.

Experimental research of the switches

Fig. 6 presents a photo of the sample. Its chip contained
three contact platforms with dimensions of 1,5 X 1,5 mm,
which by means of metal paths with width of 200 um were
connected with the cantilever and the switch electrodes. On
the platforms tungsten needles were fixed. Measuring devices
were connected to them (fig. 7). Testing of the switches was
done in the air under normal conditions.
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For determination of the actuation voltage of a key be-
tween the cantilever and the control electrode a direct voltage
was applied from P4105 voltage stabilizer of direct current. It
gradually increased till there was a contact of the cantilever
with the switched electrode. The actuation moment was re-
corded by Mastech M9803R multimeter in an ohmmeter
mode. Table 1 presents average values of the actuation voltage
of the switches of various geometry and maximal deviations
from the average values. The lowest actuation voltage was
8,1 V (type 4 switch, thickness of the cantilever — 80 nm).
A considerable divergence of the experimental data from the
results of calculations was observed. The measured actuation
voltages of the keys of type 1 were 2—2,5 times lower than the
calculated ones, irrespective of the thickness of a cantilever.
At the same time, in case of the switches of type 4 the averages
actuation voltages 1,3—2 times exceeded the theoretical values.

It is possible to name several reasons for the divergence of
the experiments from the theory. Firstly, the cantilevers are
bent under the influence of the residual voltages in a three-
layer metal film [12]. Therefore the distance between the can-
tilever and the electrodes differ from the nominal value. Sec-
ondly, the manufacturing technology of the switches is such
that the control and the switched electrodes "are printed" on
the top surface of the sacrificial layer. A consequence of this
is "the steps" on the cantilever reducing its elasticity (fig. 3).
Thirdly, when the cantilevers were released, the sacrificial
layer was removed not only from under the cantilever, but al-
so from under its basic platform [12], which increased the ef-
fective length of the cantilever and also reduced its elasticity.
The first circumstance could both increase and reduce the ac-
tuation voltage, depending on the bend direction of the can-
tilever (in the experiment both situations were observed). The
other two circumstances reduced the actuation voltage. A si-
multaneous account of the influence of all the factors on the
properties of the switch is a challenging problem. For its so-
lution a careful numerical modeling is required.

Resistance of the switch in the closed position is 200...500 Q.
The experimentally obtained resistance (R) is presented in ta-
ble 2. The measured resistance was the sum total of the re-
sistances of three sites of the switch: 1) Cr/Al/Cr path with
thickness of 80...160 nm, going from the needle to the can-
tilever; 2) contact of cantilever with the switched electrode;
3) Cr/Pt path with thickness of 60 nm, going from the elec-
trode to the needle. The design resistance of Cr/Al/Cr path
was 7...15 Q and depended on its thickness, the experimental
values were 8...40 Q. According to calculations, Cr/Pt path
should have resistance of about 80 Q. The measured values
were 100...300 Q. The paths made an essential contribution to
the resistance of the switch. It is difficult to separate out the
resistance of the contact of the cantilever with an electrode
(the calculated value is 1...10 Q) from the total resistance. On
the basis of the experiment it is possible to assert, that, as a
rule, the resistance of the contact was within the range of
10...100 @ and considerably exceeded the calculated value.
The reason for this excess could be pollution of the contacting
surfaces of the switch occurring in the air under normal con-
ditions [14].

The maximal possible current going through the switch
and not resulting in its breaking was measured in its closed
condition. After actuation of the switch a direct voltage was
applied between the cantilever and the switched electrode
from Mastech HY3005D power supply (fig. 7). The current
going through the switch was measured by M9803R multim-
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eter. The voltage increased gradually, and at a certain value
of the current there was a fusion of the cantilever in the place
of contact with the electrode. The values of the admissible
current (/,,) are presented in table 2. The switches with a
2 um wide cantilever had the minimal value (about 10 mA).

The keys with a wider cantilever withstood a current up to
30 mA. The admissible current did not depend on the thick-
ness of the cantilever, probably, because the current density
reached its maximum in the area of the contact ledge, which
had an identical geometry in all the switches.

The basic problem of the switches is sticking of the can-
tilever to the switched electrode at the moment of actuation.
The effect is especially characteristic for the cantilevers with
thickness of 80 and 120 nm. The returning force of elasticity
is not big enough to overcome the adhesive forces between the
contact ledge of the cantilever and the electrode. Adhesion in
MEMS/NEMS devices is frequently caused by the capillary
forces and Van der Waals forces [19]. One of the most effec-
tive ways to reduce the adhesive forces is reduction of the area
of contact, therefore it is planned to reduce the diameter of
the contact ledge on the bottom surface of the cantilever, to
raise the roughness of the contacting surfaces, and to use ma-
terials harder than platinum (chrome, tungsten).

Conclusion

MEMS-switch of an electrostatic type on the basis of a
three-layer metal cantilever of nano-sized thickness with a
high relation of its length to its thickness was presented. Low
voltages of actuation of the switch are reached due to the low
elasticity of the cantilever. A switch with actuation voltage of
8,1 V was manufactured. The manufacturing technologies of
the switches were described, calculations were done, as well
as measurements of their electromechanical characteristics.
The divergences of the experimental actuation voltages from
the theory are due to the specific features of the design of the
switch, connected with their manufacturing technology. A con-
sequence of the low elasticity of the cantilever is its suscep-
tibility to sticking to the switched electrode under the influ-
ence of the adhesive forces.

The work was done with use of the equipment of the Diagnos-
tics of Micro- and Nanostructures Center of Collective Use of Sci-
entific Equipment and with financial support of the Ministry of Ed-
ucation and Science of the Russian Federation, and also RFFI
within the framework of the scientific project No 14-07-31156.
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B Hacrosiiee Bpemsi B CBSI3U C HEOOXOAMMOCTBIO
obecreyeHus1 OE30MaCHOCTU Ha peajibHbIX O00BbEeKTax
MPOMBIIIJIEHHOCTH, OBITOBOI U TPaHCIIOPTHOI MHGpa-
CTPYKTYpbI TpeOyeTcsl pa3paboTKa U CO3AaHUE pa3iny-
HBIX TMCTAaHIIMOHHBIX MHTePAKTUBHBIX OXPAHHBIX CHC-
TeM. OOTHMM U3 HaIlpaBJIEeHUI ITOCTPOCHUS TAKUX OX-
PaHHBIX CHUCTEM MOXeET OBbITh Hcrnoab3oBaHue CBY
CHCTEeM, OCHOBaHHBIX Ha 3(ddexre loriepa, 1 KO-
Topbix TpedyeTcs CBbUC KoHTpost U yrpaBleHUs MO-
nyneMm. MccnenoBaHue TEXHUYECKOTO YPOBHSI U TEH-
JEeHLIMI pa3BUTUSI TEXHUKM IOKa3ajao, YTO Harlpas-
JIeHUE TEePCNEeKTUBHO U HAXOAUTCS B PyCJie MUPOBBIX
TeHJAEHLIMI. AHaIU3 MaTepuajoB HayyHO-TEXHUYE-
CKOM JIMTepaTyphl TOKa3bIBaeT, YTO pa3pabOTKaMu
CBUC cucrem kontposs u ymnpasieHusi (CBUC-Y)
g CBY cucreM 3aHMMAlOTCSI KaK OTE€YECTBEHHBIE,
Tak W 3apybdexxHble KomnaHnuu. Haubosee pa3BUTHIMU

CTpaHaMM, 3aHUMAIOLIMMUCS Pa3paOdOTKON W MaTeH-
TOBaHUEM CBOMX U300pETEHUI B JaHHOI 00JIacTH, SIB-
nsnotcst CIIA, T'epmanusi, ABctpanus, Kwuraii, Koto-
pble aKTUBHO PErMCTPUPYIOT CBOM M300peTeHus. B Poc-
CU1 OCHOBHBIMHU pa3pabOTYMKaMM B AaHHOM o00jacTu
SIBJISIIOTCSl HAyYHbIe LEHTPhI U CIIeINATU3UPOBAHHBIE
KOMITaHWH, 3aHUMAIOIIKeCsT pa3paboTKaMu B 00JIaCTH
koHcTpyupoBaHuss CBUC.

Ilenb HacTosIEl paboOThl — KMCCIea0BaHUE, pa3pa-
0OTKa M M3rOTOBJEHUE SKCIEPUMEHTAbHBIX 00pas-
1oB crnietnanusupoBaHHoii CBUC KoHTpoJIs 1 yTipaB-
JieHust pexxumamu pabotsl CBY npuemonepegaTumka
noruiepoBckoro CBY moayns (puc. 1). B xone peanu-
3allMM MpPOEeKTa ObUIM IPOBENEHBI TEOPETUUECKHUE U
MaTeHTHbIE MCCIEAOBAHMS MEPCIEKTUBHBIX KOHCTPYK-
LU, TEXHOJIOTUII U3TOTOBIEHMS, CXEMOTEXHUYECKUX 1
tononiornueckuii peieHuit CbUC-Y, a takxke peanu-
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