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PACHET ®YTUTUBHOCTU YITAEPOAA T1PU POCTE
YIAEPOAHBIX HAHOTPYBOK NMAASMOXUMUYECKUM METOAOM

Ilocmynuna ¢ pedakyuio 01.12.2014

Boinoanen pacuem gyyeumusrnocmu amomos yeaepooa npu nAA3MOXUMUYECKOM NUPOAU3E Yene8000p0008, CONPOBONCOAIOUUT
pocm yenepooHvlx HaHOmpy6ok. JlanHble 8blMUCACHUS NPOGEOeHbL MeMOJOM MUHUMUZAYUY c80000HOU dHepeuu [ubbca mepmo-
OJuHamuueckou cucmemsl. TepmoouHamuueckas cucmema eKa04aem ece UHOUBUAYANbHbLE AMOMbL U MOACKYAbL COeOUHEHUU, KO-
mopble 803HUKAIOM 6 npoyecce pacnada u CuHmesa, conposodcoarouux nupoaus. Ilokazano, wmo 3nauenue ghyeumueHocmu on-
pedensiemcsi IHepeuell aKkmueauuly RUPOAU3a U NOMOKAMU 2a308 6 MePMOOUHAMUYECKOU cucmeme. Dma sHepeus 3a8ucum om
Koauvecmea 31eKmpoHos 6 NAA3MeHHOM paspsde, Komopoe, 6 c60i0 o4epedsb, 3A8UCUM OM INEKMPUHECKOU MOUWHOCMU 8030y~

JcdeHus 0aHHO20 paspsda.

Karoueevie caoea: nupoaus, niazmoxumuqeckull npoyecc, yeaepooHsle HaHompyoKu

ITnasmoxumuueckast Texnonorust (PECVD) pocra
VIJIEPOOHBIX HAHOTPYOOK WMMEET PS IPEeUMYIIECTB
nepen oobiyHbIM CVD-MeTomoM [1]. Bo-miepBhIX, TEM-
rnepartypa IjiasMbl ONpenessieTcs MJI0THOCThIO TOKa U
MOIIHOCThIO (IIPMJIOXKEHHBIM HaMNpsKEHUEM) MCTOY-
HUKa Ta30BOro paspsaa. OTa TeMmIieparypa Bbllle TeM-
rmepaTypsl IMOMIOXKH, ITO3TOMY TeMIlepaTypa pocTa
HaHOTPYOOK cHUXKaeTcs. Bo-BTOpbIX, NMPUCYTCTBUE
BJIEKTPUIECKOTO TIOJST TIO3BOJISIET PACTUTh POBHEIE,
BEPTHMKAIbHO OPUEHTUPOBAHHBIE YIJIEPOAHbIE HAHO-
Tpyoku (YHT). CyiiecTByeT HECKOJIBKO Pa3HOBUIHO-
creit ganHoro Meroga: B4 PECVD [2], CBY PECVD
[3], mamykTuBHO cBsi3aHHas m1asma PECVD [4] u DC
PECVD |5, 6]. B uemoM oHM UMEIOT ONMHAKOBBIN Me-
XaHW3M CHIDKEHUS TeMIIepaTyphl pocTa — IMMOHWXKCHHE
SHEPTUM aKTUBAIIMM ITMPOJIN3a 3a CUET YIIPYTOTro B3au-
MOJICCTBUSI 3JIEKTPOHOB C JUCCOLIMUPYIOILIMMU MOJIe-
KyJamMu. DTO CBOWMCTBO Ipoliecca SIBISIeTCSl 0OJIbIIUM
€ro MPeuMyLIECTBOM. DKCIIEPUMEHTAIbHO Ha0II0Aa-
JIOCh CHMKEHNE SHePTUM aKTHBAIIUM MMPAKTUICCKH B
4 paza [7]. I[Ipu aTOM TemIiepaTypa pocTa CHUXAETCS
1o 390 °C (pactyT 6amOykoob6pasubsic YHT) n naxe mo
120 °C (amopdHbIe KTyThI) [8].

[Tuponu3s yriaeBogopoaoB — 3TO JOCTATOYHO CIOXK-
HBIM TpoIiecc TpeBpalleHsT yIIeBOIOPOIOB TIpU Ha-
rpeBe MOJIEKYJ M BO3OYXICHMSI MX KoyiebaTeabHOMI

noacucteMsl. [Trponus, Kak MpaBuio, MPOUCXOIUT B
MPUCYTCTBUM KaTaauzaTopa. KatanuzaTop, KOTOPbIi
y4acTBYET B MUPOJK3E, U KaTanu3aTop pocta YHT —
3TO HE BCEraa OTHO W TO Xe BellecTBo. Karanuzatop,
KOTOpBIi 00JieryaeT MUPOJIU3, HaXOAUTCS HEmocpe. -
CTBEHHO B ra3oBoii ¢pa3e, kartanusarop pocta YHT —
Ha nomioxke. HekoToprie BeliecTBa, Harmpumep ¢ep-
pPOLIEH, MOTYT OJHOBPEMEHHO Y4YacTBOBaTb B 00OUX
npoiieccax. OQHaKO 3TU MPOLIECCHl pa3Hble U MpeBpa-
1LIEHUsI, KOTOpbIe MpeTepIieBaeT Karajau3aTop, Takxke
pasHeble. [Ipouecc nmuposausa Heub3s CBECTU K Habopy
MpOTEKAIOIIMX MOCIeI0BaTEIbHO U MapalieIbHO XUMU--
YECKMX peaklivii pa3oKeHus, TaK KaK Hapsiiy ¢ pasio-
JKEHHUEM TIpoTeKaeT U cuHTe3. [Ipu aTOM MporcxoauT
MHOXECTBO peakiyii, B OCHOBHOM MOHOMOJIEKYJISIP-
HBIX. B Xome Takoif peaknmy M3MEHSIETCS CTPOCHUE
MOJIEKYJIbl yIJieBoAopoaa (M3oMepu3aiiust) Jubo MeHsI-
eTcsl ee MOJIeKyJisipHas Macca (auccouuauus). B man-
HO1 paboTe 3TU CJOXHBIC MPOLIECCHl YUYUTHIBAIOTCS.
BaxHoit xapakrepuctukoii pocta YHT saBisercs
(yrUTUBHOCTh aTOMApHOTIO YIJIEpoaa B ra3oBoii ¢ase.
OTa BeJIMYMHA OIpeesieT MOTOK YacTHUll K KaTajau3a-
TOPY, BIMSIET HA PACTBOPUMOCTbD YIJIepoJa B BEIlleCTBE
KaTajqu3atopa M TeM CcaMbIM OKa3blBaeT BIMSIHUE Ha
ckopocth pocta YHT. IlpenmeTroM maHHOUM pabOTHI
SIBJISIETCS BBIUMCIICHWE 3HAUEHUST 3TOI BEJIMYUHBI MTPU
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MMPOTEKaHUM TIPOIIECCOB IIa3MOXUMHYECKOTO TTHUPO-
nu3a. [IpyHMMasg BO BHUMaHHE CJIOXHOCTH ITPOTE-
KaloIMX MPOIECCOB M GOJIBIIIOE YMCIIO peaKIInii, 0y-
JIeM KMCITOIb30BaTh METOI MUHMMM3AIIMNA CBOOOTHOM
sHepruu I'mb6ca [9, 10], KOTOPHII MO3BOISET YUYUTHI-
BaTh BCE MHOTOOOpa3ue MPOIIECCOB.

[IpyMeHeHNe TAaHHOTO METONIAa MpearoaraeT, 4ro
B CHCTEME CYIIECTBYEeT paBHOBeCHE: BBIPOBHSIIUCH
TeMIiepaTtypa M JaBJIeHWe UM BCe KMHETUYECKHUE IPO-
LleCChl CTaJIM CTAaLMOHApHBIMU. B 3TOM ciydae mpum
IMOCTOSTHHOM TeMIlepaType W JaBJI€HUM TOJKHA OBITh
MUHUMaJIbHa cBoOOaHast sHeprust [mb6ca:

G=H-TS

AJITOPUTM pacyeTa COCTOUT B aHAJIU3€ COCTaBJISIIO-
LIMX CBOOOJHOM 3HEPrMM CUCTEMBI. 3aTeM 3Ta dHEp-
rUsi MUHUMU3UPYETCS C UCITOJb30BaHUEM TOMOJIHU-
TeJIbHBIX YCJIOBUIA, B KayeCTBe KOTOPBIX BBICTYIAIOT
3aKOHBI COXpaHEHMUS.

3aKoHbI coOXpaHeHHs MPU MUPOJIM3E YIJIeBOI0POIOB.
CoxpaneHue 001mero Yucja MectT. 3aKOHbI COXpPaHEHMS
OTIpeNENISIOTCS 0aJJaHCOM YacTHUIl U MOJIEKYJT B CUCTeE-
Me. O003HAUMM KOJUUYECTBO aTOMOB KaXKJ0To M3 Be-
IIECTB HWXKHUM MHAeKcoM. Hampumep, obiiee Konu-
YeCTBO MPOCTOro BellecTBa (yrjiepona, BoAopoaa, ap-
roHa), HaXOMASIIErocss Kak B ra3oBoii paze B CBOOOII-
HOM COCTOSIHMH, TaK U B COCTaBe APYIMX COEAUHEHUIA,
o6o3Haynm yepe3 N,. MHIEKC oo COOTBETCTBYET aTOMY
MpocToro BellecTa. st coenMHeHUt OyaeM UCIONb-
30BaTh UHAEKC k. ITog 3TMM MHAEKCOM OyaeM IOHU-
MaTh JI000€ COENMHEHUE HE3aBUCHUMO OT €r0 COCTaBa.
Yucao MosieKysl OIHOTO COpTa COCAMHEHUsI, KOTOPOe
HAXOJUTCH TOJIBKO B ra3oBoii ¢ase, 0003HaUUM N,.

JJ1st naapHeiIlero aHaau3a UCHoib3yeM STYEUCTYIO
MOJeJb rasza, pazpaboraHHyto B pabore [10]. B coor-
BETCTBUM C 3TOM MOIEIbI0O MOXHO BBIIEIUTH YUCIIO
MECT, KOTOPO€ COOTBETCTBYET UMC/Y S4eeK B Ta30BOM
da3ze. fdeiika — 3T0 00BEM, KOTOPHIM 3aHUMAET OXMH
atoMm, JIMOO ofHa MOJIeKyJa B razoBoil ¢paze. Hucio
s;YeeK PaBHO eIMHUIHOMY 00beMY Ta3a, IeJICHHOMY Ha
KOHILIEHTpaLKI aTOMOB HachblllieHHoro mnapa. Coort-
BETCTBEHHO, €CJIU B Ta30BOl (paze oOpa3oBascs HAChI-
IIEHHBIN Nap, TO Kaxaas sueika OyleT 3aHsTa OJHOU
MOJIEKYJIOM WJIM aTOMOM Tasza. MakcumanvHoe 4ucao
MOAeKYA 00H020 2a3a (MPocmoeo UAlu 2a3a coeOuHeHull),
Komopoe Moicem Haxo0umucs 6 ea3o8ol ¢ase, HA306eM
yucaom mecm. Yucno Mect OymeM o003HAYaTh BEpX-
HUM nHIeKcoM. COOTBETCTBEHHO, IJIS1 POCTOTO BeE-
1ecTBa 00o3HaueHue yncia Mect oyaetr N%, a s co-
eIVUHEHUS — Nk,

Yucno MecT 4acTUIL B CUCTeME OIMpenesisieTcs JaB-
JIeHHMEeM HAacChILIAOIIMX MapoB MpU JaHHON TemIlepa-
Type. DT0 TabJMyHOe 3HaYeHUEe MOKHO HAWTHU U3 aua-
rpaMMBbl COCTOSTHUS JaHHOTO THIIA rasa:

N* = p,/kT; NF=p./kT. (1)
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OO111ee YMCI0 MECT B ra30Boil (paze omnpeaensieTcs
CyMMOW BEJIMUMH, 3alaBaeMbIX CAEAYIOIIMMU BbIpa-
xeHusamu (1):

N= Yp,/kT+ %pks/kT= S N® + %Nk. Q)

3akoHbl coxpaHenmsi ynucaa Mect. Kak yxe ObLIO
CKa3aHo, YMCJIO MECT PaBHO MpenebHOMY YMCITy MO-
JIEKyJl TaHHOTO COpTa, KOTOPbIe MOTYT OJJHOBPEMEH-
HO HaXOIMThCS B Ta30BOI ha3e MpU JaHHBIX YCIOBU-
siX. B COOTBETCTBUM ¢ TaKUM OMpeAesieHUEM UYUCIIO
MECT MOXHO PacCUMTaTh MCXOMIs U3 NaBJICHUS HAaChI-
1LIAIOIIIETO Mapa, COCTOSIIIErO MOJHOCTBIO U3 MOJIEKY
raza paccMaTpMBaeMoro copTra. 3To UYMCI0 MECT PaBHO
YUCy XUMHUYECKUX KOMIIOHEHTOB CUCTEMbI, W JJIsI
KaXk/I0TO U3 HUMX MOXHO 3aMucarh 3aKOH COXpaHeHUs
yycaa mecT. 1S mpoCThIX BElleCTB

¢*=N*—N,— N =0, 3)
a sl COC,I[I/IHeHI/Iﬁ
ok =N — N, — N} =0, (4)

rue Ng , N, ,8 — YMCJIO MECT B Tra30Boi (ha3e, KOTOphIie
OCTalOTCS1 CBOOOAHBIMU COOTBETCTBEHHO JJIsI TTPOCTHIX
BEILIECTB U JUISI COCAMHEHUIA.

3aKoHbI cOXpaHeHHs YMCJIa YacTul. MoJIeKysIbl OT-
JIeJIbHBIX BEILIECTB MOTYT OOBEIUHSITHLCS U CO3/1aBaTh
HOBBIE€ COCMHEHUS. DTU CIOXHBIE OOBEKTHI C TEPMO-
JUHAMWYECKON TOUKM 3pEHUSI MOTYT ObIThb OMUCAHBI
eIUHbIM 00pa3oM. KpoMe Toro, aToMbl MJIM MOJIEKYJIbI
Kax/10ro BeUIeCTBa MOTYT HaXOAUThLCS B CBOOOJAHOM U
MOHN30BAaHHOM COCTOSHNH. KoJmuecTBO aTOMOB IIpoO-
CTOTO BelleCTBa, 00pa3ylollee onpeacjaeHHbIE HOHBI,
0003HaYUM Naq. NHunexkc g, obo3Hayarolmii 3apsao-
BbI€ COCTOSIHUSI, MOXKET IPUHUMATh IUCKPETHBIC
3HaueHus. Tak, Hanmpumep, Il MOHU3ALIMU IBYX3a-
PSITHOM MOJIEKYJIbI JAaHHBIA MHIEKC MPUHUMAET 1Ba
3HaueHus: 0 u +1 au6o 0 u —1. dass MHOTOKpaTHO
MOHU30BAaHHON MOJIEKYJIBI 3TOT WHIEKC MPUHUMAET
OoJjiee IMMPOKUI Kpyr 3HayeHWi. YMCI0 MX paBHO
YUCITY 3apsiIOBbIX COCTOSIHMM Mosiekyibl. Mcnonb3o-
BaHUE TIOHSTUSI "3apsifOoBOE COCTOSIHME" TTO3BOJISIET
eMHbIM 00pa3oM paccMaTpuBaTh TOJOXUTEIbHO U
OTPUIIATEIHHO 3apsDKEHHbIE MOHBI, a TAKXKe OMHOKpAT-
HO U MHOTOKPaTHO MOHU30BAHHBIE MOJEKYJIbI.

ATOM KaxXIoro 3J1eMeHTa MOXKeT ObITh B CBOOOIHOM
COCTOSIHMM UJIM B cocTaBe coeauHeHus. [Ipu nuponu-
3¢ COCTaB COCIWHEHWI W YHCIIO CBOOOMHBIX aTOMOB
Kakoro-yjnbo copta MOTyT MEHSITbCSI, HO CYMMa UX OC-
TaeTcsl MOCTOSIHHOM B CUJIy 3aMKHYTOCTH CHCTEMBI.
DT0 MOJI0XKEHUE SBJISIETCS OCHOBOI 3aIMMCU 3aKOHA CO-
XpaHeHUsI aTOMOB 1 MOJIEKYJI OIpeJeIeHHOIO copTa:

a:Non_ zNaq_ 2 Nkmonk:();
ogq o, k
(szNk_kZqu=0, (5
q

m, — YUCJO aTOMOB TPOCTOro BellecTBa (yriaepoaa

WA BOAOPOAA) B MOJIEKYJIEe YIJIEBOIOPOA.




3akoH coxpaHeHHMs 3apsaaa. YCIOBUE KBa3MHEMWT-
PaJIbHOCTH IIJIa3Mbl TpeOyeT OajaHca MOJ0KUTEIbHBIX
W OTPULIATEJIBHBIX 3apsiIOB, a UMEHHO BBHITIOTHEHUS
3aKOHA COXpaHeHUs 3apsija:

Qe =n— 2q,Nyy— 2 N = 0. (6)
ogq q, k

3aMeTUM, YTO MHJEKC ¢ MOXET ObITh KaK MOJIOXU-
TeJbHBIM, TaK U OTpULATEbHBIM. MOTYT ObITh MOHU-
30BaHbl KakK OTIEJIbHbIE aTOMbI, TaK W COCAUHEHUS,
YTO TaKXKe YYMThIBaeTcsT hopMyioit (6), Kotopast 3a-
MUcaHa B caMOM OOILIeM BUJE.

CeoOoanas sHeprusi cucrembl. CBOOOIHYIO SHEPIUIO
T'u66ca cucteMbl IIpeACTaBUM B CIECAYIOIIEM BUIE:

G= GG(Naq, Ny + G, (7)

rie GY — ceobomHas 9HEpPIus ra3oBoii Gasbl; Naq —
KOHIIEHTpalKsI aTOMOB COpPTa o. B ra3oBoii (ase, Ha-
XOSILIMXCSL B 3apsIIOBOM COCTOSIHUM ¢; Ny, — KOH-
LEHTPAsI COeANHEHWI B OTIpeAeIeHHOM 3apsIIOBOM
cocrosHun; G¢ — cBoOOIHAA SHEPIUS SJIEKTPOHHOIMA
MMOACUCTEMEI, B KOTOPYIO BHOCST BKJIaIl BCEe HECYIINE
3apsil 3JIEMEHThI — KaK aTOMBI, TaK Y MOJIEKYJIBL.
st Toro 4yToObl HAWTU SIBHBIA BUI 3aBUCHMOCTU
CBOOOIHOW SHEPTUM OT KOHILIEHTPAIIMA aTOMOB U MO-
JIEKyJ1, BBeJleM NapLuMaibHbli moTeHuman [ mooca, mpu-
XONSIINICS HA OMUH aTOM VUTA MOJICKYJTY COSAMHEHUS:

8ag = 8a = Ho = TS,
oKrq

rne H,, — cBobonHasi sHeprusi obpa3oBaHUs Heil-
TPaJbHOTO aToOMa (COCAMHEHMs); S ( q) — Kouebareib-
Has (TeruioBasi) SHTPOMUS, CBsI3aHHAsA C aTOMOM (CO-
CIIMHEHUEM); £ (k) — PHEPIHSI, KOTOPYIO HEOOXOLMMO
3aTPaTUTh VIS TOTO, YTOOBI TIEPEBECTH aTOM (COEIM-
HEHME) B 3apsiioBoe cocTosiHue ¢. B hopmyne (8) yuu-
TBIBaeTcsa GOPMUPOBAHNE COCAMHEHUM U3 OTHCIBHBIX
aTOMOB.

TemnaoBylo 4YacTb CBOOOJHOW BSHEPTUU CUCTEMBbI
WIIIeM B BHUIE CYMMBI TPOM3BEICHUS MapIAaIbHBIX
CBOOOIHBIX DHEPTUIl aTOMOB M MOJIEKYJ Ha MX KOH-
LIEHTPAINIO:

Gy = 2g,N, + %gka + 6" )
a

KoHdurypalmoHHas 4yacTb CBOOOJHOW SHEPruu
BhIpaxkaeTcst ¢opMyJioid bosbiiMaHa

Gy =—kTlnW, (10)
rae W — TEPMOAMHAMHNYICCKad BEPOATHOCTb COCTOA-

HUS (YUCIO COCOOOB peanu3aluid MakKpOCKOIMUYe-
CKOI'O COCTOSIHMSI),

N
w= 11 _
wk N, (N —Na)!(Na—%Naq)!

X

NY
k
Ny N - Nk)!(Nk—%qu)!

X

; (11)

YUUTHIBAET BCE MEePECTAHOBKH TOXIECTBEHHBIX aTOMOB
U COCTMHEHMI MO0 CBOMM MecTaM, a TaKKe 3apsiIOBbIX
COCTOSIHUIA 1o cBouM 3sieMeHTaM. Ilpu aTom oOliee
YMCJIO YACTHUII OMHOTO COpTa B CUCTeMe

Ny= S Nyg+ 5 Negmoe (12)
o, g o, k, q

CB060,Z[HYIO SHEPTIHUIO 3)'[6KTp0HHOI71 IOACUCTEMBDI
MO2KHO IMp€ACTaBUTb B BUIC:

G =Y Naqsaq + 3 quskq. (13)
a, q k, q

DJIeKTPOHBI B CHCTEME BO3HMKAIOT B pe3yJibTaTe
MOHHU3alMX aTOMOB M MOJIEKYJI, TO9TOMY 3aKOH CO-
XpaHEHM 3apsiia 3aluileM B BUIE

=n— Y gN,— Y qNy,. 14
Pe Q’qu g qu kg (14)

PaBHOBEeCHYI0O KOHIIEHTpAlLIMIO aTOMOB YIJlepoaa u
BOIOPO/A, a TAKXKE COeTUHEHMI, BO3HUKIIIUX TIPY T -
poJu3e, HaXOAMM METOAOM HeompeaeJeHHbIX MHOXM -
teneit Jlarpanxxa. PaBHoBecue COOTBETCTBYET MUHU-
MyMy DYHKIIMOHAaNA:

Y= Gr+ G+ Th,0, + A% + L0, +
o o
+ %},k(pk + %Kk(pk. (15)

OxoHyaTenbHOE BBHIpaXkeHHE mIsA (YHKIMOHAJa
CBOOOJHOI 2HEpPruM OYIeT BBHIIJISAAETh CIACAYIOIIUM
o0paszoM:

Y= %gocNoc + %gka + EqNaqgocq + g:ququkq N

_ N*
kTln Hk X
a, o
I(}N(w!(N - Na)!(Na— %Naq)!

o N
k
LN (V- Nk)z(/vk_%/vkqu

+(N-ZN“-ZNY) +
o k
+ Ot,%, q}‘a(Na - 0qu]vocq_ (E"kamock) +
+2(n- 24, Nog~ T 4N J+ xkq;k(Nk_ N, J+
+xk%(Nk— Ny— N+ 1S (N*— N, — N2). (16)
o
B cootrBercTBUMM ¢ ompenesieHueM ypoBHst Pepmu

(XMMMYECKOro MNOTeHUMala 3JIEKTPOHA) HaXOAUM
CMBICJT MHOXUTEIIS A,

a7)

OToT MHOXUTeNb JlarpaHxka coBmagaeT C 3Hepruei
ypoBHs1 Depmu.
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IIpousBogHass OT CBOOOAHOI SHEPIUU CUCTEMEI IO
YHCJy aTOMOB OJHOTO BEIIECTBAa WJIM YMUCIY MOJEKYI
SIBJISIETCS, CJIEAOBATEIbHO, XUMUUECKUM TTOTEHLIUATIOM.
Huciouupytoliye MOJEKyJbl HaXOmsSITCsl B paBHOBE-
CUU C aTOMaMHU, KOTOpble BO3HUKAIOT MpPU MUPOJIU3E.
[TosToMy XMMUYECKHME MOTEHIIUAIBI 3TUX CBOOOTHBIX
aTOMOB 1 aTOMOB B MOJIeKYJIe paBHbI, TaK KaK B CHUC-
TeMe UMeeT MeCTO TepMOIMHAMIUUYECKOe paBHOBECHE.
B cootBeTcTBUU ¢ 3TUM ISt Kaxjioro copTa YacTuIL
AMEeT MECTO YCJIOBHE: pi (TR i (S “a — XUMMU-
YeCKHUii MoTeH1Mal aToMa B ra30Bol (ase; uao — XU-
MUWYECKUI TTOTEHIIMAJ aTOMa B MOJIEKYJIE,

mol _ 0
Mo T Hog T Inmy, X, =

Wl +nmy fi,, (18)
TZI€ X;,, — KOHLIEHTpALUs B ra3oBoil (haze MOJIEKYI, B
pe3ynbTare MUPOoJIrn3a KOTOPBIX BO3HUKAIOT aTOMBI TH-
na o; fi, — QYruTMBHOCTb 3TUX MOJIEKYII.

Huddepenuupys ¢yHkuronan ¥ mo N%, nojyda-
€M CBsI3b MeXay MHoxuTejaeM JlarpaHxka U KOHILIEH-
TpalUSIMM:

= —kTInN* + kTIn(N® — N.). (19)

Hubdepenunpys ynkumonan ¥ no N, nomyya-
€M, YTO XMMUYECKUIA OTEHIIMAJ SJIEMEHTOB O B Ta30-
BOI1 (pase BbIpaxkaeTcsl yepe3 MHOXUTeau JlarpaHxka
3aKOHA COXpaHEHUS MECT 1 YacCTHUIL;

A=

(04

he + Inmy fig, = [ 8+ kTn(N,-2N,,) -
q
— kTIn(N%* — Na)] (20)

31ech MCIOJIb30BAaHO CTaHAAPTHOE IpeACTaBlIeHNE
IJIs. XMMUYECKOTO MOTEHIMANa — [, .

bepem mpousBogHyio OT (pyHKLUMOHAaNa IIO Nth
B pesynbrare BhIUMCIEHHI TTOJTy4aeM

0
_ 8ot Epq—Ho— 4 EF _
Noc _fkaNanPK_ = q(kaoc = j -
E,-q,Er
= fro Naexp(__&_ﬁ_j , 21
rae £, L, T e g pg — DHeprusl akTUBaIU OObIY-

HOTO, HE nnaaMomequCKoro MU POJIN3a.

DyYyTUTUBHOCTH AaTOMOB THIIA 0. B CUCTEME paBHA OT-
HOIIICHHWIO WX TABJICHMS K MaBICHUIO HACHIIIAIOIINX
napoB. YuTeM, YTO JaBJIEHUE CBSI3aHO C KOHIEHTpa-
uueit mosekys ypaBHeHueMm Knaiinmepona p = kTN,
MOJIyYUM

3

Jo =

o

E —-q E
=fka§exp[—%j. 22)

3ameHoil B ¢opmysie (22) uHAEKCA o Ha YIJIEpO.
MOJIyYuM (PYTUTUBHOCTD yryepoja. TakuM oOpas3om,
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JJ1s1 yTUTUBHOCTU aTOMOB yIJIepoJa B ra3oBoil ¢asze
MpU TUIA3MOXHMUYECKOM MUPOJIU3E MOJTydaeM

fe =kaZexp(—ECk—"TcEFj, 23)
q
i€ frc — QYruTUBHOCTD YIJIEBOAOPOAA, KOTOPLINA MO~
Bepraercsl nMUpoJu3y B peaktope. JlaHHas BeJIMYMHA
CBsI3aHAa ¢ TTOTOKOM Ta30B, ITOIaBaeMBIX B PEaKTOp IS
OCYILECTBJIEHMSI CUHTE3a YIJIepOJHBIX HAHOTPYOOK.
®dopmyna (23) moka3bIBaeT, YTO C POCTOM SHEPTUU
Depmu 1715 2J1€KTPOHOB B MJIa3Me, a 3TO MPOUCXOIUT,
KOTIa KOHILIEHTPAIMs CBOOOTHEBIX 3JIEKTPOHOB pacTeT,
YMEHBILIAeTCSl BHEPrysl aKTUBAIMU TIJIa3MOXUMUYE-
CKOTO TIpoliecca, YTO M HaOIIOmaioch 3KCIIEPUMEH-
TalbHO [8].

Takum oGpasoM, B paboTe BbIBeIEHO Hauboee
o0111ee BRIpaXKeHHE TSI GYTUTUBHOCTH aTOMOB YTJIe-
poja, MoJjiyyaeMbIX B X0l MJIa3MOXMMUYECKOTO MH-
poausa. PacueTr ¢ 0O4eBUAHOCTBIO IOKAa3bIBAE€T, UYTO
SHEPIrus aKTUBALMU TJIa3MOXUMHUYECKHUX MTPOLIECCOB
3aBHCHT OT KOHLIEHTPAIIUKA CBOOOIHBIX JIEKTPOHOB B
IIa3Me. DTO COBMNAmaeT C IPEAIOJOXKEHUEM, YTO
SHEPIUs aKTUBALIMU YMEHbBIIIAETCS B pe3yJIbTaTe BO3-
OyXIeHMSI MOJIEKYJl TIpU HEYIIPYyTOM B3aMMOAEHCT-
BUU C 3JIeKTpoHaMU. DHeprus PepMu B I1a3Me paB-
Ha Ep= 3,64 10_15(n)2/ 3 [2B]. DkcnepumeHTaIbLHOE
3HavyeHue sHepruu @epmu B padore [8] paBHo 0,9 5B,
OTKyJa KOHLEHTpaunusi 3JeKTPOHOB ~4 * 102! cm -3
DTOT NMapaMeTp HaXOAUTCS B pa3yMHBIX Mpenesax, yTo
TMOATBEPXKIAET JOCTATOYHYIO TOYHOCTh MPOBEACHHBIX
BBIIIIE PACUETOB.
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Calculation of the Fugacity of Carbon for Growth of Carbon Nanotubes

by Plasma-chemical Method

The paper presents a calculation of the fugacity oi the carbon atoms during plasma-chemical pyrolysis, accompanying the growth
of the carbon nanotubes. These calculations were performed by minimizing the Gibbs free energy of a thermodynamic system. The
thermodynamic system includes all of the individual atoms and molecules of the compounds, which appear in the process of de-
composition and synthesis accompanying the pyrolysis. The article demonstrates that the value of the fugacity is determined by the
energy of activation of the pyrolysis and the gas flows in a thermodynamic system. This energy depends on the number of electrons
in a plasma discharge, which in turn depends on the electric power of the excitation of the discharge.

Keywords: pyrolysis, plasma-chemical process, carbon nanotubes

Plasma-chemical technology (PECVD) for growth of car-
bon nanotubes (CNT) has a number of advantages over the
CVD method [1]. Firstly, the temperature of plasma is deter-
mined by the density of current and the applied voltage of
the gas discharge. It is higher than the substrate temperature,
so the temperature of CNT growth reduces. Secondly, the
electric field allows to grow straight, vertically aligned CNTs.
There is a variety of the methods: HF-PECVD [2], micro-
wave PECVD [3], inductively coupled plasma PECVD [4]
and DC PECVD [5, 6]. In general, they have the same mech-
anism of reducing of the growth temperature — lowering the
activation energy of the pyrolysis due to the elastic interaction
of the electrons with the dissociating molecules. This feature
is a great advantage of the process. The decrease in activation
energy almost in 4 times was experimentally observed [7].
The growth temperature lowers to 390 °C (grow bamboo-like
CNTs) and even up to 120 °C (grow amorphous bundles) [8].

The pyrolysis of hydrocarbons is sufficiently complex
transformations during heating of the molecules and excita-
tion of their vibrational subsystem. The pyrolysis, typically,
occurs in the presence of a catalyst. The catalyst involved in
the pyrolysis and the catalyst for CNT growth is not always
the same substance. The catalyst, which facilitates the pyrol-
ysis, stays in the gas phase, but the catalyst for CNT growth
stays on a substrate. Some substances, such as ferrocene, can
simultaneously participate in both processes. However, these
processes are different and the transformation undergone by
the catalyst also different. The pyrolysis cannot be reduced to
a set of the serial and parallel chemical reactions of decom-
position, since the synthesis proceeds along with the decom-
position. Thus, a lot of reactions take place, mainly mono-
molecular. In their course, the structure of the hydrocarbon
molecule changes (isomerization) or its molecular weight
changes (dissociation). In this paper, these complex processes
are taken into account.

An important characteristic of CNT growth is the fugacity
of atomic carbon in the gas phase. It determines the flow of
particles to the catalyst, affects the solubility of carbon in the
catalyst and, therethrough, affects the rate of CNTs growth.
The subject of this work is to calculate the value of this quan-
tity in the flow of plasma-chemical pyrolysis. Taking into ac-
count the complexity of the processes and a large number of
reactions, we will use the Gibbs free energy minimization
method [9, 10], which takes into account the diversity of
processes.

The application of the method assumes that there is a bal-
ance in the system: the temperature and pressure are equal-
ized, all the kinetic processes are stationary. Then, at constant
temperature and pressure, the Gibbs free energy is minimal:

G=H-TS.

The calculation algorithm consists in analyze of the com-
ponents of the free energy of the system. Then, this energy is
minimized by using of additional conditions, as which the
conservation laws serve.

The conservation laws in the pyrolysis of hydrocarbons.
Preservation of the total number of places. These laws are de-
termined by the balance of particles and molecules in the sys-
tem. Let us denote the number of atoms of each substance by
the subscript. For example, let us denote as N, the total
number of simple substance (carbon, hydrogen, argon),
which present in the gas phase in the free state and as a part
of other compounds. Index o corresponds to an atom of a
simple substance. For compounds will use the index k. Under
it we will mean any compound regardless to its composition.
The number of molecules of one type of a compound that on-
ly stay in the gas phase will be denoted as N,.

For further analysis we will use a cellular model of a gas
[10]. In accordance to it, it is possible to allocate the number
of places, which corresponds to the number of cells in the gas
phase. A cell is a volume that is occupied by one atom or by
one molecule in the gas phase. The number of cells is equal
to the unit volume of gas divided by the concentration of the
atoms of the saturated steam. Accordingly, if the saturated
steam gas was formed in the gas phase, the each cell will be
occupied by a gas molecule or by an atom. The maximum
number of the molecules of the same gas (simple or gas of com-
pounds), which can be in the gas phase we will name the number
of places. It will be denoted by a superscript. Accordingly, for
the simple substance, the designation of the number of places
will be N, and for the compounds it will be Nk,

The number of places of particles in the system is deter-
mined by the pressure of the saturated vapors at a given tem-
perature. This value can be found from the structural diagram
of the such type of a gas

N* = p,s/kT; NK=p /kT. (1)

The total number of places in the gas phase is determined
by the sum of the values given by the expressions (1):

N = Zpas/kT—ip Zk:pks/kT= DN* + %Nk. 2)
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The number of places conservation law. As has been said,
the number of places is equal to the limit number of molecules
of the given class that can simultaneously be in the gas phase
under the given conditions. In accordance with this defini-
tion, the number of places can be calculated on the base of
pressure of the saturating vapor, entirely consisting of the gas
molecules of the considered type. Their number is equal to the
number of chemical components of the system, and the con-
servation law of the number of places can be written to each
of them. For simple substances:

¢t =N*—N,— N’ =0, (3)

and for compounds

ok=N— N, — N} =0, )

wherein Ng’ x — the number of places in the gas phase, which
remains free.

The number of particles conservation laws. The molecules
of the individual substances can unite and create new com-
pounds. From a thermodynamic point of view, these objects
can be described in a unified manner. Furthermore, the atoms
or molecules of each compound may stay in the free and ion-
ized state. The number of atoms of a simple substance, which
forms the certain ions, let us denote as Naq. Index ¢, denoting
the charge states, can take the discrete values. For example,
the index takes the values of 0 and +1 or 0 and —1 for ioni-
zation of a doubly charged molecule. For multiply ionized
molecules, the index takes a wide range of values. Their
number is equal to the number of charge states of the mole-
cule. The concept of "charge state" allows in a single way to
consider the positively and negatively charged ions, as well as
single and multiple ionized molecules.

The atom of each element may be in the free state or in
a compound. In the pyrolysis, the composition of the com-
pounds and the number of free atoms can change, but their
sum remains constant due to the closure of the system. This
position is the basis for writing of the law of conservation of
atoms and molecules of a specific type:

Qo = N(x - [%}N(xq - 0szj\'[kmotk =0;
k:Nk_kqukq:07 (5)

m, — the number of atoms of a simple substance (carbon or
hydrogen) in-molecule of hydrocarbon.

Charge conservation law. Plasma quasi-neutrality condi-
tion requires a balance of positive and negative charges: ac-
complishment of the charge conservation law:

P, =n— O%anaq - qquka =0. (6)

Let’s note, that the index (¢) may be positive or negative.
The atoms and some compounds can be ionized that is also
taken into account by the formula (6) recorded in general
terms.

The free energy of the system. Gibbs free energy of the
system can be represented in the following form:

G= GYN,

q° qu) + Ge: (7)

where G¢ — the free energy of the gas phase; Naq — concen-
tration of a-type atoms in the gas phase, which are charge
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state g; V;,, — concentration of the compounds in a particular
charge state; G¢ — free energy of the electron subsystem,
where all charge carrier elements contribute to (atoms and
molecules).

To find the explicit form of the dependence of the free en-
ergy from the concentration of atoms and molecules, let us
introduce the Gibbs partial potential, which fall per atom or
molecule of the compound:

8ug = 8 = Hy = TSy
8kg = 8 = Hy — TS + %qmak(Hk — TSy, ®)

where — Ha(k) free energy of a neutral atom formation (com-
pound); Sa(q) — vibrational (heat) entropy, associated with
the atom (compound); Eq(k)g — ENergy that must be expended
to move the atom (compound) into the charge state ¢q. For-
mula (8) takes into account formation of the compounds from
the individual atoms.

The thermal part of the free energy of the system can be
found in the form of the sum of the product of the partial free
energies of atoms and molecules by their concentration:

GT: ZgaNa + %gka + Ge. (9)

The configuration of part of the free energy is given by the
Boltzmann formula

Gy = —kTInW, (10)

where W — the thermodynamic probability of the state (the
number of ways to implement the macroscopic state).

X

w=TI N
KN, N = NI (N = 2N, )!
q
N
k
N (N —Nk)!(Nk—%lqu)!

X

an

consider all rearrangements of identical atoms and com-
pounds in its places and charge states in its elements. The total
number of particles of the same type in the system:
NOL = Z NO(q + Z qumak. (12)
a, q o,k q

The free energy of the electron subsystem can be repre-
sented as:

Ge = Z Naqsaq + kz quskl]' (13)
o, q >4

The electrons in the system arise from the ionization of at-
oms and molecules, so the charge conservation law can be
written as:

Pe =17 ZqQNaq - kzqukQ' (14

The equilibrium concentration of carbon and hydrogen
atoms aroused in the pyrolysis of the compounds can be found
by the Lagrange multiplier method. The equilibrium state
corresponds to the minimum of the functional:

¥ =0Gr+ Gg+ %ka(pa + %ka(po‘ + A, T

+ hgox + ;x"cp". (15)




The final expression for the free energy functional is fol-
lows:

Y = %:g(xNOt + %gka + EQNOMISOLC] + ];ququkq —

— kTIn[] N X
“HTIN, (N = NN, - %Nm])!

k
x . N +7J’(N—ZN°‘—%N") +
TIN (N = N (Ny= 2 N)! ¢

+ a,%q;\‘a(Na - O%Nuq_ Ekamak) +

+i(n- 24N, - q;ququ) tiE (V- kzqzvkq) +

+ xk%(Nk — N,— N)) + 295 (N = N, — N)).  (16)

In accordance with the definition of the Fermi level (the
chemical potential of electron), we find the meaning of the
multiplier A,:

Ep=92Y =9 = (17)

This Lagrange multiplier is equal to the energy of the Fer-
mi level.

The derivative of the free energy of the system by the
number of atoms of a single substance or molecules is the
chemical potential. The dislocated molecules are in equilib-
rium state with the atoms, aroused at pyrolysis. Therefore,
the chemical potential of the free atoms and the atoms in the
molecule are equal, since the system has a thermodynamic
equilibrium. Accordingly, the following takes place for each
kind of particles: u¥ = ., where ué — the chemical po-
tential of the atom in the gas phase, n”"” — chemical po-
tential of the atom in the molecule.

”Zml = “g + lnmkaxka ~ “g + lnmkafkcx’ (18)
wherein x;, — the concentration of molecules in the gas
phase, the atoms of a-type arise in which pyrolysis; f;, — fu-
gacity of these molecules.

Differentiating the functional ¥ by N we obtain the re-
lationship between the Lagrange multiplier and the concen-
trations:

)y = —kTINN® + KTIn(N® — N,). (19)

Differentiating the functional ¥ by N,, we obtain that the
chemical potential of the elements o in the gas phase is ex-
pressed through the Lagrange multipliers of the law of con-
servation of places and particles:

Ay = “g + lnmkafk(x - [ga + len(No._le]o.) -
q
— kTIn(N® — Na)] (20)

Here, the standard representation for the chemical poten-
tial was used — p,, .

Let us take the derivative of the functional by N,,. As a
result of the calculations we obtain:

0
_ ga"'ga_uu_an —
chx _fk(xNueXp[— 4 T FJ =
E,-q,E
=fkaN°‘exp[——“ e F], @1

where E, =g, + &4, — pg — the energy of activation of the
ordinary, not plasma-chemical pyrolysis.

The fugacity of the a-type atoms in the system is equal to
the ratio of their pressure to the pressure of the saturating va-
pors. Let us assume that the pressure is related to the con-
centration of molecules by Clapeyron equation: p = kTN, we
obtain

N
f=% -

E o~ 40 E F

The fugacity can be received by substitution of index o in
(22) on carbon. Thus, for fugacity of carbon atoms in the gas
phase at plasmachemical pyrolysis we obtain

fe =fk02exp[—ECk—‘$EFJ, @3)
q

Ji.c — fugacity of hydrocarbon that is subjected to pyrolysis in

the reactor. It is associated with the flow of gases fed into the

reactor for the synthesis of CNTs.

The equation (23) shows that with the increase of the Fer-
mi energy for electrons in the plasma, and this occurs when
the concentration of free electrons increases, the energy of
plasma-chemical activation process decreases that has been
observed experimentally [8].

Thus, in this paper we obtained the most general expres-
sion for the fugacity of carbon atoms at plasma-chemical py-
rolysis. The calculation clearly shows that the energy of plas-
ma-chemical processes activation depends on the concentra-
tion of free electrons in the plasma. This is in good agreement
with the hypothesis that the activation energy decreases as a
result of excitation of the molecules in the inelastic interac-
tion with the electrons. The Fermi energy in the plasma is
equalto Ep= 3,64 - 10_15(n)2/ 3 [eV]. The experimental value
of the Fermi energy [8] is equal to 0,9 eV, where the con-
centration of electron ~4 - 102! cm™3. This parameter is with-
in the reasonable limits, which confirms the sufficient accu-
racy of the calculations.
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MCCAEAOBAHME CINMNMH-TYHHEAbHbIX MATHUTOPE3NUCTUBHbIX
HAHOCTPYKTYP C BAPLEPHbIM CAOEM U3 OKCHUAA MATHHA (MgO),
NMNOAYYEHHbLIX MACOYHbBIM METOAOM

Ilocmynuaa 6 pedaxyuro 05.12.2014

Paccmompen mexronoeuueckuil 6asuc noayHeHus MacouHbiM Memooom CnUH-myHHeAbHbIX MaeHumopesucmugHovlx (CTMP) ne-
pexo0oé ¢ macnumopesucmusHoim dpgexmom 6oaee 40 %. [lokazana 603mMONCHOCMb CO30aHUSL OMeEHeCMBEHHbIX NPeodpazoeame-
sei maeHumuoeo noas Ha ochose CTMP nanocmpykmyp muna Ta/FeNiCo /CoFeB/MgO/CoFeB/FeNiCo/FeMn/Ta.

Karoueevie caosa: eucanmckuii MmacHumope3ucmueHulii dgpgexm, cnuH-myHHeAbHbLII MASHUMOPE3UCMUBHbILL nepexod, npeoo-
pazoeament MAeHUMHO20 NOAA HA OCHO8E CNUH-MYHHEAbHbIX HAHOCMPYKMYD

BBenenune

OTKpBITHE SIBIICHUS CIIMH-TYHHEJIBHOTO MarHMTO-
pesuctuBHoro (CTMP) sddekra B MAarHUTHBIX MHO-
TOCJIOMHBIX C IMANEKTPUUYECKUM clioeM (OapbepHbIM
c/loeM) HaHOCTPYKTypax MHUIIMMPOBAIO aKTUBHYIO
paboTy B HOBOI 00J1aCTX UCCAEAOBAHUM 1 TEXHOJIO-
TMii, UMEHYEMOU ceryac CIMHTPOHUKOMN, B KOTOPOM
WCIIOJIb3YETCS SIBJICHUE CIMH-3aBUCUMOW MPOBOAM-
MOCTU B (peppoMarHuTHbIXx MeTtasuiax [1]. CnuHTpo-
HHKa aKTMBHO Pa3BUMBAETCS B MUPE Ha MPOTIKEHUU
JIBYX TlocieaHux aecsatunetuit. CeroaHsi ata o6yacTb
Hay4YHBIX UCCIIEIOBAHUI 3HAYUTEJIBHO PACIIUPSIETCS B
TaKMX MHOTOOOEIIAIOIIMX HOBBIX HAIlpaBIeHUSIX, KaK
sIBJIEHUE TepeHoca CIMHA, MOJIYNPOBOIHMKOBAsSI, MO-
JIEKyJISipHasi WM OJHO3JIEKTPOHHAs CHUHTPOHMKA.
OpHoil U3 MPUKJIAAHBIX 00JacTeil CMUHTPOHUKU SIB-
JISIeTCs co3JaHue MpeodpazoBareyieil MarHUTHOIO MO-
Js1 (ITMIT) Ha ocHOBE CIIUMH-TYHHEJIbHBIX MarHUTOPE-
3UCTUBHBIX HAaHOCTPYKTYyp. Takue IIMII, o cpaBHe-
HUIO C TIpeoOpa3oBaTeIssMU Ha OCHOBE aHMU30TPOITHbBIX
U CIIMH-BEHTUJIBHBIX HAHOCTPYKTYP, SBJISIOTCS OoJiee
TPYAOEMKMMM B M3TOTOBJIEHUU 32 CUET CJIOXHOCTU U
BBICOKOW MPELUMU3UOHHOCTU NPUMEHSIEMBIX TEXHOJIO-
ruyeckux mpoueccoB [2—4]. Jnss dopmupoBaHus
CTMP HaHOCTPYKTYp TpeOyeTcs cielrajJnu3nupoBaH-
HOE TEXHOJIOTMUECKOe 000pyI0BaHKE, COUETAIOIIIEE B
cebe BO3MOXXHOCTD HallblJIEHUSI HAHOMETPOBBIX CJIOEB
METAJIJIOB U JU3JIEKTPUKOB.

BricoKkoUYyBCTBUTENBHBIE ITPeOOpa3oBaTed U 1aT4n-
KM MarHUTHOTO MOJISl U3TOTOBJSAIOT Ha ocHoBe CTMP
HAHOCTPYKTYp C MarHUTOPE3UCTUBHBIM 3 dHeKTOM
oomee 30 % dupmer Micromagnetics (CLLA), Crocus
Technology (Dpanuus). Takue 3HaYeHUSI MAarHUTOPE-
3UCTUBHOTO 3hdeKkTa MOTYT ObITb MOJYUYEeHbl MyTEM
ormxkura CTMP HaHOCTpYKTypbl B MarHUTHOM IOJIE.
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OTXUT B MATHUTHOM TIOJI€ yAy4IIIaeT CBOICTBA Oapb-
€PHOTO CJIOSI U U3MEHSIET CTPYKTYPY I'paHull pasjiesia
CoFeB/MgO/CoFeB nyreM KpucTalmu3anuu amopd-
Horo cijost CoFeB, yTo 3HauMTEIbHO YBEJIMYMBAET
MarHUTOPE3UCTUBHBIN 3¢ dekT [3].

Hccnenosanne TeXHOJOTHIECKUX MPOIECCOB
coszganusit CTMP HaHoCTpPYKTYp

B npocreiitem cnyyae CTMP HaHOCTpyKTYpa nme-
€T CJICOYIOIUUA BUI;

FM,/D/FM,/FL,

rae FM, , — @eppoOMarHUTHLIE CIOM C Pa3IMYHBIMU
q)yHKunéHaanbIMI/I xapakrepuctukamu; D — Oapb-
€pHBINA Au3IeKTpudecKuii cioit; FL — dukcupyrommi
CJIOA.

3HaueHne CIMH-TYHHEJIBHOTO MarHUTOPE3UCTHB-
HoOro 3((ekTa pacCUUTHIBAIOT 110 (popmyJie

(R

AR/R = Ry)

maIXa - 100 %,

0
rae R, — MakCUMaJbHOE CONPOTUBJIEHUE; Ry — co-
MPOTHUBJIEHUE UCTIBITYEMOIo 00pa3iia 6e3 BO3AeHCTBUS
MAarHUTHOTO TIOJIS.

B xavyecTBe MarHUTHBIX IUIEHOK FM| u FM, oObIu-
HO MPUMEHSIIOT TIJIEHKU 13 CIIJIaBOB XeJje3a, Kooasb-
ta u Hukens1 (FeCoNi), xeneza u kobansra (CoFe),
xKeJe3a, kooanbTta u 6opa (CoFeB). IuanexkTpuyeckuit
CJI0#, KaK IpaBuiIo, GOPpMHUPYETCS M3 OKCHIOB MeTall-
JoB — amoMunud (Al,O3) wim mMaraua (MgO). s
(pUKCHpYIOIIETO €10 B OCHOBHOM MCITOJIB3YIOT CITJIa-
BBI Xese3a 1 Mapranua (FeMn), miaTuHbel 1 MapraHia
(PtMn), upunus u mapradua (IrMn) [6, 7].

Ha ocHoBe aHanM3a KICTOYHUKOB MH(pOpMaLIUU I
nojiydyeHus1 6ojiee BBICOKOIO 3HAUEHMSI TMTaHTCKOTO




Puc. 1. YBeqnuennoe n300paxeHnne nNonepevyHoro ce4eHus TECTOBOro
oopasua co crpykrypoit Ta/CoFe/MgO/Ta

Fig. 1. Image of the cross-section of the test sample with Ta/CoFe/
MgO/Ta structure

marnuropesuctuBHoro (I'MP) sa¢ddekra ObL10 TpUHS-
TO peuieHue ucrojb3oBath B CTMP HaHOCTpyKTypax
JIU2JIEKTPUYECKYIO TIJICHKY M3 OKCHUIA MarHus.

[dns uccienoBaHUs TEXHOJOTMYECKUX MPOLIECCOB
MOJIyIeHHUST PABHOMEPHOTO AUIJIEKTPUICCKOTO CJIOST
Ha OCHOBE IUIEHKHM M3 OKCHAA MarHusl TOJIIUHOM
1,5...5,0 HM OBLIM TIPOBEACHBI MCCIEAOBAHMS HAIlbl-
JieHHbIX HaHOCTpyKTyp Ta/CoFe/MgO/Ta Meromom
MPOCBEYNBAIOICH SJIEKTPOHHOU MAUKPOCKOIITU BBICO-
Koro paspeieHus [8]. Ciion TaHTana ¥ OKCUIA MarHust
B oOpaslie, M300pakeHHbIe Ha puc. 1, UMEIOT OTHOCH-
TEJBHO OJHOPOIHYIO CTPYKTYDY.

Ans  co3maHusl 3KCIEpUMEHTATbHBIX 00pa3loB
CTMP HaHOCTPYKTYp OBIIM YUYTEHBI PEe3yJIbTAaThl HUC-
cJeI0BaHU, OMyOJIMKOBaHHbIE pa-
Hee B paobotax [1, 5]. CTMP HaHo-
CTpyKTypa (opmupoBanach B cle-
MYIOIIei TTOCIe0BaTeIbHOCTH CJIO-

Puc. 2. ®OTOCHHMOK 3KCHEPUMEHTAILHOIO
o0pasuna kpucramia, coxepxamero CTMP
HAHOCTPYKTYpY

Fig. 2. Photo of the crystal sample containing
STMR nanostructure

eB: Ta/FeNiCo/CoFe/MgO/CoFe/FeNiCo/FeMn/Ta,
U3 ISTU COOTBETCTBYIOIIMX MUIllIeHel. TexHomoruye-
ckuit mpouecc HanbuieHuss CTMP HaHOCTPYKTYpbl
MPOBOAMUJICS Ha YCTAaHOBKE MArHETPOHHOIO Harblie-
Hust ORION 8 UHV (AJA International, CIIIA) Ha
IUTACTUHBI ¢ OKCUAOM KpeMHUs nuamerpoM 100 MM
yepes ClielaJu3upoBaHHbIe MacKu (TpadapeThl).

B pesynbrate HanblieHuss CTMP HaHOCTPYKTYphI
ObLTM MOJyYeHbl DKCIIEpUMEHTaIbHbIE 00paslibl, CO-
JIepXKallre YeThbipe KOHTaKTHBIE TUIOManKu (puc. 2).
JBe opTOroHajgbHbIE MOJOCKU C KOHTAKTHBIMU TLJIO-
IagKaMu 10 KpasiM TIpUHAIJIeKaT IBYM pa3HbIM Mar-
HUTHBIM CJIOSIM, pa3ieIeHHBIM IM3JEKTPUUECKUM
b6aprepoMm u3 MgO.

7151 mccaenoBaHus 9KCIIEPUMEHTAIBHBIX 00pa31ioB
co CTMP HaHOCTPYKTYpO#i OBIJIM MCIIOJIB30BaHbI JIBE
KOHTaKTHBIE TIIOIIANKMA, IPUHAIJIeXAIIue OpPTOro-
HaJIbHBIM NMPOBOAHUKAM. B pe3ynbrare uccienoBaHus
sKcrnepuMeHTanbHOro oopasua CTMP HaHOCTPYKTY-
Pbl B MATHUTHOM M0JIe ObLJI0 YCTAHOBJIEHO, YTO €TI0 CO-
MpPOTUBJICHUE M3MeHsIeTcsl B auana3oHe 1,85...2,05 kOm
(puc. 3). 9to uameHenue conpotuieHuss CTMP Ha-
HOCTPYKTYPBI XapaKTepr3yeTcs] OTHOCUTEILHO HeGOIb-
IIMM 3HAYEHUEM CIIMH-TYHHEJIBHOTO MarHUTOpPEe3U-
ctuBHOTO 3(pdekra, Ha ypoBHEe 9—10 %.

7151 MOBBIIIEHNS] MATHUTOPE3UCTUBHOTO 3(pdexTa
CTMP HaHOCTPYKTYpP UCIONB3YETCS OTXKUT B MATHUT-
HoMm Trosie [5—7]. KommektuBom ydenbix HITK "Tex-
HOJIOTMYECKUI 1eHTp" ObLI TpOBedeH MATrHUTHBIN
oTxxur m3roroBiieHHbBIX CTMP HaHOCTpYKTYp BUIa
Ta/FeNiCo/CoFe/MgO/CoFe/FeNiCo/FeMn/Ta nipu
temneparype 190...300 °C, HO OoH He Aan TOJIOXU-
TEJbHOTO pe3yibTaTa. B rmocieayonmx aKCrepuMeH-

Puc. 3. 3aBucHMOCTh H3MEHEHHsI CONPOTHBJIEHUS KcnepuMenTanbHoro oopazua CTMP B
MArHATHOM T0Jie C HANpsKeHHOCThI0 200 D

Fig. 3. Dependence of the resistance variance of STMR sample in the magnetic field with intensity
of £200 Oe

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Ne 4, 2015 11




®© 351

CTMP adppexr, ¢
STMR ratio, %

150 170 190 210 230 250
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Puc. 4. 3aBucumocts CTMP adexra oT TeMnepaTypbl OTKHra B
MarHuTHOM noJe 300 O B Teuenue 10 Mun

Fig. 4. Dependence of the STMR effect on the temperature of annealing
in the magnetic field of 300 Oe within 10 min
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Puc. 5. 3asucumocts CTMP 3¢rekTa OT BpemMenn OT:KUra B Mar-
HutHoM nosie 300 D npu Temnepatype 230 °C

Fig. 5. Dependence of the STMR effect on the time of annealing in the
magnetic field of 300 Oe at 230 °C
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TanbHbIX oO0pa3zuax CTMP HaHOCTPYKTYp aHalIOru4-
Horo tuna Ta/FeNiCo/CoFeB/MgO/CoFeB/FeNiCo/
FeMn/Ta npomexytouHbiit cinoit CoFe Obl1 3ameHeH
Ha cjoit CoFeB. OTXXuUr B MarHUTHOM T0JI€ TTO3BOJISIET
YBEJIMYNTh 3HAYCHWE TUTAHTCKOTO MAarHUTOPE3UCTHB-
Horo addekra 6ojee yeMm B 10 pas 3a cueT yrnopsuo-
YEeHMST CTPYKTYpHl OapbepHOro M (eppOMarHUTHBIX
CJI0EB, COBEPIIICHCTBOBAHMSI KaUeCTBa TPaHUIIL pa3aesia
JAHHBIX CJIOEB.

ITo pe3ynbraTtaM IMpoOBeACHHBIX UCCICTOBAHUI TEX-
HOJIOTMYECKOTO TIPOIIeCcCa OTKUTA SKCIIEPUMEHTATBHBIX
o6pasuoB CTMP mepexogoB B MarHUTHOM I10Jie I10-
JIy4eHBI 3aBUCUMOCTH, TIpeICTaBIeHHbIE Ha puC. 4 1 5.

Ilocyie HambUIEHUST U OTXUIra B MAarHUTHOM IIOJIE
HanpskeHHOoCThio 300 O sKcnepuMeHTaIbHBIX 00pa3-
noB CTMP mnepexomoB Ha OCHOBE HAHOCTPYKTYPhI
npu temreparype 230 °C B TeueHue 45 MuH 3(pdekT
Bospoc ¢ 9,44 no 47 % (puc. 6).

Temneparypa orxkura CTMP HaHOCTPYKTYpHI C aH-
TU(DEPPOMArHUTHBIM CJIOEM Ha OCHOBe crijlaBa FeMn
orpaHuueHa 3HaueHuem 230 °C. Ero 3ameHa Ha cioi
u3 criaaBoB IrMn, PtMn nmo3BouT MpOBOAUTH TeX-
HOJIOTMYECKUU MPOILIeCC MATHUTHOTO OTXKUTa B 0oJiee
BbicOKMX TeMIepatypax — g0 400...500 °C u, kak
CJICAICTBYE, TO3BOJIUT MOBBICUTh 3HAUEHUE MarHUTO-
pe3ucTuBHOrO 3G ¢eKTa A0 COTEH MPOLEHTOB [9].

3akmoueHne

B Mwupe cyuiectByeT IIMpoKass HOMEHKJIATypa
npeobpa3oBareieil U JaTYUKOB MAarHUTHOTO TMOJISI Ha
ocHoBe CTMP HaHOCTPYKTYp, Iie¢ MarHUTOPE3UCTHB-
HbIi ekt Konedaetrcsa ot 50 o 200 u 6onee mpo-
neHToB. B Poccum m3nmenus crimH-
TpoHUKM Ha ocHoBe CTMP HaHO-
CTPYKTYp HaxXOISTCS B HaYaJIbHOM
cramuu pa3paboTku. B HacTosmit
MOMEHT JI0JIsI PbIHKA JaTYUKOB Mar-
HutHoro mojii Ha I'MP sddekre
cocrasisgeT 6ojyee 10 % ot ob6iero
pbhIHKA MarHMTOPE3UCTUBHBIX TIpe-
obpasoBaTelieil MATrHUTHOTO TI0JISI U
MOCTENEHHO YBEJIMYMBAETCSI.

HOJIOTUYECKUI 0a3uc IMONydeHUs
CIIUH-TYHHEJbHBIX MarHUTOPE3H-
CTMBHBIX TEPEXOIOB C MAarHUTOpE-
3UCTUBHBIM 3 dekToM Oosee 40 %
MAacCOYHBIM METOIOM MOXKET CITO-
cOOCTBOBATh pa3pabOTKe MPUHIIA-

Puc. 6. 3aBucHMOCTh M3MEHEHMS] CONMPOTHBIIEHUS 3KCHEpPUMEHTAIbHOrO oopasna CTMP

B MarHHTHOM MoJie ¢ HanpsiKeHHocTbio 250 O

Fig. 6. Dependence of the resistance variance of STMR sample in the magnetic field with intensity

of £250 Oe
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MUAJIbHO HOBOM TEXHOJOTUM M3TO-
TOBJICHUSI TEPCIEKTUBHBLIX OTeYe-
ctBeHHBIX [IMII Ha ocHOBe CTMP
HaHOCTPYKTYp C XapaKTepUCTHUKa-
MU, COOTBETCTBYIOLIMMU MUPOBOMY
YPOBHIO.
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Paboma ewvinoanena npu punarcosoii noddepiicke
Munobpnayku Poccuu ¢ pamkax Tocyoapcmeennoeo 3a-
kaza Ha 2014—2015 ee. Hccaedosanue napamempos Ha-
NbLASIEMbIX HAHOCMPYKMYP 0CYUECMEATN0Ch C HOMOULbIO
usmepumenvhwvix npubopos LIKII "Dyuxyuonanvhoili KoH-
mpoas U OUAeHOCMUKA MUKDPO- U HAHOCUCMEMHOU mex-
Huku" Ha 6aze HIIK "Texnonoeuueckuii yenmp".
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Research of the Spin-Tunnel Magnetoresistive Nanostructures with a Barrier Layer
of Magnesium Oxide (MgO) Obtained by the Mask Method

The article describes the technological basis for obtaining of spin-tunnel magnetoresistive (STMR) junctions with a magnetore-
sistance effect exceeding 40 % by the mask method. Opportunities are discussed for development of the national magnetic transducers
based on Ta/FeNiCo/CoFeB/MgQO/CoFeB/FeNiCo/FeMn/Ta spin-tunnel nanostructures.
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Introduction

Discovery of the spin-tunnel magnetoresistance (STMR)
in the magnetic multilayer nanostructures with a dielectric
barrier layer initiated activity in the new area of research
called spintronies, which studies the spin-dependant conduc-
tivity in the ferromagnetic alloys [1]. Spintronies has been de-
veloping rapidly in the past two decades. Today this area is ex-
panding in such new directions, as the spin transfer phenom-
enon, semi-conductor, molecular or single-electron spintro-
nies. One of the applied areas of spintronies is development
of the magnetic field converters (MFC) on the basis of the
spin-tunnel magnetoresistive nanostructures. Compared with
the converters based on anisotropic and spin-valve nanostruc-
tures, production of such MFC is more labor-intensive due to
the complexity and high precision of the applied processes
[2—4]. Formation of STMR nanostructures requires special
equipment including an option for deposition of nanometer
layers of metals and dielectrics.

High-sensitivity converters and magnetic-field sensors are
produced by Micromagnetics (USA) and Crocus Technology
(France) on the basis of STMR nanostructures with magne-
toresistance effect over 30 %. Such a magnetoresistance effect
can be obtained by annealing of STMR nanostructures in a
magnetic field. Such annealing improves the properties of the
barrier layer and changes the structure of the interface of
CoFeB/MgO/CoFeB due to crystallization of the amorphous
layer of CoFeB, which increases the magnetoresistance effect
considerably [5].

Research of the technological processes
for development of STMR nanostructues

In the elementary case a STMR nanostructure may be
presented in the following way:
FM,/D/FM,/FL.
Where FM;, — are the ferromagnetic layers with various

functional characteristics, D — is a barrier dielectric layer,
FL — is a fixing layer.
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The spin-tunnel magnetoresistance effect can be calculat-
ed in accordance with the following formula:

R Ry)

max__

0

AR/R = 100 %.

Where R, — is the maximal resistance; Ry — is the resist-
ance of a sample without a magnetic field influence.

As a rule, FM| and FM, magnetic films are made from
alloys of iron, cobalt and nickel (FeCoNi), iron and cobalt
(CoFe), iron, cobalt and boron (CoFeB). The dielectric layer,
as a rule, is formed from metal oxides — aluminum (Al,O5)
or magnesium (MgO). The fixing layer is usually made from
iron and manganese alloys (FeMn), platinum and manganese
(PtMn), iridium and manganese (IrMn) [6, 7].

In order to achieve a higher value of the giant magne-
toresistance (GMR) on the basis of the analysis a decision
was taken to use a dielectric film from MgO in STMR nano-
structures. In order to obtain a uniform dielectric layer on
the basis of MgO film with thickness of 1,5...5,0 nm research
works were carried out of the deposited nanostructures of
Ta/CoFe/MgO/Ta by a high resolution transmission elec-
tron microscopy [8]. The layers of Ta and MgO in the sam-
ple (fig. 1) have a rather homogeneous structure.

In development of STMR nanostructures the research
works [1, 5] were taken into account. The nanostructure was
formed in the following sequence of the layers: Ta/FeNiCo/
CoFe/MgO/CoFe/FeNiCo/FeMn/Ta, of five targets. The
deposition was done by means of ORION 8 UHYV installa-
tion (AJA International, USA) for a magnetron deposition
on 100 mm-diameter plates with silicon oxide through special
masks (stencils).

As a result samples were obtained, containing four contact
platforms (fig. 2). Two orthogonal strips with contact plat-
forms along the edges belong to two different magnetic layers
divided by a dielectric barrier from MgO.

For research of the samples with STMR nanostructure
two contact platforms belonging to orthogonal conductors
were used. As a result of research of STMR nanostructure
sample in a magnetic field it was established, that its resist-
ance varies within the range of 1,85...2,05 kQ (fig. 3). This
change of resistance of STMR nanostructure is characterized
by a rather small value of the spin-tunnel magnetoresistive ef-
fect at the level of 9—10 %.

In order to increase the magnetoresistive effect of STMR
nanostructures an annealing in the magnetic field is used [5—
7]. Technological Centre undertook a magnetic annealing of
the produced STMR nanostructures of Ta/FeNiCo/CoFe/
MgO/CoFe/FeNiCo/FeMn/Ta type at 190...300 °C, but
without positive results. In the subsequent samples of STMR
nanostructures of a similar type, Ta /FeNiCo/CoFeB/MgO/
CoFeB/FeNiCo/FeMn/Ta, the intermediate layer of CoFe
was replaced with CoFeB layer. Annealing in a magnetic field
allows us to achieve a more than 10-fold increase of the giant
magnetoresistive effect due to streamlining of the structure
barrier and ferromagnetic layers, and improvement of the
quality of the borders dividing them.

As a result of studying of the technological process of an-
nealing of the samples of STMR junctions in a magnetic field
the following dependences were obtained (fig. 4, 5).

After the deposition and annealing in a magnetic field with
intensity of 300 Oe of the samples of STMR junctions based
on nanostructure at 230 °C within 45 minutes the effect in-
creased from 9,44 up to 47 % (fig. 6).

The annealing temperature of a STMR nanostructure with
an antiferromagnetic layer on the basis of FeMn alloy is lim-
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ited to 230 °C. Application of IrMn and PtMn alloys will al-
low us to undertake annealing at higher temperatures, up to
400...500 °C and hence, to increase the magnetoresistive ef-
fect up to hundreds of per cent [9].

Conclusion

In the world there is a wide range of converters and sen-
sors of the magnetic field on the basis of STMR nanostruc-
tures, with the magnetoresistive effect varying from 50 up to
200 per cent and over. In Russia the spintronics products
based on STMR nanostructures are still in the initial stage of
their development. The share of the magnetic field sensors
based on GMR effect is more than 10 % of the total market
of the magnetic field magnetoresistive converters and it con-
tinues to grow.

The technological basis for obtaining of the spin-tunnel
magnetoresistive (STMR) junctions with a magnetoresistive
effect by the mask method exceeding 40 % presented in the
article can promote development of a new technology for per-
spective domestic MFC on the basis of STMR nanostructures
with characteristics corresponding to the world level.

The work was done with the financial support of the Ministry
of Education and Science of Russia within the framework of the
State Order for the period of 2014—2015. Research of the pa-
rameters of the deposited nanostructures was carried out by
means of the measuring devices of the Functional Control and
Diagnostics of Micro- and Nanosystem Technologies on the basis
of the Technological Center.
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OOPMUPOBAHUE HAHOKPUCTAAANYHECKNX CAOEB INMOPUCTOTO
AHOAHOTO OKCUAA AAKOMUHMS HA BLICOKOOMHOW KPEMHUEBOM
NMOAAOXKE AAAl POCTA NMOAUKPUCTAAANHECKOTO AAMA3A

Ilocmynuna é pedaxyuro 16.12.2014

IIpedaoocen mexuosoeuteckuti nooxod Kk opmMuposanuro ca0e6 NOPUCMO20 AHOOH020 OKCUOQA AAOMUHUSL HA GbICOKOOMHOU
KPeMHUEB0U nooa0JicKe 045 NOCAeOYIOUwe20 POCMA HA HUX NACHOK NOAUKPUCIAAAUYECK020 AAMA3A.

Okucnenue MoHKUX NACHOK AAOMUHUS BbINOAHACMCA 8 G0OHOM pacmeope KUcAom 6 06a 3mana: Ha nepeom smane Gopmu-
pyemcsi Aol NAOMHO20 0KCUOQ, NOCAE A0KAAbHO20 NPODOsi KOMOPO2O HA 6MOPOM SMane nPoBOOUMCs OKOHUAMeAbHOe OKUCAeHUe
naenxu. Ha smom smane oxucaenue antomMunus npoucxooum He moabko 6 HAnpasieHul HOpMAiu K NOBEPXHOCMU NACHKU, HO U
6 1amepanbHom (60K080OM) HANPABAEHUU, YO CONPOBONCOALMCA NOCIENEHHbIM PACUUPeHUeM 004acmu OKUCAEHH020 AHO0A OM 30-
Hbl 10KAAbHOR0 NPo00s K nepugepuu 6e3 06pazosanus obaacmei HeOKUCAEHH020 ANOMUHUS HA ePaHUuye aHOOHbIU OKCUO anioMu-

HUSA—BbICOKOOMHASI NOONONCKA.

Karoueenie cro6a: nopucmoie HAaHOCMPYKMYPUPOBAHHbIE CAOU AHOOHO20 OKCUOQ ANOMUHUSL, INEKMPOXUMUHECK020 (AHOOH020)
OKUCACHUSI ANIOMUHUS HA KPEMHUEBbIX NOOA0NCKAX, NACHKU NOAUKPUCMANIUMECK020 aimasa

BBenenune

IIreEKy MOPUCTOro aHOAHOTO OKCHIA ATFOMUHUS
(AOA) 1LIMPOKO UCIIOJB3YIOTCSI B COBPEMEHHOM MOJTy-
MMPOBOTHUKOBOM TEXHUKE B KAUeCTBE Ta30BBIX (DUITBT-
POB M MaTPpUYHBIX CEHCOPOB, CBETOBOJOB, MAacOK IJIsI
CBEepXpEIIETOK ¥ KBAHTOBBIX TOYEK, MATPHIL I CO3-
JlaHUs1 aHcaMOJIell yriiepoaHbIX HAHOTPYOOK, MarHUT-
HBIX HAaHOIPOBOJIOK U ap. [1, 2].

[Topuctble HaHOCTPYKTypUpOBaHHBIE ciou AOA
(GopMHUPYIOT METOIOM 3SIIEKTPOXUMHYECKOTO (aHOMI-
HOTO) OKMCJICHHUs aJlOMUHUSI B BOIHBIX pacTBOpax

kucot. [Topsl B cnosix AOA riryOMHOI, 1OCTUTAIOLLIEH
JECATKA MUKPOMETPOB, MPEACTABISIOT COOOM caMo-
OpPraHM30BaHHBIA aHCcaMOJIb, a MX TOIMOJOrMYECKUMU
pasMepaMy MOXHO YIPaBJIATh, BAPbUPYS TEXHOJIOTHU-
YyecKUe yCIoBUS (HANpsKeHUEe aHOAWPOBAHMSI, COCTAB
¥ TeMIlepaTypa 3ieKTponnTa) [3—6].

Haubonee perynaspHble (KBasuMepuOAUYECKUE C
nepuoaom ~100 HM) aHcaMbau MOp MOJydYarOT TIO-
STAITHBIM OKMCJIEHMEM JOCTATOYHO TOJICTBIX IUIEHOK 1
yycTOro amoMuHus. I1poliecc B 3TOM ciyyae COCTOUT
M3 TIOCJIeA0BaTEeIbHBIX 3TallOB MEXaHWUYECKOM U TIa3-
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MOXMMMYECKOM MOJTUPOBKHU ATIOMUHMUS, €TI0 MpeaBapy-
TEJbHOIO OKMCJIEHUS Ha MIyOuHY ~1 MKM 10 ob6paso-
BaHUS PEryJsipHOro aHcaMOJIsl IOp B IIIyOMHE OKCHUIA,
CTpaBJIMBaHUS OBEPXHOCTHOIO CJIOS OKCHUIA M, HAKO-
Hell, popmupoBaHuss AOA TpeOyemoit TommHs [1, 7].

B cBs13M ¢ TeHAEHIMSIMU pa3BUTHS MUKPO- U Ha-
HO2JIGKTPOHUKHU TaKXe MPEICTaBisieT MHTEpeC IMOy-
yeHre TOHKUX cjoeB nopuctoro AOA Hemnocpeact-
BEHHO Ha IMOBEPXHOCTU IOJYIPOBOAHMKA, B YACTHO-
CTU KPEeMHMUSI.

Takue ciaou TepCrieKTUBHEI 111 CITMHTPOHUKH [8],
a Take IJIS1 BhIpalllMBaHMSI HA HUX TIJICHOK TTOJTUKPH--
CTAJUIMYECKOTO ajiMasa.

[TosnyyeHue MOAOOHBIX KOMIO3MUMIA OCIOXHEHO
BO3HMKHOBEHMEM Ha TpaHWIIEe pasnesia "CIOM—IIoM-
JIOXXKA" (ATIOMUHUN—KPEMHUI) MeXaHUYEeCKMX HaIpsi-
KEHUU 1 NedeKTOB, MPUBOMIIINX B IPOIEcce DJIeK-
TPOXMMMYECKOIO aHOAUMPOBaHUSI K (HOPMUPOBAHUIO
IIYHTOB, JIOKAJILHOMY pPa3orpeBy, HEpaBHOMEPHOMY
TPaBJICHUIO W OTCJIOCHUIO TINICHKH aJTIOMUHUS OT TTOJI-
JIOXKH [2].

Yro xe kacaercst opmupoBaHusi cioeB AOA Ha
BBICOKOOMHBIX (M30JIUPYIOIIMX) KPEMHUEBBIX TTOITOX-
KaxX, TO 3IeCh JOTIOJHUTEIPHO BO3HMKAIOT He(EKTHI,
00YCJIOBJIEHHBIE TEM, YTO AHOJHOE OKUCJIEHUE B 3TOM
clyqae COIPOBOXIAETCSI OKHUCIEHWEM CaMOTO aHOI-
HOTO 3JIEKTPO/a M Ha 3aBepllalolleil cTaiuu pa3oue-
HUEM 3JIEKTPOa Ha JIEKTPUUECKI N30JIMPOBAaHHBIE 00-
JJACTY HEOKMCJIEHHOTO alloMUHMS Ha rpaHuiie AOA —
H30JISITOP.

B HacTog1ICi paboTe pa3BUBACTCS MOIXOMI K MOJTY-
yeHM10 NOpUCTHIX cl1oeB AOA Ha BbICOKOOMHBIX KpeM-
HUEBBIX TOMIOXKAX, HEe MMEIOIMNX OCTATOYHBIX Me-
TaJUIMYECKMX 00JIacTeit, ISl MOCIeayIoero pocTa Ha
HUX TUICHOK TTOJIMKPUCTANTMYECKOTO ajMasa. 3agada
00yCJIOBJIEHA CYLIECTBYIOLLEH TeHAEHLMEN HAaHO- U
MUKPO3JIEKTPOHUKH TIepeXoia Ha CTPYKTYPHI OOJTBIITO-
ro auamerpa. IIpy 3ToOM KpUTUYECKUM MOMEHTOM B
TEXHOJIOTMM BBIPAIIUBAHMS TUICHOK TOJMKPHUCTAIIIN-
YeCcKOro ajiMasa sIBjisieTcsl ciabasi aare3usi TIeHKU K
KPEMHUEBOM TTOMIOXKE.

O0BbeKTHI HCCIEA0BAHNS W METOIMKA 3KCIEPUMEHTA

st mpoBeaeHUs UcclienoBaHUi Oblia pa3paboTa-
Ha 9KCIepUMEeHTaIbHAsI YCTAHOBKA, 00eCIIeYrBalIoIIas
3JIEKTPOXUMUYECKOE (aHOAHOE) OKUCJEHUE TIEHOK
aJIOMUHUS C HUCMOJIb30BAaHMEM BOJHBIX PACTBOPOB
KHCJIOT B KQUECTBE 3JIEKTPOJIMUTa. Y CTaHOBKA obecreun-
BaeT 3aJaHKe 3aKOHA U3BMEHEHUsT HAMPSIKEHUST aHOAM -
poBaHMsI (JIMHEWHBIN, CTyMeHYaTblii Wau Ap.) B Aua-
mazoHe 0...300 B, KoHTpoib M/WIX 3alaHUE CUJIbI
aHogHOTO ToKa B nuamna3oHe 1...300 MA, a Takke KOH-
TPOJIb U 33JJaHUE TeMIIepaTyphl JIEKTPOJIMUTA B AUaIa-
30He 0...0,5 °C. DnexrpoimThIecKass BAaHHA IIPeICTaB-
JisieT co0oii KBapuUEBbI LMJIMHAP IUAMETPOM 2 CM,
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CMEHHBIM JTHOM KOTOPOTO SIBJISIETCS W3OJMPYIOIIAsT
MoJUI0KKa (MW MOJTYNPOBOIHUKOBAsI CTPYKTYpa), To-
KpbITas amomMuHueM. [IeHka aTioMUHMST Ha TTOBEPX-
HOCTH MOJUIOKKM CJIY>KUT aHOJOM BaHHBI, 2 KATOAOM —
IUIACTUHA IUIATUHBI 100 KOPPO3MOHHO-CTOMKOM CTaIn
(12X18H10T).

B skcneprMeHTax MCHOJIb30BAIA KPEMHUEBbIE O -
JIOXKKH, Ha TIOBEPXHOCTb KOTOPBIX METOJIOM TEPMUUE-
CKOI'0 HambIJICHUS B BAKyyMe He Xyxe 5 - 107* Ma npu
temneparype 150 °C ObUIM HaHECEeHBI IJIEHKU aTIOMU-
HUS TOJIIMHOK 10 ~1,5 MKM.

AHOIHOE OKMCJIEHUE ATIOMUHUS (TIOMUHUEBBIX
TUIEHOK) OOBIYHO MPOBOISIT B BOAHBIX PacTBOpax Ku-
cJoT (CepHOM, 1aBeneBoil, opTodocdopHOii) B TTOTEH-
HuoctarnyeckomM pexume. [Ipu atom (puc. 1) aHOaHbBIM
TOK Ha HayaJIbHOM YYacTKe Pe3KO CrajaeT BO Bpeme-
HU, JOCTUTAaeT MUHUMYMa, BO3pacTaeT M 3aTeM CTaOu-
JIMU3UpyeTcs B 006J1aCTH IUIaTO Ha YpOBHE, 0ojiee HU3-
KOM IO OTHOIIIEHWIO K YPOBHIO HayaJIbHOTO TOKa. Ta-
KO€e MOBeIeHrEe TOKa COOTBETCTBYET (pucC. 2) CTanusIM
pocTa u3HavYaJIbHO MJIOTHOTO oKcuaa (/ — crnaj Toka),
oOpazoBaHusl 3apoblieii mop (2 — 06JacTh MUHUMY-
Ma), UX pa3BuTus (3 — pOCT TOoKa) M, HaKOHELl, yC-
TOMYMBOTO POCTa MOP BIIyOb allOMUHMS 1O HAMpaB-
JICHUIO HOpMalu K ero moBepXHocTu (4 — 00jacTh
miaro) [7]. B ciayyae TOHKMX TJIEHOK aJlOMUHUSI Ha
M30JIMPYIOLINX TTOMIOXKKAX TPOIECC aHOMHOTO OKHC-
JICHUS, COITPOBOXIAIOIIMICS TEepexoaoM MaTepuasa
aHoJa U3 METAIINYECKON B AUBJIEKTPUUECKYIO da3y
(OKCUIHYI0), 3aBepllaeTcsi CaMOCTOSITEIbHO 10 J0C-
THXeHUU GpoHTa okucaeHus (rpaHuisl AOA — amo-
MUWHUIA) MOBEPXHOCTU TMOMIOXKKU. Kak oTMmeuasioch
BbIllIE, B 3TOM cliydyae Ha rpaHuilie AOA — U30JITOp
OCTalOTCSI HEKOHTPOJIMPYEMbIe METALINUECKUE BKIIIO-
YeHMs] HEOKMCJIEHHOIO aHoja, paclajalollerocsi Ha

Puc. 1. 3aBucuMocTb cHIIbI AHOTHOTO TOKAa J OT BPEMEHH 7 CTaauii
AHOJHOTO OKHMCJIEHHS AJIOMHHHMEBBIX IUIEHOK

Fig. 1. Dependence of the strength of the anode current J on time t of
anodic oxidation of aluminum films
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| nynabe HarnpsokeHus 160... 300 B maureabsHOCTBIO
I 0,1...1 ¢ g TOKaNIBLHOrO NpoOOs M3HAYAIBLHO TUIOT-
: HOTO OKCHIHOTO CJIOSI, 3aTeM HallpsDKeHUe 3aJaeTcs
[ noctosiHHbIM (50...100 B), mpeBbllatoliuM Hampsixe-
: HUe Ha MIEepBOM 3Tame, YeM oOecreuyrBaeTcss o0pa3o-
: BaHWe 3apOAbIIIei B 00JAaCTM KOHIICHTPALIMU 3JIeK-
| TPUUYECKOTO TOJIsI — Ha TpaHUIEe OKMCIEHHOIO U He-
: OKHWCJIEHHOTO aJIOMHHUS M POCT MOp TpedyemMoro
| auameTpa B pesysbTupytoineM cioe AOA. 3nech, npu
: TMOCTOSTHHOM HaINpsKeHUW aHOAMpPOBaHMSA (puc. 3, a,
I KpuBasi 2) TOK cHavaja pe3Ko BO3pacTaeT U 3aTeM Ha-
: CHITIIACTCS B 00JTACTH KBAa3UILJIATO B KAYCCTBEHHOM CO-
: OTBETCTBMM CO CTaausIMU OOpa30BaHUs 3apOAbILIEH
| nop (2 Ha puc. 2) Ha rpaHulIe OKUCJIEHHOTO U HEOKUC-
: JICHHOTO aJloMUHUs, X pa3Butusi (3) u pocta nop (4)
| [7]. dmutenpHOCTh TUIaTO (~100 C) ompenensieTcst TOM-
: IIMHOW TUIGHKU JTIOMUHUSI M CUJION aHOMHOrO TOKa.
! Hanee TOK cragaeT IO HyJsI, 3aBepllas TeM CaMBbIM
: MpoLIeCC DJIEKTPOXUMUUYECKOIO OKUCIECHUSI.

I OrMmernM, 4YTO, B OTIMYME OT 3Tama [, IIpoliecc
' OKMCJIEHUsI Ha d3Tane 2 COIPOBOXIAETCS IOCTEIeH-
HBIM paclIMpeHreM O0JacTH OKHCIEHHOTO aHOoma OT

Puc. 2. Ctagun aHOZHOTO OKHMCJIEHHS ATIOMHHHEBbIX IIEHOK: [ —
amovuauii, /1 — nioTHbI okcua amomunns, /11 — 3aponsimm nop,
IV — AOA

Fig. 2. Stages of the anodic oxidation of aluminum films: [ — aluminum,
Il — dense aluminum oxide, 111 — nucleus of the pores, IV — AAO

3aBeplIalolIeil CTaAUM OKUCJICHUSI Ha BJIEKTPUYECKU
MU30JIMPOBAHHBIE 00JIACTH.

Bo un3bexxanue obpazoBaHMsI OTMEUYEHHBIX Hedek-
TOB aHOAHOE okucjaeHue ToHkux (0,5...1,5 MKMm) 111e-
HOK aJTIOMWHMS Ha BHICOKOOMHBIX KPEMHUEBBIX TTOI-

30HBI JIOKQJIBHOTO Mpo6osi K nepudepun. [Ipu atom
(bpoHT OKHMCICHMST TIepeMelIaeTcs He TOJBKO B Ha-
MpaBJeHUM HOPMaJiy K MOBEPXHOCTHU IJICHKU, HO U B
JlaTepajlbHOM HarpaBlieHuu (puc. 3, g), yem u obec-
MEeYMBAETCSI OKUCIEHUE ATIOMUHUS BILIOTh 10 U30JM-
pylollell MOMIOXKHM 0e3 00pa30BaHUSI HEOKMCIEHHBIX
OCTaTOUHBIX Obsactei Ha rpaHuie AOA — M30J9TOD.

Puc. 4 vmoctpupyeT pe3yabTaThl aHaIM3a MOBEpX-
HOCTU U OOKOBBIX CKOJOB cjloeB AOA, MOJIy4eHHBIX
OKHCJIEHVEM TIJICHKY alFOMUHUS TOIHOM 0,8 MKM Ha

JIOXKKax OCYILEeCTBJISIOCH B IBA 3Ta-
na. Ha mepBoMm 3Tare mpoBoauTCS
TpenBapUTEIbHOE OKMCICHUE allto-
munusg B 0,1 M BogHOM pacTBope
JIUMOHHOM KUCJIOTHl MPU OTHOCU-
TeJIbHO HU3KOM HANpPsSKEHUU KaTo-
Jla 2JIEKTPOJIMTUYECKOM BaHHBI. Ka-
togHoe HampsbkeHue (40...50 B)
obecreynBaeT GopMUpOBaHUE TOH-
KOTO CJI0$1 TNIOTHOTO, HE UMEIOIIIETO
MOp OKCHJAa Ha MOBEPXHOCTU allo-
MUWHUsI. AHOIHBIN TOK Ha 9TOM 3Ta-
ne (puc. 3, a, kpusas [) crnagaeT A0
HYJIS, UTO CBUAETEJILCTBYET 00 o0Opa-
30BaHMM Ha MOBEPXHOCTU AIOMM-
HUS ITIOTHOTO OKCUIHOTO CJIOST TOJI-
WKUHOM ~50 HM M COOTBETCTBYET
craguu I (cMm. puc. 2) mpolecca
aHogHoro okuciieHus [7]. Ha BTo-
pOM 3Tame 3JeKTPOJIUT 3aMEeHSIeTCS
Ha 0,4 M BOOHBII pacTBOp IIaBeje-
BOIl KMCJIOTBHI, a HampsKeHUe aHO-
JUPOBaHUs 3a/aeTcsl IO Cleayole-
My 3aKOHY: CHayajla MOJaeTcs MM-

J, oTH. ¢n. (a)
J, relative unit
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Puc. 3. 3aBucuMocTb aHOJHOrO TOKA J OT BpeMeHH 7 (a) ¥ MILTIOCTPALKSA ITANOB OKUCIEHUS
0,8 MkM meHok amomuans Ha canguposoii monnoxke (b). Ilepsbrii 3Tan (kpuBas 1), ka-
ToaHoe Hanpsukenue 50 B; Bropoii atan (kpuBas 2), karoaHoe Hanpsukenue 60 B; 7 — mior-
Hblil OKcHl amomunns, I — amomunnii, I11 — nopnoxka, IV — AOA

Fig. 3. Dependence of the anode current Jon time t (a) and illustration of the oxidation stages
of 0,8 um aluminum films on a sapphire substrate (b). The first stage (curve 1), the cathode voltage
of 50 V; the second phase (curve 2), the cathode voltage of 60 V; I — dense aluminum oxide,
Il — aluminum, I1I — substrate, IV — AAO
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Puc. 4. Pe3yabraThl aHaim3a noBepxHoctu (@) n 60koBoro ckoaa (b) cioes AOA Ha candupoBoii no1/10KKe METONaMH 3JIEKTPOHHOI (a, b) n
onTHyeckoii (¢) Mukpockonnu. TemMHas o0nacTb Ha puc. 4, ¢ — OKHCJIEHHASA; CBETJIAsd — HEOKHCJICHHAS

Fig. 4. Analysis of the surface (a) and the side chip (b) of the AAO layers on a sapphire substrate by electronic (a, b) and optical (c) microscopy.
The dark area on fig. 4, ¢ — oxidized, the light area — non-oxidized

KpeMHUeBOW nomioxke mpu Temnepatype 0 = 0,5 °C
1 HanpstkeHun aHogupoBaHust 50 (aram 1) u 60 B
(atam 2). Cnou AOA (puc. 4, a) He CTOJb PErYJISIPHBI,
Kak B ClIyyae OKMCJIEHHsS IUICHOK, HO COXPaHSIOT B
1IeJIOM KBa3UIEPUOJMUYECKUI XapaKTep pacrpenese-
HMS TOp (B JaHHOM Cilydae AuaMeTp mop ~60 HM).
Mpbl cBSI3bIBaEM 9TO OOCTOSATENBCTBO C TEM, UTO MPO-
1ecc OKMCJICHUS Ha 3Tare 2 pa3BUBAeTCS MO CITUPAIN
C YETKOU IpaHULIEH MOJTHOCTHIO OKUCICHHON (TeMHast
Ha puc. 4, ¢) U HEOKUCJIEHHO! (cBeTias) obJacTeid.
JnvHa ¥ 1MpuHa BUTKOB crivpaiud (OKMCJIeHHasi 00-
JIaCTh) YBEJIMYMBAIOTCS BO BPEMEHH BIUIOTH O CMBbI-
KaHWsI BUTKOB. BeenmerBue pacripoctpaneHusT GpoHTa
OKMCJIeHUSI B OOKOBOM (JIaTepajlbHOM) HallpaBiICHUU
ITOPHI OPMEHTHUPOBAHBI HE CTPOTO IO HOPMAJIM K TI0-
BEPXHOCTH TOMJIOXKKH, a UMEIOT HEeOOJIbIION HAKIOH
(puc. 4, 6) B CTOpOHY, TTPOTUBOTOJIOXHYIO ABUXKEHUIO
¢poHTa (cMm. puc. 3, ).

Cnou AOA MMEIOT XOPOIIYI0 aAre3uio ¢ MOITOX-
KOH, BKJIIOUEHHUSI OCTAaTOYHBbIX OOJIacTeil MeTalauye-
ckoro amoMuHus Ha rpaHuie AOA — IOUIOXKa He
OOHapyKEeHBDI.

3akmouenne

IToxazaHa BO3MOXKHOCTb MOJTYYEHUSI METOIOM BJIeK-
TPOXUMUUECKOTO OKHCJICHHS CaMOOPTraHM30BaHHBIX
(KBa3uMepuoaMUYeCKMX) aHcamOyieldi mop B TOHKMX
(0,5...1,5 mxm) cnosix AOA Ha TOBEPXHOCTU BBICOKO-
OMHBIX KPEMHMEBBIX MOJI0XeK. luamMeTp mop B mpe-
nenax ~50...100 HM peryaupyeTcsl HanpsKeHHeM aHO-
JMIUPOBAHUSI U COCTABOM BJIEKTpOIUTa. Peann3zoBaHHbIN
PEXUM OKMCIICHUS aTIOMUHMS, COMPOBOXIAIOIINIACS
MOCTENEHHBIM PaCIIMPEHUEM O0JACTU OKUCJICHUS OT
LIEHTpa K nepudepun, Mo3BosieT U30exkaTh 00pa3o-
BaHUSI U30JIMPOBAHHBIX 00JIACTEl HEOKMCIEHHOTO alto-
MuHUS Ha rpaHuie AOA — BBICOKOOMHAS IOJJIOXKA.

B zaximouenre Takxke OTMETHM, YTO TTOBEPXHOCTH
CTPYKTYPUPOBAHHOTO AHOMHOTO OKCHMIA AaTIOMMUHMS,
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KaK YCTAaHOBJICHO, ABJIACTCA 3apoublmeo6pa3ylomel71
OJId poCTa INICHOK IMOJIMKPUCTAUIMYCCKOIo ajMasa nu
HUTpHUIA TraJlJInd Ha BBICOKOOMHBIX KPEMHUCBLIX ITOO-
JIOXKKax.

Paboma evinoanena 6 opeanuzayuu 01061020 ucnon-
Humens OKTP — HCBYI19 PAH ¢ pamkax peasuzayuu
ITlocmanoenenus Ipasumeavcmea Poccuu om 09 anpens
2010 e. No 218, doeosopa Ne 02.G36.31.0005 om 23 masn
2013 e. mexcdy AO "HIIII "Hemok um. lllokuna” u Mun-
obpHayku Poccuu u docosopa No 33/211-13 om 22 gpes-
pans 2013 e. mexwcdy UCBUIID PAH u AO "HIIII "Hc-
mok" um. Illoxkuna”.
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Formation of Nanocrystalline Layers of Porous Anode Aluminum Oxide
on High-Resistance Silicon Substrate for Polycrystalline Diamond Growing

A technological approach to formation of porous anode aluminum oxide layers on a high-resistance silicon substrate for sub-
sequent growing of polycrystalline diamond films on them is proposed.

Oxidation of thin aluminum films in an aqueous acid solution is carried out in two stages: at the first stage a layer of a compact
oxide is formed, after a local puncture of which at the second stage the final film oxidation takes place. At this stage the aluminum
oxidation occurs not only in the direction of the normal to the surface of the film, but also in the lateral direction, which is ac-
companied by gradual widening of the oxidized anode area from the zone of the local puncture to he periphery without formation
of non-oxidized aluminum areas at the boundary of the anode iluminum oxide — high-resistance substrate.

Keywords: porous nanostructured layers of anode aluminum oxide, electrochemical (anode) iluminum oxidation on a high-re-

sistance silicon substrate, polycrystalline diamond films

Introduction

The films of porous anodic aluminum oxide (AAQO) are
used as the gas filters and matrix sensors, lightguides, masks
for the superlattices and quantum dots, matrices for creation
of ensembles of carbon nanotubes, magnetic nanowires, etc.
[1, 2].

Porous nanostructured AAO layers are formed by electro-
chemical (anodic) oxidation of aluminum in aqueous acid so-
lutions. The pores in the AAO layers with the depth of tens
of micrometers represent the self-organized ensemble, and
their topological sizes can be controlled by varying the con-
ditions (anodizing voltage, composition and temperature of
electrolyte) [3—6].

The most regular (quasiperiodic with a period of ~100 nm)
ensembles of the pores are made by stagewise oxidation of
quite thick films of pure aluminum. In this case, the process
consists of successive stages of mechanical and plasma chemi-
cal polishing of aluminum, its pre-oxidation at on depth of
1 um until a regular ensemble of the pores in the depth of
oxide is formed, etching of the surface of the oxide layer, and,
finally, forming of the desired AAO thickness [1, 7].

In connection with the trends of micro and nanoelectro-
nics development, the obtaining of thin layers of porous AAO
directly on the surface of a semiconductor, such as silicon, is
also of interest. Such layers are promising for spintronics [8],
as well as for growing of polycrystalline diamond films on
them.

Obtaining of such compositions is complicated by the
emergence of the mechanical stresses and defects on the in-
terface "layer-substrate” (aluminume-silicon), which resulting
at electrochemical anodization to formation of shunts, local
heating, uneven etching and delamination of the aluminum
film from the substrate [2].

With regard to the formation of AAO layers on high-re-
sistive (insulating) silicon substrates, here there are the defects
occur due to the fact that the anodic oxidation is accompa-

nied by oxidation of the anode electrode and, at the final
stage, the partition of the electrode on electrically isolated areas
of non-oxidized aluminum on the border "AAO-insulator".

The work develops an approach to the creation of porous
AAO layers on high impedance silicon substrates, having no
residual metallic regions for subsequent growth of polycrys-
talline diamond films on them. The challenge is caused by the
tendency of transition of the nano- and microelectronics on
the structures of large diameter. At this, the critical point in
the growing of polycrystalline diamond films becomes its poor
adhesion to the silicon substrate.

Objects of research and experimental procedure

An installation providing an electrochemical (anodizing)
oxidation of aluminum films with aqueous acids as the elec-
trolyte has been developed. The unit provides setting of the
anodization voltage changing law (linear, stagewise or others)
in the range of 0...300 V, control and/or setting of the anode
current rate in the range of 1...300 mA, control and setting of
the electrolyte temperature in the range of 0... £0,5 °C. The
electrolytic bath is a quartz cylinder with a diameter of 2 cm,
which removable bottom is an insulating substrate (the sem-
iconductor structure), coated with aluminum. The aluminum
film on the surface of the substrate serves as the anode of the
bath, and the platinum plate or corrosion-resistant steel plate
(12X18H10T) serves as the cathode.

In the experiments, the silicon substrate were used on
which surface the aluminum film with the thickness of up to
about 1,5 um were deposited by thermal evaporation in a vac-
uum not better than 5+ 10~* Pa at 150 °C.

The anodic oxidation of aluminum (aluminum films) is
usually carried out in aqueous solutions of sulfuric acid, oxalic
acid, phosphoric acid in a potentiostatic mode. The anode
current on the initial area sharply decreases over the time,
reaches a minimum, and then increases and stabilizes in the
plateau region at a level lower than the initial current. This be-
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havior corresponds to the (fig. 2) growth stages of the initially
dense oxide (/, current rolloff), the nucleation of the pores
(2, area of minimum), their development (3, growth of the
current) and sustained growth of the pores deep into the alu-
minum in the normal direction to its surface (4, plateau re-
gion) [7]. In the case of thin aluminum films, the anodic oxi-
dation on insulating substrates is accompanied by a transition
of the anode from the metal phase into the insulating phase
(oxide). The anodic oxidation is completed upon reaching the
front of oxidation (AAO border — aluminum) of the substrate
surface. As it was noted, in this case, the uncontrolled non-oxi-
dized anode metal inclusions remain on the border "AAO — in-
sulator”, which decays on the final stage on an electrically iso-
lated areas.

To avoid the formation of previously mentioned defects,
the anodic oxidation of thin (0,5...1,5 um) aluminum films on
high-resistive silicon substrates was carried out in two stages.
The first stage involves pre-oxidation of aluminum ina 0,1 M
aqueous solution of citric acid at a relatively low voltage of the
cathode of the electrolytic bath. The voltage of cathode
(40...50 V) provides formation of a thin layer of the non-po-
rous aluminum oxide on the surface. The anode current at this
stage (fig. 3, a, curve 1) falls to zero, that indicating forma-
tion on the surface of the aluminum of the dense oxide layer
with the thickness of ~50 nm and corresponds to the stage
(see fig. 2) of the anodic oxidation [7]. In the second stage,
the electrolyte is replaced by 0,4 M aqueous solution of oxalic
acid and the anodization voltage is given by the law: first, a
voltage pulse of 160...300 V with the duration of 0,1...1 s for
local breakdown of the dense oxide layer; then the voltage is
given constantly (50...100 V), exceeding the voltage at the first
stage, which ensures formation of the nuclei in the concen-
tration region of the electric field — on the border of oxidized
and non-oxidized aluminum and growth of the pores of re-
quired diameter in the resulting AAO layer. At a constant an-
odization voltage (fig. 3, a, curve 2), the current first sharply in-
creases and then saturates in a quasi-plateau area in qualitative
agreement with the stages of pores’ nucleation (2 in fig. 2) on
the border of oxidized and non-oxidized aluminum, develop-
ment (3) and growth of the pores (4) [7]. The duration of the
plateau (~100 s) is determined by the aluminum film thick-
ness and strength of the anode current. Further, the current
falls to zero, completing the electrochemical oxidation.

Unlike to stage I, the oxidation at the stage 2 is accom-
panied by a gradual expansion of the region of the oxidized
anode from the local breakdown zone to the periphery. At
this, the oxidation front moves not only in the normal direc-
tion to the film’s surface, but also laterally (fig. 3, b), which
ensures the oxidation of the aluminum down to the insulating
substrate without formation of non-oxidized residual areas on
the AAO-insulator border.

Fig. 4 shows the results of analysis of the surface and side
chips of AAO layers obtained by oxidation of an aluminum
film with the thickness of 0,8 mm on a silicon substrate at
0 £+ 0,5 °C and anodizing voltage of 50 V (stage /) and 60 V
(stage 2). AAO layers (fig. 4, a) are not so regular as in the ox-
idation of films, but retain the quasiperiodic character of
pore’s distribution (in this case, a pores’ diameter is ~60 nm).
We attribute this fact to the fact that the oxidation at the
stage 2 develops in a spiral with a clear boundary, fully oxi-
dized (dark on fig. 4, ¢) and unoxidized (light) areas. The
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length and width of the spiral turn (oxidized area) increases
with time up to the closing of the coils. Due to propagation
of the oxidation front in the lateral direction, the pores are
oriented not strictly along the normal to the surface of the
substrate, and have a small inclination (fig. 4, b) in a direction
opposite to the movement of the front (see. fig. 3, b).

AAO layers have good adhesion to the substrate. The in-
clusion of residual areas of metal aluminum on the border of
the AAO-substrate was not detected.

Conclusion

The possibility of obtaining of self-assembled (quasiperi-
odic) ensembles of pores in thin (0,5...1,5 pm) AAO layers
on the surface of the high-resistive silicon substrates by elec-
trochemical oxidation has been shown. The pores’ diameter
within about 50...100 nm is regulated by anodizing voltage
and composition of electrolyte. The mode of aluminum oxi-
dation, accompanied by the gradual expansion of the area of
oxidation from the center to the periphery, allows to avoid the
formation of isolated areas of non-oxidized aluminum on the
border AAO — high-resistive substrate.

In conclusion, we also note that the surface of structured
AAO is crystal-nucleating for growth of the polycrystalline
diamond films and gallium nitride on the high-resistive silicon
substrates.

The work was done in the Institute of Ultra-high-frequency
Semiconductor Electronics, RAS (IUHFSE RAS) — the organ-
ization — the main executor of the research-development and
engineering works under the Decree of the Government of the RF
on April 9, 2010 Ne 218, contracts No 02.G36.31.0005 on May 23,
2013 between JSC "RPC "Istok"” after Shokin" and the Ministry
of Education and Science, RF and No 33/211-13 on February
22, 2013 between IUHFSE RAS and JSC "RPC "Istok" after
Shokin".
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Ilocmpoensr wacmommvie ypagHeHus 045 KOHCOAbHOU OANKU NOCMOSHHO20 Ce4eHUs 8 pamKax c0suzosou meopuu TumouweHko.
Ilpusedennas memoouka, no360AAOUASL NPUBECIU HACMOMHbLE YPasHeHUs K 601ee YOOOHOMY 045 aHAAU3a 8Udy, MOJcem Oblmb
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Bsenenue

IToBbilieHHe TpeboBaHuii [1, 2] K TOUHOCTU MUK-
pOMEXaHMYECKUX TaTYMKOB MHEpLUaTbHOM MHGbOpMa-
uuu (MOMC) oOycnoBauBaeT HeEOOXOAUMOCTh Ty-
OOKOro, ¢ JOCTaTOYHOM CTENeHbIO ODOOOIIEeHUS, WC-
clieoBaHUsI OCOOEHHOCTENM B3aMMHOTO BIUSIHUSI pa3-
JIMYHBIX TI0 CBOEH Tpupoae GU3NIeCKUX IIPOLIECCOB,
yuyeTa BIMSIHUS BHELIHEH cpeabl GYHKIIMOHUPOBAHUS
STHUX MAaTYMKOB. M B YaCTHOCTM, TaKWX BaXKHEHIIINX
(akTOpOB, OKa3bIBAIOIIMX BIMSIHUE HAa TOYHOCTH U
3 HEKTUBHOCTh NPUOOPOB MHEPLIMATBLHOU MHPOpMa-
WU, KaK BHELIHUE BUOPALIMOHHBIE BO3AECHCTBUSL.

BakHble KOHCTPYKTHUBHBIE 3JIEMEHTHI MHOTUX BU-
JIOB JaTYMKOB MHEPLUAIBbHON MH(pOpMaLUU, HEKOTO-
pble CXeMbl KOTOPBIX IpUBeAEHBI Ha puc. 1 [3—6], npu
MOJEIUPOBAHUM MOTYT OBITh MPENCTABIEHBI KaK CTePK-
HeBble WM OaJlouHble 3JeMeHThI. JIsl ucciaenoBaHus
BMOpALIMOHHBIX Bo3aeicTBuil B MOMC u UX KOHCT-
PYKTUBHEBIX 3JIeMEHTaX M BO3HUKAIOIINX TTPU 3TOM 3(-
(exTOB LIeIECOOOpa3HEee BMECTO KJIACCHMYECKOU Teo-
pUM MoMepeyHbIX KonebaHuil cTpexHelt Diinepa—bep-
HYJUIM WCTIOJIb30BaTh OAHY M3 YTOYHEHHBIX TEOPUU
n3rnba — teoputo THUMOLIEHKO.

Kax wm3BectHO [7, 8], Teopus Ditnepa—bepHynnu
npeanoaraet: 1) monepeuyHbie CeUeHUsT CTePKHSI, TUIO-
CKH€ W TIePIIeHINKYJISIPHBIE OCU CTEPXKHS 0 aedop-
MallMy BO BpeMs M3ruba ocTaloTcsl MIOCKUMU U Tep-

MNEHAUKYISIPHBIMU Ae(POPMUPOBAHHONM OCH CTEPXKHSI;
2) NpOAOJIbHbIE CEYEHUSI MPU U3rMbe He OKa3bIBaIOT
BJIMSIHUS APYT Ha ApyTa; 3) MHEPLMS ITONepeyHOoro ce-
YEHMST CTEPXKHSI MPU U3rMbe cumTaeTcsl MpeHeopexku-
MO MaJjioii. B oTaiMumue oT KjiaccUuuecKou Teopuu, Teo-
pust TUMOILIEHKO ONMMCHIBA€T U3TMO KOHEYHOI OaJIKu
Oosee TOUHO, OJvKe K peaibHOMY M3rudy. Teopust Tu-
MOIIIEHKO YYUTBIBACT UHEPLUIO BpallleHUS IoIepey-
HOTO CeueHHusl 0ajku W MPearojiaraeT, YTo IMJIOCKOe
MornepevyHoe ceueHre, HOpMaJIbHOE K MPOAOJIbLHOI OCH,
nocjue nepopMalnu OCTaeTCs MIOCKUM, HO HeoOs13a-
TeJIbHO HOPMaJIbHBIM K Je(hOPMUPOBAHHOU MPOAOJIb-
HOM ocu [9].

BOddexTl, KOTOpPbIE YUUTbIBAET Teopust TuMoIleH-
KO, OYeHb BaXXKHbI MPU PELIEHUU LIEJIO0ro psifa COBpe-
MEHHBIX 3aJ1a4, HallpUMep, MPU UCCIeI0BaHUU KOHCT-
PYKLMEA M3 KOMIIO3UTHBIX MaTepUaoB, PACCMOTPEHUU
U3rMOHBIX AeopMaluii KOPOTKMX OaloK M CTEpXK-
Hell, pellleHud AMHAMUYEeCKMX 3amay pacrpocTpaHe-
HUSI DPOHTOB BO3MYILUEHMSI, UCCIEIOBAaHUN KoJjeba-
HUI BBICOKOI 9acTOTH U T. 1. ClleayeT OTMETUTH U TO,
YTO B JWHAMWYECKUX 3a7adaX BO3MOXHO MCKaXeHUe
TMOTEepeYHbIX CeUeHUH, CBI3aHHOE C MOJaMU KoJjieba-
HUit [9]. BT0 0cOOEHHO BaXKHO IMPU aHAIM3e U CUHTE3e
MUKPOMEXaHUYECKUX JaTYMKOB UHEPLUAIbHOW WH-
(hopmaliy, UMeEIINX MaJblii pasMep U paboTaIOIINX
B YCJIOBUSIX BUOPOBO3ACMCTBUIA ¢ amriuTyaamu ao 10g
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Puc. 1. KunemaTHyeckue cxeMbl MUKPOMEXAHHIECKHX TMPOCKONOB M AKCEJIEPOMETPOB: g — IUIAHAPHBIN TMPOCKOIT; b — CTPEKHEBOI THPOCKOIT,

¢ — aKCeJICPOMETP

Fig. 1. Kinematic schemes of micromechanical gyroscopes and accelerometers: a — planar gyroscope; b — core gyroscope; ¢ — accelerometer

u yactoramu g0 2 kI'n [10]. ITomumo 3toro, 60ab-
LIMHCTBO MUKPOMEXaHUYECKUX TMPOCKOMOB MMEIOT
BUOPHPYIOLIYIO HAa BBICOKOM YacToTe 4acTh (UyBCTBU-
TeJIbHBII BJIeMeHT) [3, 4].

Hamo oTmeTuTh, 4TO BOMPOCHI IMPUMEHEHUS TEO-
puu TUMONIEHKO B pa3JIMYHbIX 00IACTSIX HAYKU U TEX-
HUKU TIPUBJIEKAIOT BHUMaHUe KakK 3apyOeskHBIX, TaK U
pOCCUICKUX y4eHbIX [11—16].

OmgHako HEKOTOPBIE BOIPOCHI, CBSI3aHHBIE C WC-
MOJIb30BaHUEM Teopuu THMOILIEHKO, OCTAalOTCS He-
OCBellleHHBIMU. Tak, HampuMmep, IpU UCCIIeTOBaHUA
COOCTBEHHBIX KOJIeOaHUI B pa3IMUHbIX 3amadyax yac-
TOTHOE YPaBHEHUE MOJIYYAETCSI B MAaTPUUYHOM BUIE,
Kak B pabote [15], 3aTpymHsIolIeM ero JalbHEHIINiA
aHaIU3 — OIpele/ieHue TUMNA U BUAA MOJTYYEHHOIO
YpaBHEHUsI, BBIACJICHUE YWIEHOB, OOYCIOBIEHHBIX TTPH-
MEHEeHHeM Teopud THUMOIIEHKO M OTIMYAIOIIUX MO-
JIyUEHHOE ypaBHEHUE OT KJIaCCUYECKOTO YaCTOTHOTO
YpaBHEHMS, U T. .

B Hacrosi1iieii paboTe MoJIyYeHbl B COOTBETCTBUU CO
CIBUTOBOI Teopueil THMOIIIEHKO YaCTOTHbIE ypaBHe-
HUS [ TPOCTEMIIEro BUOPALIMOHHOIO TMPOCKOIIA,
MOJIEJIbIO KOTOPOTO MOXKET CJIY>KUTh KOHCOJIbHAs1 Oa-
Ka MOCTOSIHHOTO ceueHus. Takke mpenyioxeHbl Ghop-
MaJIbHbIe MPeoOpa3oBaHMsl, MO3BOJISIIONIME MTPUBECTU
YacTOTHBIE YpaBHEHUS K BUAY, yIOOHOMY JIJisl aHAIM3a.

YpaBHeHnue cCOOCTBEHHBIX KOJIeOaHMii
BHOPAIMOHHOIO MMPOCKONA

PaccMoTpuM nomnepevHbie KojieOaHusI B INIOCKOCTU
(xy) mpocrteiiiero BuOpauoHHoro rupockona. Ipen-
CTaBMM €ro B BUJie OaJKU JJIUHBI L 11 TOCTOSTHHOTO TT0-
nepeuyHoro ceyeHus (puc. 1). Hauano cucreMsl Koop-
JIMHAT TIOJIOXKUM B JIEBOM KOHIIE CTEpPXKHSI, OCh X Ha-
MpaBUM I10 CPEAVMHHON JMHUM cTepxKHs. byaem cum-
TaTh, YTO OCH X M y COBMNAJAIOT C TJIABHBIMU OCSIMU
uHepuuu 6anku. [IpeHeOpexxeM MPOAOJbHBIMU KOJIe-
0aHUSIMU BAOJIb OCH X U KOJEOAHUSMU B IJIOCKOCTU XZ.
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Torma paccmarpuBaemasi cucTema OyIeT UMETh JBE CTe-
MEeHU CBOOOIBI — MPOJOJbHbIE KOJeOaHUs B HaNpaB-
JICHUUM OCH Y M yToJ U3ruba B miockocTu xy. O603Ha-
YMM UX U, 1 6 COOTBETCTBEHHO (puc. 2).

BoipaxxeHus st moTeHUManbHoO [1 1 KUHeTUYe-
ckoit T sHeprum MOXKHO 3amucaTh B Buae [9]:

L
_ 1 002 ou, N7
=31 (EL{2) + kGA(Z2-0) Jax
T= ELI[A(G—MY) +1( ”dx (1)
RN
Iae u, 1 6 — MpoHoJIbHbIE KoJebaHus B HAIIPaBIEHUU

y
OCH y U yroj u3rruba B MI0CKOCTH (X)) COOTBETCTBEH-

HO; p — IUIOTHOCTh; £ — Momy:nb ynpyroctu; I, — MO-
MEHT MHepuMu ceuyeHusi; G — MoAyab caBura; A —
TUIoLIab MONEPEYHOro ceueHus 6aku; kK — Koppek-
TUPYIOLIUI KO3GhGUILIUEHT, Ha3biBaeMblil KO3 ULIM-
€HTOM CIIBUTa, KOTOPBII MUCIIOJB3YETCS B YTOUHEHHBIX
TEOPUSIX, OCHOBAaHHBLIX Ha CIBUIOBOI Mojaenu Tumo-
meHko [9].

KoadduuimeHT cnBura k mo3BosisieT yUMThIBaTh Je-
dbopmalmio MmomnepeyHoro ceyeHwus, a Takxke HeJlU-
HEWHOCTh pamnpeaeieHnsT HOPMaTbHBIX TTPOIOJIBHBIX
W TOTIEPEYHBIX HaMpspKeHW. s mpsiMOYroJbHOTO
cedyeHMs OOBIYHO IPUHMMAIOT 3HaUeHUST KO3hPULIm-
eHTa caBura 1,2...1,5 [9, 17]. B HacTrosiueit pabote

Puc. 2. Bajka nocTosiHHOro ceyeHusi 1 CUCTEMa KOOPAMHAT (XyZ)
Fig. 2. Constant-section beam and system of coordinates (xyz)




st KoadduiimeHTa caBura k OyaeM MCIIOJb30BaTh
bopmyay [9]
-3 _ 3 _ 3y
2 10(1+v) 4(1+v)’

rae v — Koapduiuent IlyaccoHa.

M3 cootHouieHuit (1), ucnonab3ys npuHuun la-
mujbToHa — OcTporpanackoro [18], MOXHO 3anucaTh
crenyliyto cucteMy auddepeHInaTbHbIX YpaBHEHUIM:

a2
0y kG[—Z 89] 0;

or 8x2 ox 2
Ia 0_ 129 kGA(—X e) - 0.
2
6t ax

I'panuuHBIE yCa0BUS A1 OAJIKM CIEAYIOLIMX BUIOB
3aKperuieHus: UMeroT Bu [9]:

e 3KeCTKasl 3ajesKa: u, = 0Ou6=0; 3)
e CBOOOIHO OIEPTHIN Kpaii: u, = 0, = =0; 4)
6x
. . . Ou
e HE3aKpeIruleHHbI (CBOOOMHBIN) Kpaii: —xY —-0=0,
00
= =0. 5
o (5)

Pemienue cuctembl nuddepeHIIMaTbHBIX YpaBHE-
Huii (2) B cIy4yae COOCTBEHHBIX TAPMOHUYECKMX KOJIe-
GaHuii ¢ yacToTaMu ©, OyIeM MCKaTb B BUIE:

ux, = SV,0e"; 0, ) = Z0,me ", (©)

rae V,(x), ©,(x) — cobcTBeHHbIE (QYHKIINK, OMUCHI-
BalolIMe COOCTBEHHbIE KOJieOaHMST paccMaTpUBaeMOi
Oanku.

Taxxe BBeJeM B pacCMOTpeHHue ciienywoouiie 6e3-
pasMepHbIe apaMeTphbl:

_x 5V el
€ Z’ n T ﬁn E—]z,
I, ET
r=—%, ¢§= —%, (7)
AL kAGL

rae § — npuBedeHHas KoopauHara; B, — n-sa 6e3pas-
MepHasi COOCTBEHHAsI YacToTa KOJIeOaHWIA; — KO3(-
(ULIMEHT, YIUTHIBAIOIININ MHEPIIMIO TTOBOPOTA TIOTIE-
PEYHOro CceueHus; s° — KOO(OULMEHT, YIUTHIBAIO-
LI BIusHUe nechopMaluy caBura; L — mimHa Oalku.

IMoncrasnsas pewenne (6) B (2) u yunreiBag (7),
cucteMy (2) MOXHO TIPUBECTU K BUAY:

~ 2~
_I:" + (r2+s2)[33,d 2+ (Brr’s’ — DBV, = 0;
dg dg
3~
(1 - pirisde, =s2d_z" +(1+ Bs )_ (8)
de dg

rJIe IUIsl eAMHOOOPa3usl 3aIMCH TIPUHSTO © a =0,

~ Fpaﬂmqﬂble yeinoBust  (3)—(5) mna  byHKumMi

=V,€), 0, = 0, (&) NpuMyT CIeayIOILNA BU
e KecTKad 3a1eska: I}n =0, (:)n =0; 9)
e CBOOOIHO OIEPTHII Kpaii: I;n =0, d—?:” =0; (10)
6 7 “-dV”—é =0 ~”—0 11)

e CBOOOIHEBIN Kpaii: e " @ . (

Takum ob6pa3oM, pelreHne 3aga4i O COOCTBEHHBIX
MOMEPEYHBIX KOJEOAHUSIX CTEPXKHS CBEJIOCHh K 3amade
pelIeHUsT CUCTEMbI OOBIKHOBEHHBIX AUddepeHIranb-
HbIX ypaBHeHui (8). PemmuB cucremy (8) mpwm 3ama-
HUU TpaHUYHBIX ycioBuil B Buzme (9)—(11), MoxHO
MOCTPOUTH pelieHre (6), onmuchIBaollee CBOOOIHbBIE
KoJiebaTeIbHbIe NBUXKEHUS CTEPXKHSI JUIST pasIUyHBIX
BUJIOB 3aKpEIUICHNUS C Y4ETOM COBUTOBOIT Teopun Tu-
MOIIEHKO.

ITocTpoenne aHATMTHYECKOTO PelIeHUS 3a4A4H
0 MONepPeYHbIX KOJeOAHUAX 0ATKH

XapakTepuCTUIECKOE YpaBHEHUE Uit DYHKLMK V), ,
COIJIACHO COOTBETCTBYIOILIEMY YPaBHEHUIO CUCTEMHI (8),
OyzneT MMeThb CJIEeIYIOIIUIA BUML;

+ (B2 = 1)B2 =0. (12)

M3 xapakrepuctuueckoro ypaBHeHus (12) ciemyet
HaJlnyue AByX cneKTpOB 4yacToT B SaBI/ICI/IMOCTI/I OT 3HaKa
BoIpaxkeHust (1 — [3 r s2) Takxe npu [3 rs? =1
CYILIECTBYET peIlIeHUe YMCTO CIBUTOBpAIIATEIbHOIO Xa-
pakTepa ¢ HyJEBbIM MOMEPeYHbIM TepemellieHreM [9],
KOTOpOE B HACTOSIIEH paboTe He paccMaTpUBaeTCs.

Jli1s1 mepBoro cmnekTpa (Bi r2s? < 1, HU3KHME YacTo-
Thl) pelleHue 1 V, OyAeT UMETh CIIEAYIOLIUIA BUI:

4 b} N2 a2
A, T (r-+ 5B, A,

I;iEH) = An,ISh(}”n,l‘i) + An,2Ch(}“n,1‘i) +
+ Al’l,3Sin(7\‘n,2E.>) + An,4cos(7\'n,2§)a (13)
rae

7\71,1 = /\l_bn,0+ p’n’ 7\‘}1’2 = A[bn,0+ Hn’ (14)

buo = L2307+ ., = 4 [BiA - ap2 ()

Jliis1 BTOpOrO cnekrpa (B r2s? > 1, BBICOKME YaCTO-
Thl) peureHue s V, 6YZ[CT UMETh TaKOW BUJ:

v = B, 15in(h, 38) + B, 5c08(, 38) +
+ B, 3sin(h,, 4&) + B, 4c08(%,, 48), (16)

rae

kn,3 = A/bn,O"'“n’ 7‘}1,4 = «/bn,O_“n' A7)

B dopmynax (17) bn,O U W, OTIPENETIAIOTCS COOTHO-
weHusimu (15).
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IMoncraBus pemenne (13) u (16) Bo BTOpoe ypas-
HEHME CUCTEMBI (8), TIOJyYUM COOTHOLIEHUS IS OIl-
peneneHus @, :

04" = L, 1A, 2500y 18) + Ly 14, ch(h, 18) +

+ Ln72An,4Sin(}\.n)2<t3) - Ll’l,2A}’l,3COS(7\‘n,2é); (18)
0 = L, 3B, sin(h, 38) — L, 3B, 1cos(h, 38) +
+ Ln,4Bn)4Sin(Kn)4§) - Ln,4Bn,3COSO‘n,4EJ)’ (19)

e
2,2 24
= (s kn’1+[3ns +1)7Ln’1
nl 222 ’
1-B,rs
2,2 24
I o= (s kn’z—an —1)7\,1’2 (20)
n,2 222 ’
1-B,rs
2,2 2 4
.= (s kn’3—[3ns —l)kn’3
n3 222 ’
1-B,rs
2,2 24
= (s kn,4—an -1)xn,4 ’1
n4 222 ' @1
1-B,rs

Hnpexcamu (1) u (B) B popmyinax (13), (16), (18),
(19) 0603HaYeHO, K KAKOMY CITEKTPY 4aCTOT OTHOCUT-
csl pellleHre — K HU3KUM WM BHICOKMM YacTOTaM.

YacToTHbIE YPABHEHHSI BUOPANMOHHOTO THPOCKONA
U ux opMaibHbIE IPeOOPa3OBAHUS

PaccMoTrpuM Mozenb BMOpPalLMOHHOIO T'MPOCKOIIA
(puc. 3), KoTopylo IpeacTaBUM KaK KOHCOJIbHYIO OaJi-
Ky TIOCTOSTHHOTO ITIOIIePEYHOIrO CEYEHMS, KECTKO 3a-
KperuieHHyto npu & = 0 u cBoOoaHYIO npu § = 1.

I'paHuyHbIE yCIIOBUS 1Ji9 TaKoi Oanku orpeje-
ng1cs cootHoueHusmu (9), (11) umu, aist 6e3pazmep-

. >(H) ~(H .
HI)(IX) (I)YHK{_II;H/I v, me," cootHoweHusmu (12), (17);
(B ~ (B
V,” n 0, — dopmyramu (15), (18). Brimonnenue
IPAaHUYHBIX YCJIOBUIA TIPUBOAUT K CAEAYIOIIMM CUCTe-
MaM JIMHEHBIX ypaBHEHUI (MHIOEKC 7 TSI KPaTKOCTH

OIyLLEH) OTHOCUTEIbHO A;, B; (i = 1,4):
Ay+A4, =0,

LA -LyA; = 0,
LiAxsh(hy)+ L{Ayk ch(h) +

+ LyAshysin(hy) + LyAyhycos(hy) = 0, (22)
ALy - Lpch(hy) + Ay(hy— L)sh(r)) +

+ A3(hy + Ly)COS(Xy) — Ay(hy + Ly)sin(iy) = 0;
By+B, =0,

-L3B - LyB; = 0,

L3 B{Assin(r3) + LyByhycos(h3) + 23)

+ L4B37\,4Sln(}\,4) + L4B4}L4COS(7\,4) = O,
B (A3 + L3)cos(h3)— By(Ay+ Ly)sin(hy) +
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Puc. 3. IIpocreiimas Moaeb BUOPALHMOHHOTO rHPOCKONA
Fig. 3. Elementary model of a vibratory gyroscope

151 TOro 4ToObl CUCTEMBI JIMHEMHBIX YPaBHEHUM
(22), (23) umenu HeTpUBUAJIbHBIE PELLICHUS, UX OIpe-
JETUTENN JOJIKHBI OBITH paBHBI HYJTIO.

Bbravicisis w1 mpupaBHUBasI K HYJTIO ONIPEICTUTEITH
cucteM (22) u (23), mONyYUM CIEAYIOIIe YACTOTHbIE
ypaBHEHWSI TSI TIEPBOTO M BTOPOTO CIIEKTPOB YaCTOT.

s nepgoco cnekmpa wacmom

LiLy(=2(g + Ly) + (0 = L)) = LiLy(hOg + Ly) +
. 2
+ }\42(}\41 - Ll))Sh(xl)Sln(kz) + (7»1 Ll (7\,2 + Lz) -
2
— Xy L5 (A — Ly))ch(ry)cos(ry) = 0. (24)
s emopoeo cnexmpa wacmom
. . 2
+ X4Li (k3 + L3))cos(rz)cos(ry) = 0. (25)
IMonyyeHHbIe YacTOTHBIe ypaBHeHUSI (24) u (25)
JJIS1 TIEPBOTO UM BTOPOTO CIIEKTPOB COOTBETCTBEHHO
JIOBOJIbHO HEYMOOHBI JUISI aHallM3a U HE TO3BOJISIOT
CPaBHUTb UX C AHAJIOTUYHBIMU YPAaBHEHUSIMU, MOJIY-
YaeMBbIMH B paMKax IPYTUX TEOPUA N3rnda, HaIpuMmep
Kkiaccuueckoit. Ilyrem HeKOTOpbIX (DOPMaNbHBIX Tpe-
oOpa3oBaHuil ypaBHeHUs (24) u (25) MOXHO NpUBeC-
TH K 6ojee nmpoctoMy Buay. IlpuBeaem a3t npeobpa-

30BaHUA.
Beenem cJcayroumee 0003HayYeHUeE:

by=1— 2% (26)

Jlns1 mepBoro cnekTpa yactoT by Oyaer Bceraa mo-
JIOXKUTENBHOM, IJIST BTOPOTO CIEKTpa — OTpUIIATElb-
Hoit. Torpma, yunteiBasi obo3HaueHust (14), (15), mo-
JKEM 3aIicaTh CIeIyIoIMe COOTHOIICHNS:

2,2 2 2
MAy = BPhy 2y — Ay =BRGP+ s

Mg =22+ g+ Y, (27a)
305 =By Ap + A3 = P2+ 5D,
A+ g =2p2 4 ptt + phst, (276)

M3 BTOpBIX cooTHolueHUi (opmyn (27a, 6) ¢dop-
MaJIbHO MOXKHO 3aIicarh:

=05 =B+ D5 = A + B+ 5D (28a)
23 =1 + pA2 + s,

rg =23 + XA+ 5D, (286)




YuuteiBast cootHolreHus (26), (28a), BoIpaxkKeHUs
(20) nna Ly, L, MOXHO 3amucarthb B BUIE:

2,2 2,2

(A + bR _(SAM =D,
= D Ly = )

by by
IMoncraBus (26) u (286) B coorHowuenus (21), mo-

JIy4UM

(A bhy (A by
3T — 5 T — /-

b, b,

L (29)

(30)

Hcnonwsys (29) u (30), 3anuiiem cieayloliue co-
OTHOIIICHMST:

_ sk _ Sy
Ll - 7\.1 = b 5 Lz + }\,2 = b 5 (318)
1 1
2,2 2,2
ST hgA STh3A
Ly+ 0y = ;3; Ly+ 3= —2% (316)

IMoncraBuB 0603HaUeHUs U BhIpaxkeHust (26)—(31)
B COOTBETCTBYIOLIME YACTOTHBIE ypaBHeHUsI (24) u (295),
rocjie mpeodpa3oBaHUl MX MOXHO TIPUBECTH K Clie-
IyIolleMy BUAY:

0415 nepeoeo cnekmpa

2 2
2— BUES) ghon)singny) +
1- [321’2S2
+ [2 + B2(r? — s%)%Ich(r)cos(hy) = 0; (32)

0151 8MOPO2O CHeKmpa

B+

+ [2 + B2(r? — s%)%Jcos(hy)cos(hg) = 0. (33)

M3 ypaBHeHus (32) BUAHO, YTO MPU OOHYJIEHUU F
U S YaCTOTHOE ypaBHeHUE (32) CBOAUTCS K YACTOTHOMY
YPaBHEHMIO JUISI KOHCOJIbHOM Oasiku, IMoJayyaemMoil B
paMKax Kiaccudyeckoit teopuu [19].

Tak Kak UCITOIb30BaHNE KJIACCUIECKOM TEOPUH N3-
ruda He MpeacKas3blBaeT MOSIBJCHUSI BTOPOro CIEKTpa
COOCTBEHHBIX KOJIEOAHMIA, TO COITOCTABUTH ITOJTYYEH-
Hoe ypaBHeHHMe (33) ¢ aHATOTMYHBIM U3 KJIACCUYECKOM
TEOPUU HE TIPEACTABIISICTCS BO3MOXHBIM.

sin(A3)sin(iy) +

HccaenoBanue 4acCTOTHOTO YpaBHEHHS
H aHAJU3 pe3yabTATOB

Ha cienyroniem stane mpoBOAWIM aHAJIU3 TOJY-
YEeHHBIX 4acTOTHBIX ypaBHeHu# (32), (33). Ilonyyae-
MbIE 3HAY€HMSI COOCTBEHHBIX 4acTOT U (PopM KoJjeba-
HUIA CPaBHUBAJIU C pe3yJibTaTaMU KJIaCCUYECKOM TeOpUU
U pe3yJbTaTaMy YKUCJIEHHOIO pacuera ¢ KOHEYHbIMU
BJIEMEHTAMU, YUYUTHIBAIOIIMMU Teopuio THUMOILIEHKO, B
MU3BECTHOM TTporpaMMHoM Komruiekce ANSYS [20, 21].

O003HaYUM BEJIMYUHY, Pa3AeIsSIONIyIO CIIEKTp Yac-
TOT Ha 1Ba, KaK PB,, = 1/rs. O4eBUIHO, YTO M JIIO-
ObIX B < PB,, BBHIIIOJHSAETCA HEPABEHCTBO [32r2s2 <l,m
HEO0O0XOIMMO I10JIb30BAaThCSI COOTHOIUEHUSIMU U (Op-
MyJIaMU JiJIsl TIepBoro crekTpa yactoT. M st mo0bix
B > B, BEIIOJHSETCS HEPABEHCTBO Bzrzs2 > 1,T.e. pa-
0oTaloT (popMyJIbI i1 BTOPOTO CIIeKTpa yacToT. Benu-
yyHa B,, 6e3pasMepHas U, KaK BUIHO U3 BBIPAXEHUN
(7), anst r 1 s 3aBUCUT OT TEOMETPUYECKUX U (PU3NYE-
CKMX TapaMeTPOB — JIJIMHBI OAJIKH, €€ XXeCTKOCTU Ha
U3ruo, oTHoIIeHUS MoayJiss KOHra K Moy ciBura,
KoaduLMeHTa ciBura cedyeHusi. Torma Kak BbIUMC-
JieHHas o ¢opmynam (7) pasmepHast BeJIMUMHA, COOT-
BETCTBYIOLIAA P, 3aBUCUT OT (HU3MYECKUX TTapaMeT-
pPOB 0aJIKi U TEOMETPUUECKUX MTapaMETPOB €€ CEYEHUS
W HE 3aBUCUT OT JUIMHBI OaJKu.

[Ipy MomenupoBaHUM paccMaTpuBald MPOCTeit-
LIYI0 MOJeIb BUOPALIMOHHOIO TMPOCKOIa — KOH-
COJIbHYIO 0aJIKy cO clIeoylolMMu napamerpamMu [4]:
p = 2210 Kl"/Ms, E=70TTla, v=0,17, h = 25 MKMm.
HnuHa 6anku BapbupoBajachk oT 100 o 25 MKMm.

g paccmarpuBaeMoil OaJIKM pasMepHOE 3Haye-
HUE YaCTOThI, OTAEIAIOLIECH TEPBbI U BTOPOM CIIEKT-
pHI YacToT, Oymer paBHa 86 425 kI'l, He3aBUCUMO OT
crnocoba 3aKperuieHusl.

B Ta6n. 1 mpuBeneHBl pa3MepHBIE COOCTBEHHbBIE
YacTOThI TIEPBOTO U BTOPOIO CMEKTPOB IS KOHCOJb-
HBIX 1 3K€CTKO 3aKpEIJIEHHbIX 0aJI0K MPSIMOYTOJILHOTO
CEUYEHMS C pa3HbIMU COOTHOLUEHUSIMU JJIMHBI OaJIKU L
U BBICOTBI CEYEHMS A.

B Tab6s. 1 Moabl, COOTBETCTBYIOILIME TMEPBLIM TPEM
YacTOTaM HM3KOTO CIEKTpa, 0003HAYeHHI Kak 1, 2, 3.
Mojpbl, COOTBETCTBYIOIIME IEPBBIM TPEM YacTOTaM
BTOPOTO CITeKTpa, OyaeM HasbBath 4, 5, 6. YacToThl,

Ta6auua 1
Table 1
Pa3mepHbie 4acTOTHI AJIsi KOHCOJIBHO# 0anku, K[y
Size frequencies of a cantilever beam, kHz
Lh=4 Lh=2 Lh=1
Mona
(Mode) 9.-b. B. T. 9.-b. B. T. 9.-b. B. T.
(E.-B)) (B. T) ANSYS (E-B.) (B T) ANSYS (E-B.) (B T) ANSYS
1 2274 2195 2179 9 096 8 028 7 846 36 384 25 373 24 055
2 14 251 11 602 11 199 57 004 32 495 30 442 228 016 69 416 65 037
3 39 903 27 300 25905 159 612 68 946 64 008 638 451 — —
4 — 93 166 87 472 — 93 699 106 810 — 132 635 113 760
5 — 97 809 99 485 — 118 495 116 090 — 161 397 149 080
6 — 111 114 104 950 — 129 575 142 800 — 215930 175 700
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HaWICHHBIC C TIOMOIIBIO KJIACCUYECKOW TEOPUU U3TU-
0a Diinepa—bepymin, moka3aHsl B cTonbuax d.-b.; ¢
MOMOIIIbIO YaCTOTHBIX ypaBHeHuU# (31), (37) nus 6an-
ku TumoiieHko — B ctojbuax b. T. PesyiabraThl pac-
yera B ImporpamMmMHoM Komiuiekce ANSYS npuBeneHbl
B crosiouax ANSYS. [lnsg ctpok mona 4, 5, 6 B cToJ10-
max 9.-b. crosaTr mpoyepku, Tak KakK Kiaccudeckas
TEOpHUS He MPeaCcKa3biBaeT MOSBICHUS BTOPOTO CIIEK-
Tpa YacToT.

M3 1abn. 1 BUAHO, YTO B TIEPBOM CITEKTpPE 1T KOH-
COJIbHBIX 0asiok ipu L/A = 1 MOXHO BBIYUCIUTD TOJIb-
KO JIB¢ 4acTOTHI. Bce ocTanmbHBIE YacTOTHI IJIST TAKOM
0aJIky OyIyT BBILLIE YACTOTHI fB,,, 1 UX HEOOXOAMMO BbI-
YUCIATh, MCTIONB3Ys YaCTOTHOE YpaBHEHME TSI BTOPOTO
cnekTpa. Taxke u3 Taba. 1 ciemyeT, 4To Kiaccudyeckast
Teopusi AaeT 3aBbIIIEHHbIE 3HAYEHUSI COOCTBEHHBIX
YacToT, T. €. TIPH UCIIOJb30BaHNHU TeOpUH THMOIIICH-
KO HaOJIogaeTcsl CMEILIEHUEe PE30HAHCHBIX YacToT K
0oJjiee HU3KUM 3HAUCHUSIM. DTOT (PaKT BaxeH, TaK Kak
4yacToTa Kojie0aHM YyBCTBUTEIBHOIO 3JIEMEHTA 00JIb-
IIMHCTBA MUKPOMEXaHMYECKUX TUPOCKOMOB IOJIKHA
OBITh OJIM3KA K pe30HAHCHOI [3, 4].

B Ta6n. 2 npuBeneHbl OTAMYMS B MPOLIEHTaX 3Ha-
YeHWH, TTOJTYIeHHBIX B paMKaX KJIACCUYECKON TeOpUH
1 Teopur TUMOILIIEHKO, OT 3HAYeHU 1, BIYMCICHHBIX B
nporpaMMHOM Komruiekce ANSYS.

Kaxk BumHO 13 Tabi1. 2, yke TIpu oTHOLIeHnH L/h = 4
MOrPELIHOCTb ONpPENeIeHHs] YaCTOThl NIEPBOM U BTOPOM
MoJ, KoJieOaHMl B paMKax Teopun Diiepa— bepHyi-
JIA cocTaBlisieT npuMepHo 4,36 u 27,25 % cooTBeTCT-
BEHHO. DTa MOTPEITHOCTh HApacTaeT ¢ YyMEHBIICHUEM
oTHouueHust L/h.

Takum 00pa3oM, U3 TabJ1. 2 MOXHO CIeNaTh BHIBO/,
YTO JUISI OTHOCUTEIHLHO KOPOTKUX OAJIOK, OTHOIIICHHE
JUTMHBI KOTOPBIX K XapaKTepHOMY pa3Mepy MeHbIe 4,
HCTIONIB30BaHNe Teopuu Diinepa—bepHym mipy uc-
CJIeOBAaHWM BUOpALMii TIPUBOIUT K CYIIECTBEHHBIM
ITOTPEIITHOCTSIM.

PacxoxneHne aHATUTUIECKOTO PEIIEHUS C Pe3yiib-
tatamMu ANSYS MokeT ObITh 00bSICHEHO CISAYIOIUMU
cooOpaxkeHnsIMU. Bo-mepBbIX, aHAIMTUYECKOE 4acTOT-

Tabnuua 2
Table 2
OT1iaMYHs NOJYYEHHBIX YACTOT OT Pe3yJbTATOB
pbraucaenua ANSYS, %
The diffrences between the received frequencies
from the results of calculations in ANSYS, %

Lih=4 Lih=2 Lih=1
Mona
(Mode) | 9.-b. b. T. 9.-b. b. T. 9.-b. b. T.
(E-B)| (B.T)| (E-B)| (B.T)| (E-B)| (B.T)
1 4,36 0,73 15,93 2,32 51,25 5,48
2 27,25 3,47 87,25 6,74 250,59 6,73
3 54,03 5,11 149,36 7,71 — —
4 — 6,11 — 12,27 — 16,59
5 — 1,71 — 2,07 — 8,26
6 — 5,55 — 9,26 — 22,89
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HOE ypaBHEHME ObLIO ITOJYyYE€HO IJIsl YMCTOro M3ruda
Oasiku TUMOILIEHKO M HE YYMUTHIBAJIO MPOAOJIbHBIC Ne-
dopmanmu, B oranuue ot pacuetoB B ANSYS. Bo-Bro-
pPBIX, HapacTaja olnbdKa, o0yCcIOBICHHAsI OCOOEHHO-
CTbIO UMCJIEHHBIX pacuyeTOB M KOHEYHO-3JIEMEHTHOIO
MOJETMPOBAHMSL.

3akmoueHne

B pabore mocTtpoeHbl B pamKax Teopuu TUMOILIEeH-
KO YaCTOTHBIE YpaBHEHMS IS KOHCOJBHOW Oajaku
MOCTOSIHHOTO CeUEeHMUsI, KOTOPasi MOXKET CYXKUTh MO-
NEeJbHBIM TIPYMEPOM BHUOPAlIMOHHOTO TUPOCKOIA |
€ro KOHCTPYKTUBHBIX 2JIEMEHTOB. YueT Teopuu Tumo-
ILIEHKO MPUBOJIUT K TOSIBJIEHUIO JBYX CIIEKTPOB YaCTOT
COOCTBEHHBIX KoyicbaHuil. BrlpaxxeHue njs 0Oe3pas-
MEPHOM 4YacCTOThI, Pa3fe/SIOIIEN MEPBBIA U BTOPOU
CIIEKTPBI, MOXHO 3amucath Kak B,, = 1/rs. g oboux
CMEKTPOB COOCTBEHHBIX YAaCTOT MOCTPOEHBI COOTBET-
CTBYIOIIIME YAaCTOTHBIE YPaBHEHMSI.

IIpuBeneHHass B paboTe METOAMKA, IMO3BOJISIOLIAS
npeoOpa3oBaTh YaCTOTHBIE YpaBHEHUsI K 0OoJjiee Tpo-
CTOMY M yIOOHOMY JUTSI aHAJIN3a BUILY, MOXET OBITb MC-
MOJIb30BaHAa TPU BBIBOAEC YACTOTHBIX YPaBHEHUI IS
JIPYTYX BUAOB 3aKPETUIEHUs TOPLIOB OaKu.

ITokazaHo, 4To 0OHYNIEeHUE KOBPDPUILIMEHTOB 7 U §
B YaCTOTHOM ypaBHeHMU (32) IJis TepBOro CrHeKTpa
MPUBOJUT €0 K COOTBETCTBYIOILIEMY YACTOTHOMY YpaB-
HEHMIO KJIaccuueckoil Teopum Odiinepa—bepHynnu.
Hns yactroTHOro ypaBHeHus1 (33) BTOPOro CriekTpa yac-
TOT aHAJIOTUI B paMmKax Teopuu Ditnepa— bepHymimn
He CYIIIECTBYET.

[oka3aHo, 4TO NTpUMEHEHUE Teopur THUMOIIEHKO
MPUBOJIUT K CMELLIEHNUIO YACTOT COOCTBEHHbIX KoJieha-
HUIT K Oojiee HU3KUM 3HAUYEHUSIM MO CPAaBHEHMIO C
KJIACCUYECKOM TEOPUEH.

ITokazaHo, uyTo Kilaccuyeckasi Teopus Diiiepa— bep-
HYJUTM IPUBOAMT K JOBOJIBHO MPUOIMKEHHBIM PE3yJib-
TaTaM (IOrpelIHOCTh Goisee 25 %) mpu onpeaeacHUN
COOCTBEHHBIX YaCTOT ISl OAJIOK C OTHOLLEHUEM JUIM-
Hbl K XapaKTepHOMY pa3Mepy, paBHOMY WU MeHee 4.
DT0 ompenenaseT BAXHOCTb M Jaxe HEOOXOIUMOCTb
KCITOJIb30BaHUsI CABUTOBOI TeopruM THMOIIEHKO TMpU
MCCIIeIOBaHUM COOCTBEHHBIX KOJIEOAHUI U MOAEIUPO-
BaHWU BUOPALIMOHHOW HArpy3kKu Ha MpUOOpPHI U JaT-
YUKUA ¢ KOHCTPYKTUBHBIMU 3JIEMEHTAMM, OTHOIIICHUE
JUTMHBI KOTOPBIX K UX XapaKTEPHOMY pa3Mepy Malio.
Oco0y10 BaXXHOCTb 3TO 3aKJII0UEHUE MPUOOpPETAET NpU
KOHEYHO-2JIEMEHTHOM MOJACJIMPOBAHUU OaTYMKOB
WHepUUATbHOU MH(MOPMALIUU C TIOMOIIBIO 3JIEMEHTOB,
B KOTOPBIX HE YUUThIBaeTcs Teopust TumoleHko. Ipu
pa3drMeHUU MOJEIN Ha TaKUe DJIEMEHThI CJIelyeT Mpu-
HUMaTh BO BHUMaHWE HE TOJBKO MX F€OMETPUUECKUE
pa3Mephl, HO U OTHOLIEHUE JJTUH 2JIEMEHTOB K UX Xa-
paKkTepHOMY pa3Mepy.

Takum oOpazomMm, mpuUMeHEeHHe Teopur THMOIllIeH-
KO TMO3BOJISIET CYIIECTBEHHO YTOUHUThL 3HAYEHMST COO-




CTBEHHBIX YacTOT. bosee TouHOe 3HaUeHWE COOCTBEH-
HBIX YacTOT IMO3BOJIMT C IOMOIIBIO ITOJ00pa YacTOTHI
MEPBUYHBIX KOJeOAHUII YYBCTBUTEJIBHOIO 3JIEMEHTA
MUKPOMEXaHUYECKOTO TMPOCKOIA YBEIUUUTh aMILIU-
Tyly BTOPUYHBIX KOJieOaHMI, 0OYCIOBJICHHBIX TMPO-
CKOIMMYECKUM 3(pdpeKToM.
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Frequency Equations and Self-induced Vibrations of the Elements of the Vibratory
Micromechanical Gyroscopes Based on Timoshenko Shift Theory

Frequency equations were constructed for a console beam of a constant section within the framework of Timoshenko shift theory.
The proposed method, allowing us to present the frequency equations in a form, more convenient for an analysis, can be used for
derivation of the frequency equations for a beam at other kinds of fastening. The authors proved the efficiency of the use of Timosh-
enko theory for research of the self-induced vibrations and modeling of the vibratory loads of the sensors of the inertial information
with the constructive elements, which have a low ratio of their length to their characteristic dimensions.
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Introduction

Increasing requirements [1, 2] to the accuracy of the mi-
cromechanical sensors of inertial information (MEMS) ne-
cessitate deep studies of the mutual influence of various phys-
ical processes, taking into account the influence of the envi-
ronment where these sensors functioning and also such im-
portant factors as external vibration influence that affects the
accuracy and efficiency of such devices.

Important elements of a lot of sensors of inertial informa-
tion (fig. 1) [3—6] can be represented as a rod or beam ele-

ments at the modeling. Use of the theory of Timoshenko —
one of the improved theories of bending is better instead of
Euler-Bernoulli classical theory of the transverse oscillations
of the rods for research of vibration influence in MEMS and
its structural elements and the arising effects.
Euler-Bernoulli theory suggests: the cross-sections of the
rod, which are flat and perpendicular to the axis of the rod be-
fore deformation, remain the same during bending relative to
the deformed axis of the rod; the longitudinal sections have
no influence on each other during bending; the inertia of the
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cross section of the rod during bending is negligible [7, §]. In
contrast to the classical theory, the Timoshenko theory de-
scribes the bending of the finite beam more accurately and
closer to the real. It takes into account the rotation inertia of
the cross section of the beam and assumes that a flat cross sec-
tion that normal to the longitudinal axis, after deformation re-
mains flat, but not necessarily normal to the deformed lon-
gitudinal axis [9].

The effects taking into account in Timoshenko theory are
very important in solving of a number of issues, for example,
in the study of structures of composite materials, considering
of the bending deformations of short beams and rods, solution
of dynamic problems of propagation of disturbance fronts,
study of high frequency vibrations, etc. It should be noted,
that in the dynamic problems, the distortion of the cross sec-
tions can occur associated with the vibrational modes [9].
This is important in the analysis and synthesis of MEMS with
small size and operating under vibration action with the am-
plitudes of up to 10 g and with frequencies of up to 2 kHz [10].
In addition, the most of micromechanical gyroscopes have a
part vibrating at a high frequency [3,4].

It should be noted that the application of the theory of
Timoshenko in various fields of science and technology attract
the attention of the Russian and foreign scientists [11—16].
However, some issues related to the use of the theory of
Timoshenko, are not covered. For example, in the study of
natural oscillations in various problems, the frequency equa-
tion is obtained in matrix form [15], which makes difficult its
further analysis — determination of the type and the kind of
obtained equation; separation of members due to the use of
the theory of Timoshenko and differentiating the resulting
equation from the classical frequency equation, etc.

In this paper, the frequency equations for the simplest vi-
bratory gyroscope were received in accordance with the the-
ory of Timoshenko, which model can be a cantilever beam of
constant cross section. The formal transformations allowing
to make the frequency equations convenient for the analysis
are also provided.

The equation of natural oscillations
of the vibratory gyroscope

Let’s consider the transverse vibrations in the plane (xy) of
a simple vibratory gyroscope. Let’s represent it in the form of
a beam with a length L and the constant cross-section (fig. 1).
The origin of coordinates is set at the left end of the rod, the
axis x is directed along its middle line. Let’s assume, that the
axes x and y coincide with the main axes of inertia of the
beam. Let’s neglect the longitudinal vibrations along the axis x
and in the plane xz. Then, the system has two degrees of
freedom — the longitudinal vibrations in the direction of the
axis y and the bend angle in the plane xy. Let’s specify their
u, and 0, respectively (fig. 2).

The expressions for the potential /7 and kinetic energy 7'
can be written as [9]:

n=1 zj [Elz(g—z)z ¥ kGA(%—L;Y— 0) 2} dx;

]Z(‘Z—ED 2} dx, (1)

where u), and 0 — the longitudinal oscillations in the direction
of the axis y and the bend angle in the plane (xy), respectively;

T= EZJ[A(%)2+
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p — density; £ — modulus of elasticity; [, — second moment
of area; G — shear modulus; A — cross sectional area of the
beam; k — correction shift factor that used in the improved
theories based on the Timoshenko model [9].

The shear coefficient k allows to take into account the de-
formation of the cross section and the non-linearity of dis-
tribution of normal longitudinal and transverse stresses. For
a rectangular cross-section, its values usually take 1,2...1,5
[9, 17]. In the present work, the shift factor k will use the fol-

lowing formula [9]:

3 _ 3 _ 3v
2 10(1 +v) 4(1+v)’

where v — the Poisson’s ratio.

From the relations (1) using Hamilton’s—Ostrogradsky
principle [18] it is possible to write the system of differential
equations:

k=

82u 62u
p—zz_kc[—;_a_@j - 0;
or ox® Ox 2
2 2
o0 0 ou
pl,— - El,— -kGA| —%-0] = 0.
Y ol ( ox )
The boundary conditions for the beam for the following

reinforcements are [9]:

e anchorage: u, = 0and 6 = 0; 3)
o freely supported edge: u, =0, @ _ 0; “4)
ox
o free edge: ouy _ 0=0, 0 _, (35)
ox ox

The solutions of the system of equations (2) in the case of
own harmonic oscillations with the frequencies will be sought
in the form of:

ux, )= TV,e ™ o0, )= To,me ", (6)

where V,(x), ©,(x) — the functions that describe the natural
oscillations of the considered beam.
Also we introduce the dimensionless parameters:

_x oy _V 8 = poiL*a
E,s Ls n L s n E[z )
1 El
P= 5, s L, 9
AL kAGL

where & — reduced coordinate; B, — n-dimensionless natural
oscillation frequency; ? — the coefficient taking into account
the rotation inertia of the cross section; s2 — the coefficient
taking into account the effect of shear deformation; L — thee
length of the beam.

Substituting the solution (6) into (2) and using (7), (2), it
can be reduced to the form:

. 5 =
"4—':" s 2+ L+ A - Dy, = o,
dg dg
. .

(=506, =2 a2 @
de g
where © » = 0, accepted for the uniformity of entries.
_ The boundary conditions (3)—(5) for the functions
V, =V,E), 0, =0, (&) will take the form:




e anchorage: V, =0, ©, = 0; )
N do

e freely supported region: V, = 0, dﬁn = 0; (10)

o free edge: %I—;—” -0, =0, %—% =0. (11)

Thus, the solution of the problem of the own transverse
oscillations of the rod was reduced to solving of a system of
ordinary differential equations (8). With the boundary con-
ditions (9)—(11), we can construct a solution (6), which de-
scribes the free oscillatory motions of the rod at various fas-
tening taking into account the shear theory of Timoshenko.

Constructing of an analytical solution of the issue
of transverse oscillations of a beam

The characteristic equation for function I;n , according to
the corresponding equation (8) will have the form:

2
n

A+ (P DRIl + (BEAE— 1B =, (12)

It implies the existence of two frequency spectra, depending
on the sign of the expression (1 — ]32 s?). At Bi s =1
there is a solution of an only shear-rotational character with
zero transverse movement [9], which is not considered in this

paper.
For the first spectrum (Bf, s < 1, low frequencies), the
solution for V, will look like:
VA = A, 15h(h, 18) + A, 2ch(h, &) +
+ An,3sin(7»n,2§) + An’4COS(7\.n,2§), (13)

where

7\‘}1,1 = /\/_bn,0+un’ 7"}1,2 = »\lbn70+un; (14)
2
buo = 3 Ba (P + 5,y = 3B -5) 4B (15)

For the second spectrum (Bi st > 1, high frequencies),
the solution for ¥, will look like:

o = B, isin(L,, 38) + B, 5cos(h, 3€) +
+ Bn’3sin(kn’4§) + Bn’4COS(7\4n’4§), (16)

where

}‘n,3 = A/bn,0+“n’ 7»,,,4 = /\/bn,O_“’n' (17)
In the formulas (17), the b, o and p,, are defined by the re-
lations (15).
Substituting the solution (13) and (16) into the second
equation of the system (8), we obtain relations for the deter-
mination of ©, :

0," = L, A, 5h(h, 18) + L, 14, 1ch(k, &) +
+ Ly 2 Ay 48Ny 28) = Ly, 24, 3¢05(0, 58); (18)

o = L, 3B, 5sin(%, 38) = L, 3B, jcos(h, 38) +
+ Ly 4B, 45in(h,, 48) — L, 4B, 3008(,, 45), (19)

where

2,2 204
_ (k1 +Bys + l)kn,l

L

n,1 222 ’
1-B,r's
2,2 2 4
A,y — -r
an = (S n,2 ansz - ) n,2’ (20)
’ 1-B,rs
L= (3273;,3—33,5‘— DX, 3
n, 222 >
1-B,rs
2,2 24
I -1r
Ln4 — (S n,4 anz . ) n,4. (21)
’ 1-B,rs

The indexes (1) and (B) in the formulas (13), (16), (18),
(19) denotes the frequency range which the decision belongs
to — low or high frequencies.

Frequency equations of the vibratory gyroscope
and their formal conversions

Let’s consider the model of vibratory gyroscope (fig. 3),
representing it as a cantilevered beam of constant cross-sec-
tion, rigidly fixed at £ = 0 and free at § = 1.

Boundary conditions for such a beam are defined by re-
lations (9), (11) or, for dimensionless functions I7,§H) and
6" by relations (12) and (17); V® and '® — by formulas
(15) and (18). Accomplishment of the boundary conditions
leads to the following system of linear equations, states (in-
dex n is omitted for brevity) with respect to 4;, B; (i = 1,4):

A2+A4 = 0,
LIA]—L2A3 = 0,
+ L2A37\,2 Sln(}\.z) + L2A47\.2 COS(;\.z) = 0,
Ay(hy = Lpch(hy) + Ay(hy - Ly)sh(ry) +
+ A3(hy + Ly)cos(Xy) — Ay(hy + Ly)sin(r,) = 0;
B2+ B4 = 0,
—L3BI—L4B3 = 0,
LB x;sin(A3) + Ly B,A;cos(A3) +
3B1A3sin(3) + Ly Byhzcos(R3) 23)

+ L4B37\,4Sin(7\.4) + L4B47\,4COS(7\,4) = 0,
B (A3 + L3)cos(h3) — By(Ay+ Ly)sin(h3) +
+ By(hy + Ly)cos(hy) — By(hy+ Ly)sin(ry) = 0.

In order to the systems of linear equations (22) and (23)
have a nontrivial solution, their determinants must be equal
to zero. Calculating and equating to zero the determinants of
the systems (22) and (23), we obtain the following frequency
equations for the first and the second frequency spectra.

For the first frequency spectrum

L1L2(_7\.2(7\.2 + Lz) + 7\.1(7\.1 - Ll)) - L1L2(7\.1(7\,2 + Lz) +
+ (0 — L)shQup)sin(hy) + (4 L] (b + L) —
— %y L5 (0 — Ly))ch(hy)cos(hy) = 0. (24)
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For the second frequency spectrum
LiLy(hg(hg + Ly) + 23(03 + L3)) — L3Ly(hg(hy + Ly) +
+ 0400 + Ly)sin(hg)sin(hy) + (g L3 (g + Ly) +
+ MLZ (A3 + L3))cos(rz)cos(hy) = 0. (25)

The equations (24) and (25) for the first and the second
frequency spectra, respectively, are quite inconvenient for the
analysis and do not allow to compare them with the analogue
equations in the bending theories, such as classical. By some
formal transformation of the equations (24) and (25), they
can be reduced to a simpler form. Let’s introduce the follow-
ing designation:

by =1— plris% (26)

For the first frequency spectrum, b; will be always posi-
tive, but for the second spectrum — negative. Then, taking in-
to account the designations (14), (15), (17), we can write the
relations:

2,2 2 2
Mg = BPhy A — A = BAP + s

A+ = 2p2 it phst; (272)
w302 =—p2y; A2+l =pA+ Y,
A+ g =2p2 + et + phst. (27b)

From the second relations of formulas (27a, 27b), we can
formally write:

o= B2+ D) Ay = + R+ ) (28a)

2

25 =g + A+ D 2

aa =—23 + B2 + 57). (28b)
Considering relations (26), (28a), the expressions (20) for
the L;, L, can be written as:

_ (23 + b,y L= (Szﬁ—bl)kz.

Ll bl bl

(29)
Substituting (26) and (28b) into relations (21), we obtain:

_ At bDhy ., (STA3 by

L, = L, = (30)
Using (29) and (30) we can write the relation:
2,2 2.2
b, b,
2.2 2.2
Ly+3; = s x];m; L+ = N 7»;7»4 (31b)

-0y -0y
Substituting the symbols and expressions (26)—(31) into

the corresponding frequency equations (24) and (25), after
the transformation they can be reduced to the form:

for the first spectrum:

2 2
2 — % Sh(kl)sinO\Q) +
1-B°rs

+ 2 + B2(r? — 5%)%Ich(r )cos(hy) = 0; (32)
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Jor the second spectrum:

B(r2 + s2) . .
2 — —=———=sin(hy)sin(hy) +
A/B2r2s2 -1
+[2+ [32(r2 - sz)z]cos(x3)cos(k4) =0. (33)

From equation (32) it can be found, that at setting of r and
s to zero, the equation (32) reduces to the frequency equation
for a cantilever beam under the classical theory [19].

Since the use of the classical bending theory does not pre-
dict the occurrence of the second spectrum of the natural os-
cillations, is not possible to compare the equation (33) with
the same fron the classical theory.

Investigation of the frequency equation and analysis
of the results

At the next step, the analysis of the frequency equations
(32) and (33) was performed. The own frequencies and os-
cillatory modes were compared with the classical theory and
numerical calculations with finite elements that take into ac-
count the theory of Timoshenko in the software package
ANSYS [20, 21].

Let’s denote the value that divides the frequency spectrum
into two like B,, = 1/rs. Obviously, for all g < B,,, the ine-
quality B2r2s2 < 1is performed and the relations and formulas
for the first frequency spectrum need to be used. For all
B > B, the inequality [321"2s2 > 1 is per-formed, i.e. the for-
mulas for the second frequency spectrum work. B, is dimen-
sionless, from equation (7) we see, that for » and s it depends
on the length of the beam, its bending stiffness, dependency
of the Young’s modulus to the shear modulus, shear rate of
the section. Whereas the size value corresponding to f,, was
computed by the formulas (7), it depends on the physical pa-
rameters of the beam and the geometric parameters of its
cross section, and does not depend on the length of the beam.

The simplest model of the vibratory gyroscope was con-
sidered — a cantilever beam with the parameters [4]:
p = 2210 kg/m3, E=170 GPa, v=10,17, h = 25 pm. Beam
length was ranged from 25 to 100 um. Its size value of the fre-
quency, separating the first and the second frequency spec-
trum, is equal B,, = 86425 kHz, regardless of the fastening.

Table 1 shows the size natural frequencies of the first spec-
trum and the second spectrum for console and securely fixed
beams of rectangular cross section with different relation — of
the beam’s length L and height of section A.

The modes corresponding to the first three frequencies of
the lower spectrum are designated by numbers 1, 2, 3, the
modes, corresponding to the first three frequencies of the sec-
ond spectrum will be named 4, 5, 6. The modes found with
the use of the classical theory of bending are shown in columns
E.-B. (Euler—Bernoulli); using frequency equations (31) and
(37) for the Timoshenko beam — in the columns B. T. The
results of calculation in ANSYS software complex are given
in columns ANSYS. For the lines of the mode 4, 5, 6, the
columns E.-B. are filled with the dashes, as the classical the-
ory does not predict the occurrence of the second frequency
spectrum.

It is seen, that only two frequencies can be calculated in
the first spectrum for cantilever beams L/h = 1. All other fre-
quencies for such a beam will be higher than frequency B,,,
and they must be calculated using the equation for the second
frequency spectrum. It also follows, that the classical theory
gives higher values of the natural frequencies, in other words




the shift of the resonance frequencies to the lower values is
observed at the use of the Tymoshenko theory. This is im-
portant, since the oscillation frequency of the sensing element
of the most of micromechanical gyroscopes should be close to
the resonance [3, 4].

Table. 2 shows the differences in percentages of the values
obtained in the framework of the classical theory and the the-
ory of Timoshenko from the values calculated in the software
package ANSYS.

The frequency error of the of the first and the second
mode of oscillations in the framework of the theory of Eulek—
Bernoulli at a ratio L/h = 4 is about 4,36 and 27,25 %, re-
spectively. This error increases with decrease of L/ ratio.

It can be concluded that for a relatively short beams, the
ratio of which length to the characteristic size is less than 4,
the Euler—Bernoulli’s theory in the study of vibrations leads
to significant errors. The discrepancy between the analytical
solutions and the results of ANSYS can be explained by the
following considerations. Firstly, the analytical frequency
equation was obtained for the pure bending of Timoshenko
beam and did not consider the longitudinal strains, unlike the
calculations in ANSYS. Secondly, there was the increasing
error due to features of the numerical calculations and finite
element modeling.

Conclusion

The frequency equations for a cantilever beam of constant
cross section are built in the article in the framework of
Timoshenko theory, which can be an example of a vibrating
gyroscope and its components. The accounting of this theory
leads to the appearance of two spectra of the frequencies of
normal oscillations. The expression for the dimensionless fre-
quency, separating the first and the second spectra can be
written as B,, = 1/rs. The frequency equation are built for
both the natural frequency spectra. The above method makes
it possible to convert the frequency equations for easier and
more convenient view for analyzing. It can be used in deri-
vation of the frequency equations for other kinds of fixing of
the ends of the beam.

It was shown that setting to zero of the coefficients r and
s in equation (32) for the first spectrum leads to the frequen-
cy equation of the classical theory of Euler—Bernoulli. For
equation (33) of the second spectrum of frequencies there are
no analogies in the theory of Euler-Bernoulli.

It was proved that the application of the theory of Timosh-
enko leads to a shift of natural oscillations to lower values, in
comparison with the classical theory.

It was shown that the classical theory of Euler-Bernoulli
leads to an approximate results (the error is more than 25 %)
in the determination of natural frequencies for beams with a
ratio of length to the characteristic size equal or less than 4.
This determines the importance and need for use of shear the-
ory of Timoshenko in a study of own oscillations and mode-
ling of vibrational load on devices and sensors with structural
elements, which the low ratio of length to characteristic size.
This conclusion acquires the particular importance at finite
element modeling of inertial information sensors using ele-
ments that do not take into account the theory of Timosh-
enko. Along with the geometrical size, the ratio of the lengths
of the elements to their characteristic size should be taken in-
to account at splitting of the model on such elements.

Thus, the application of the theory of Timoshenko allows
to specify values of the natural frequencies. A more accurate

value of the natural frequencies will allow by selecting the fre-
quency of the primary oscillations of a sensing element of the
micromechanical gyroscope to grow the amplitude of the sec-
ondary oscillations due to the gyroscopic effect.
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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
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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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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-
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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,
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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
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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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3o0BaH MakeT CBY Monyinsi, B cocTaB KOTOPOTO BXOIUT
CBUC-Y. Ha ocHOBEe COBpeMEHHOIl OTEYeCTBEHHOI
HAy4YHO-TIPOU3BOJICTBEHHON U 3KCHEPUMEHTAIBHOU
6a3bl HITK "TexHonmornueckuii ieHTp" pa3pabaTbiBacT
KOHCTPYKTUBHO-TEXHOJIOTMUECKNI 0a31C M3TOTOBJIC-
Huss CBUC-Y u gomneposckoro CBY momyns.

CBUC-Y — cBepx0Oosbliuasi MHTErpajbHasl cxeMa
71 KoHTposst u ynpapineHust CBY monynem. Dkcrie-
puMeHTanbHbie 00pa3ubl CBUC-Y M3roToBieHBl 110
KMOII-texHonorum [1, 2] ¢ mpoeKTHBIMU HOPMaMU
1,2 mxM Ha rutactuHax auametrpom 100 mm. CBMC koH-
TPOJIST U YIIpaBJIeHWST OOecIieunBaeT yIpaBieHUe Tiepe-
KJTIOUEHUSIMU PEKUMOB pabOThl MpUEMOIepenaTynKoB
MakeTta jgoriepoBckoro CBY Momynst Ha pasiuyHBIX
MolIHocTX 1 yactorax. CtpykrypHast cxema CBUC-Y
(puc. 2) coaepXUT BXOAHOUW CIBUTOBBIM PETUCTP Ha
40 pas3psmoB, mapajieJbHBIA PEerucTp-3allesiKy Ha
40 pa3ps70B 1 JBa aHAJOTOBBIX IEeMYJbTUILIEKCOpA
Ha 8 1 32 pa3psimoB/KaHAJIOB.

ITocnenoBaTebHBIN perucTp (PErMCTP CABUTA WK
CIBUTOBBIN PETUCTP) OOBIYHO CIYKUT JJ1s1 Tpeodpa3o-
BaHUS TIOCJIENOBATEILHOIO KOAAa B MapajulesIbHBINA U
HaoOoport [3]. [IpuMeHeHre mocea0BaTeIbHOIO Koa
CBSI3aHO C HEOOXOIMMOCTBIO Mepeaauu 60JbIIOro Ko-

JIMYECTBa TBOMYHON MHOOpPMAIIMU TTO OTPpaHUYEHHO-
MY YMCIy COeIMHUTENbHbIX JUHU. [Ipu mapamiensb-
HOI Tiepeaye pa3psiioB TpedyeTcs 00Jbllioe Koaruye-
CTBO COCMHUTENbHBIX MPOBOAHUKOB. Eciii nBOUUHbBIE
paspsiibl MOCAEN0BATEIbHO OUT 3a OUTOM TepenaBaTh
10 OJHOMY MPOBOJHUKY, TO MOXHO 3HAYUTEIHHO CO-
KpaTUTh pa3Mepbl COCAUMHUTENbHBIX JIMHUI Ha IIaTe
(1 pa3aMephbl KOPITYCOB MUKPOCXEM).

[MapannenbHblil perucTp CAyXUT IJIsl 3allOMUHa-
HUsI MHOTOPa3psSIHOTO TBOMYHOTO (MU HEABOUYHO-
ro) cioBa. Yucao TpUIrepoB, BXOMSIIIMX B COCTaB Ma-
paJlIeIbHOTO PETUCTpPaA, ONMPEEssIeT ero pa3psiAHOCTb
[4]. Tpu 3anucu mHdoOpMaLMU B TapasjieabHbII pe-
TUCTP BCE OUTHI (IBOMYHBIC Pa3psiibl) AOJIKHBI ObITh
3amycaHbl OgHOBpeMeHHO. [loaTomMy Bce TaKTOBBIE
BXOJIbl TPUITEPOB, BXOISIIMX B COCTaB PErucTpa, oob-
EIVHSIOTCS MapaJljieabHO. 11 YMEHBIIIEHHUST BXOTHO-
ro TOKa BbIBOJIa CUHXPOHM3AllMX HA 9TOM BXOJ€ B Ka-
YeCTBE YCUJIUTEJISI CTABUTCSI UHBEPTOP.

s peanuzanvy napauiebHOIo perucTpa MOXXHO
WCIIOJIb30BaTh KaK TPUTTEPbl CO CTATUYECKUM, TaK U C
JUHAMUYEeCKVM BXOIOM CMHXpoHM3auu. [1pu rucronb-
30BaHUM [JIs1 MOCTPOCHUS MApaUIEIbHOIO PErucTpa
TPUITEPOB-3alETOK ITOT PETUCTP, B CBOIO OUYEpelb,
Ha3bIBAIOT PETMCTPOM-3alIETKOM.
IIpy MCIONB30BaHUM PETUCTPOB CO

Puc. 1. CTpyKkTypHas cxemMa HHTeJLIEKTyallbHOrO Aomjieposckoro CBY moayas

Fig. 1. Scheme of intellectual Doppler microwave module
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BuTb CBUC-Y (puc. 3) mjist KOHTpoO-
JiS W YIpaBJIEHUS OOIIEPOBCKUM
CBY moaynem no KMOII-texHo0-




Puc. 3. Dkcnepumentaibhubie 00pasusl CBUC-Y mas koHTpoas u
ynpasienus nomieposckum CBY moayiem

Fig. 3. VLSI experimental samples for monitoring and control of the
Doppler microwave module
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Puc. 4. KMOII-cTpykTypa Ha p-noI0XKKe
Fig. 4. The CMOS-structure on the p-substrate

rud. I'naBHast uenb paspabotrku Tormojoruu KMOITI
BUC 3akniouaercs B 3¢p¢GEeKTUBHOM HUCIOIb30BAaHUU
iowaau kpucramia. OgHakKo HEOOXOAUMMO YYUTHI-
BaTh, uTo xapakTepuctuku KMOII BUC, B yacTHOCTH
JTUHAMUYECKUE, CUJIBHO 3aBUCAT OT Mapa3sUTHBIX eM-
KOCTEW U COMPOTUBIICHUN, OMIPENETSIEMBIX TOTIOJIOT -
eit. B KMOIT BUC 00GbIYHO UCITONB3YIOT NPSIMOYTOJIb-
Hble KOH(pUTYpallM1 TPaH3MUCTOPOB [5], oTIMyaroliue-
Csl JINIIb Pa3IMYHBIMU OTHOIICHUSIMU IITUPUHBI K JITU -
He KaHaja B 3aBMCUMOCTH OT TpedyeMOoro 3HauyeHus
KpPYTU3HBI XapakTtepuctuk TpaHizucropa. KMOII UC
MMEIOT HaWIyulllie 9KCIUTyaTallMOHHbIE XapaKTepUCTH -
KM ¥ HamOosee MPUTOMXHBI I Peau3alliy CIIOKHBIX
MMKpPO3JIEKTpOHHbIX cucteM. IIpocreitas KMOII-
CTPYKTypa Ha p-TIOWIOXKE TIpUBeIeHa Ha puC. 4.
OHa npeacTaBisieT co0oi IBa KOMILIEMEHTapHBIX
MOII-TpaH3ucTOpa ¢ UHAYLIMPOBAHHBIMMU KaHaJlaMU:
n-MOII n p-MOII, pasMellleHHBIX B KapMaHax p- U
n-TUIIA TIPOBOJMMOCTU COOTBETCTBEHHO. B maHHOM
cyJyae OMHUM M3 KApMaHOB CIIYKUT caMa KpeMHUeBas
noanoxka. Cocrapsitoniue MOIT-TpaH3ucTopsl npen-
CTaBJISIOT CO0OIl YETHIPEXIOJIIOCHBIE IIPUOOPHI, pe-
JKMM pabOThl KOTOPBIX ONMpPEAeISIeTCs] HAMPSIKEHUSIMU
Ha 3aTBope G, ctoke D, ucroke S, kapmaHe B. Kapman
MOXET OBITH OOIIMM JISI HECKOJIBbKUX IMIPUOOPOB, a IS
WX U30JISILUUM APYT OT Apyra Kaxablii OKpyKeH 0 To-
BEPXHOCTU TMOJIeBbIM auajiekTpukoM FOX. O6nactu
BHE TOJIEBOTO AWIJIEKTPHKA SIBISIOTCS aKTUBHBIMU
00JIacTSIMU HPUOOPOB. YIIpaBIISIOUIUE 3JEKTPOIBl —
MOJIMKPEMHUEBBIE 3aTBOPBI — OTAEJIEHBI OT MOJYIPO-

BOJOHMKA CJIOEM TOHKOIrO (II0A3aTBOPHOIO) IMBJICK-
TpUKa — OKCHUAA KPeMHHUs. 3aTBOPbI pa3nessiioT ak-
TUBHYIO 00JIaCTb KaXI0ro npubopa Ha Tpu 0OJIaCTH:
KaHaJl, CTOK U MCTOK. IIpumoBepXHOCTHBIN CJIOH TO-
JIyIPOBOJAHMKA MO, 3aTBOPOM 00pa3yeT KaHal, IPOBO-
JIMMOCTBIO KOTOPOTO YITpaBysieT 3aTBOp. Bricokoneru-
pOBaHHbIE 00JIACTU CTOKA U MCTOKA MUMEIOT TUIT ITPOBO-
IVMOCTH, TIPOTHBOIIOJIOXHBIN MPOBOAUMOCTH Kapma-
Ha, 00pa3ysl C HUM p—n-Iepexo/ibl, KOTOPbIE TOJKHbI
OBITH CMEIIEeHbl B 3amuparolleM HampapieHuu. Jlis
9TOM eI MPeayCMOTPEH CIeLMaIbHbIA KOHTAKT, KO-
TOPBI MOXET ObITh OOLLIMM J1JISI HECKOJIbKUX MPUOOPOB
B OHOM KapMaHe. HU3KOOMHbIE KOHTaKThl K CTOKY U
WCTOKY YMEHBIIAIOT o61ryo ImpoBoauMocth MOII-
TpPaH3UCTOPA.

Jns BU3yanusaluy MOJyYeHHbIX JaHHBIX OT MaKe-
ta gorieposckoro CBY Monynst 6611 pa3paboTaH crie-
LIMaJIbHBI TTpOrpaMMHO-anmnapaTHbIi KOMIUIEKC aB-
ToMaTu3auKnu cbopa naHHbIX [6]. s sToro morpedo-
BaJICSl LIEHTPaJbHbIN MYHKT onepaTopa B BUAE MEPCO-
HAJIBHOTO cepBepa, Ha KOTOPOM OBIJIO YCTAaHOBJICHO
paspabotaHHoe ceteBoe [1O ¢ HMCronb30BaHUEM TEXHO-
Jsoruu LabVIEW NI. B coctaB mporpammHo-amnmapar-
HOTO KOMILIEKca 1 cOopa U aHAJIM3a TaHHbBIX BXOAUT
pensiiiioHHasi 6a3a gaHHbIX MySQL u mpuioxeHue
JIJIS1 pabOThI ¢ ceTeBBIMM IpoToKojamu Moaenu OSI.

Pazpaboranubsie CBC-Y KOHTpOJIsI U ynpaBieHus
U MakeT goruiepoBckoro CBY momynst OynyT MCHob30-
BaTbCsl MIPY CO3JaHUK HOBOTO KJlacca MepCcreKTUBHBIX
CBY npu6opoB, MMEIOLIUX BbICOKYIO HANEeXHOCTb U
HU3KME IM0Ka3aTeJM MaccorabapUTHBIX XapaKTepH-
CTUK JUISI MPUMEHEHUST B MEPCIEKTUBHBIX CUCTeMax
MOHUTOPUHTA TapaMeTpOB JIBUXXEHUSI TpaHCIOPTa,
cHCTeMax 0e30TacHOCTH M CHCTEMaX CIEeIMaJTbHOTO
Ha3HauYeHUs B LESIX UASHTU(DUKALMK Majlorabapur-
HBIX METaJZTMYECKUX TTPEAMETOB U BIOXEHUIA.

Pe3ynbTaThl MpoeKTa OPMEHTUPOBAHBI Ha IHUPOKOE
MpUMEHEeHE B HAYYHO-HMCCIEI0BATEILCKIX OpPTaHU-
3alMsIX U GUpMax-MPOU3BOIUTENSIX HAYKOEMKO MPo-
OYKIMU TIPU TIOCTPOEHUU CUCTEM obecriedeHUs 6e30-
MacHOCTU IPUOOPOB.

HMccnenoBanusi MpOBOAWIMCH C UCMHOJIb30BAaHUEM
ob6opynoBanus LIKIT "®yHKIIMOHATBHBIN KOHTPOJIb 1
IWaTHOCTHKA MUKPO- M HAHOCUCTEMHON TeXHUKU' Ha
6aze HIIK "TexHomornueckuii LeHTp".

Pabomur evinoanenvt npu QuHarcosol noddepiicke
Munucmepcmea obpazoeanus u Hayxku Poccuiickoti Pe-
depavyuu (I'K Ne 14.427.12.0003).
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Development of Special VLSI for Control of UHF Doppler Transceiver

The article presents the results of development of a special VLSI for control of UHF Doppler Transceiver. The block diagram
of VLSI control is described, which incorporates a 40 bits input shift register, 40 bits parallel latch register, and two analog de-
multiplexers of 8 and 32 bits/channels. The CMOS technology is presented, which was used for manufacture of VLSI experimental
samples. The layout of UHF Doppler module was designed and the software of a flexible digital platform for operator was developed.

Keywords: VLSI, UHF, Doppler Transceiver, shift register, demultiplexer, multiplexer, parallel register, digital platform,

CMOS technology, digital platform, monitoring system

Due to the need to ensure the safety on the industrial ob-
jects, household and transport infrastructure it is necessary to
create different remote interactive security systems. One of
the areas of their construction may be the use of microwave
systems based on the Doppler effect, which require VLSI for
module of control and management. Study of levels and
trends in the development of technology has shown that the
direction is in line with the global trends. The analysis of sci-
entific literature shows that developers of VLSI control and
management systems (VLSI-U) for microwave systems are
domestic and foreign companies. Most developed countries,
involved in the development and patenting of inventions in
this field, are the United States, Germany, Australia, China,
which are actively registering the inventions. In Russia, the
main developers are specialized scientific centers and research
companies involved in development in the field of VLSI.

Purpose of this work is research, development and man-
ufacturing of samples of specialized VLSI for monitoring and
control of the modes of work of the microwave transceiver of
the Doppler microwave module (fig. 1). The theoretical and
patenting research of the promising designs, manufacturing
technologies, circuit and topological solutions of VLSI-U
were carried out, the layout of a microwave module, which
includes a VLSI-U were implemented in the course of the
project. The constructive-technological basis for manufactur-
ing of VLSI-U and microwave Doppler module are developed
on the domestic base of SPC "Technology Center".

VLSI-U is a very large scale integrated circuit for moni-
toring and controlling of the microwave unit. The samples of
VLSI-U were made by the CMOS technology [1, 2] with de-
sign rules of 1,2 um on the wafers of 100 mm in diameter. VLSI
of monitoring and control provides switching of the working
modes of the prototype of the Doppler microwave transceiver
module on various capacities and frequencies. The block di-
agram of VLSI-U (fig. 2) represents a set of input shift reg-
isters for 40 bits, the parallel register-latch for 40 bits and two
analog demultiplexer on 8 and 32 bits/channel.

The serial register (shift register or displacement register)
is usually used to convert the serial code into the parallel and
conversely [3]. The application of the serial code is associated
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with the need to transfer a large number of binary information
on a limited number of trace lines. The parallel transmission
of bits requires a large number of connecting conductors. If
the bits sequentially bit by bit transmitted on a single wire, it
can reduce the size of the trunk on the card and IC packages.

Parallel register is used for storing of multi-bit bina-
ry/non-binary word. The number of triggers in the composi-
tion of parallel register determines its capacity [4]. When re-
cording the information in the parallel register, all the bits (bi-
nary digits) should be recorded simultaneously. Therefore, all
clock inputs of the triggers included in the register are com-
bined in parallel. An inverter is placed as the amplifier at this
input to reduce the input current of synchronization output.

To implement the parallel register, the triggers with static
and dynamic synchronization input may be used. When latch
triggers used for constructing of parallel registers, this register,
in turn, called latch register. It should be careful when using
the registers with static input clock, the signals from input reg-
ister will freely pass on its outputs since at the single potential
on synchronization input.

When recording information in the parallel register in
VLSI-U, the bits are written simultaneously. The circuit of
VLSI for monitoring and control includes demultiplexer op-
erable to switch the signal from one data input to one of the
data outputs. The difference from the multiplexer is the ability
to combine multiple inputs into one without additional cir-
cuitry. The demultiplexers allow you to connect one input to
multiple outputs. To increase the load capacity of the chip, it
is better to put the inverter at the input of the demultiplexer.

In the project, it was decided to make the VLSI-U (fig. 3)
for monitoring and control of the Doppler microwave module
by CMOS technology. The purpose of the development of
CMOS LSI topology is effective utilization of the chip area.
It must be noted, that the characteristics of CMOS LSI, in
particular, dynamic, highly depend on the parasitic capaci-
tances and resistances, determined by the topology. CMOS
LSI commonly uses transistors of rectangular configuration
[5], differing only by the different ratio of width to length of
the channel depending on the desired trans conductance of
characteristics of the transistor. CMOS ICs have the best per-




formance characteristics and the most suitable for the imple-
mentation of complex microelectronic systems. The simplest
CMOS structure on p-substrate is shown in fig. 4.

It comprises two complementary MOS transistors with in-
duced channels (»-MOS and p-MOS) in the pockets of the
p- and n-type conductivity, respectively. A silicon substrate
serves as one of the pockets. The comprising MOS transistors
represent four-pole devices, which operating mode is deter-
mined by the voltage on the gate G, drain D, source .S and
pocket B. The pocket can be shared among multiple devices,
when for their isolation from each other, each one is sur-
rounded by a surface field dielectric FOX. The fields outside
of the field insulator are the active regions of the devices. The
control electrodes (polysilicon gates) separated from the sem-
iconductor layer by a thin layer (gate) dielectric — silicon ox-
ide. The gates separate active region of each device on the
channel, the source and the drain. The surface layer of the
semiconductor forms a channel under the gate, which con-
ductivity is controlled by the gate. High alloyed source and
drain regions have a conductivity opposite to the conductivity
of the pocket, forming p—n-junctions with it, which should be
biased in the inverse direction. The contact is provided which
can be shared among multiple devices in a single pocket.
(Low-resistance contacts to the source and drain reduce the
conductivity of the MOS transistors).

A special software and hardware complex for automation of
information collection is developed for visualization of data
from the prototype of the Doppler microwave module [6]. This
required the central point of the operator in the form of a per-
sonal server where the network software developed using the
technology of Lab VIEW NI is installed. The complex for data
collection and analysis includes relational database of MySQL
type and application for work with OSI network protocols.

Designed VLSI-U for control and management and the
prototype of the Doppler microwave module can be used for

creation of a new class of microwave devices with high reli-
ability and low weight and size characteristics for use in ad-
vanced systems for monitoring of traffic parameters, security
and special purpose systems to identify the small metal objects
and enclosures.

The results of the project are oriented on a wide use in sci-
entific-research organizations and companies producing high-
tech products for construction of the security systems of devices.

The studies were conducted with the equipment of the Joint
Usage Center "Functional testing and diagnostics of micro- and
nanosystem engineering” on the base of SPC "Technological
Center", The works were financially supported by the Ministry
of Education and Science of the Russian Federation (State con-
tract No 14.427.12.0003).
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HMucTuTyT HaHOTeXHOJOIM MuUKpoaaekTpoHuku PAH, r. Mocksa

CTPYKTYPA AMEEK DHEPTOHE3ABUCUMOM NMAMSATU TUMNA EEPROM U FLASH

ITlocmynuna 6 pedaxyuro 18.12.2014

B nacmoswee epemsa cywecmeyem 60avuioe 4ucio paziuuHbiX Munos a4eex noaynpo8oOHUKOBOU SHEPSOHE3ABUCUMOT NAMAMU.
OcHogy no006H020 MH02000pasus cocmaeaarom aueiuku EEPROM u FLASH. Ilpumenenue mepmuna flash-namsamos yacmo nHocum
MAapKemuHeo8blil CMbICA U He ompacaenm pearbHbiX KOHCMPYKMUBHbIX 0COOeHHOCMeU nocmpoenus ayeliku. B cmamve ocywecm-
6neHa nonvimka Kaaccuguyuposams suetiku namasmu EEPROM u FLASH no ux KoHcCmpykmueHwviM 0COOEHHOCMAM HA OCHOGe
O0aHHBIX PA3AUMHBIX NPOU3BOOUmMeENell U Pe3yabmanmos cOOCMEEHHbIX UCCAe008AHUL ABMOPO8.

Karouesvie caosa: snepeonezasucumasn namsme, EEPROM, flash, cmpyxmypa sueiiku namsamu, superflash, ETOX, FLOTOX,

MLC, SONOS, HIMOS

BBenenue

ITox sHeproHe3aBUCUMOM MaMSIThbIO TOHUMAIOT TH -
Tbl MTAMSITH, COCTOSTHUE SUY€EK B KOTOPOI COXpaHSeTCs
npu oTKIoYeHUU rutaHus [1]. K Takum Trmam ot-
HocsaT macouHoe II3Y (anri. MROM), nporpammu-
pyemoe I13Y (anri. PROM), II3Y ¢ YO ctupanuem

(aurn. EPROM), T13Y ¢ 3aekTpuyecKuM CTUpaHUEM
(aurn. EEPROM), ¢asumi-namars (anrin. FLASH),
deppoanekrpuueckue 3V (anrn. F(e)RAM), marHuro-
pesuctuBHble 3Y (anri. MRAM), nonumepHsbie ¢ep-
poanexkrpuueckue 3Y (anmi. PFRAM), 3V Ha amopd-
HBIX TToJIynpoBoaHuKax (aHri. OUM) u ap. [2].
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namsati 1 EEPROM cxoxas, a pa3-
JIMUMS 3aKJII0YaloTCsl B OpraHu3a-

oMM MaTpuibl IIaMATH, KOTOpad

—{ 1,5T |

- superflash 1
- superflash 2
- 8CSG

obecrneunBaeT MobdalTOBOE CTUpA-
Hue s EEPROM u ogHOBpeMeH-
HOE CTUpaHue OOJIbIIOro MaccuBa
aueek i1 FLASH. Takne maccuBbl
OOBIYHO HAa3BIBAIOT OJIOKAMU WIN

I

ctpaHuuamu [1].

Puc. 1. Knaccudukanus sueek norynpoBoAHHKOBO# sHepronezasucumoii namatu EEPROM

u FLASH [1-31]

Fig. 1. Cells of EEPROM and FLASH semiconductor non-volatile memory [1—31]

Ilenp gaHHOIT pabOTHl — MCCIAEAOBAHUE ITPUHILIM-
OB MOCTPOEHUSI sTUeeK SHEProHEe3aBUCHMMON MaMsSITU
tunna EEPROM u FLASH. B nutepatype HeT e1MHOro
MHeHUsI oTHocuTeJIbHO onpenenenus FLASH-namsatu
u ee ommuusl o EEPROM. Hampuwmep, B padore [2]
oTMeueHo, uTo siueiika EEPROM — aByxTpaH3ucTop-
Has, ay FLASH — ogHoTpaH3uctopHasi, B pabote [2]
TaKkKe cKazaHo, yTo gyeiiku FLASH-mmamaTu cocrosit
U3 OJJHOTO TPAH3UCTOPA C IJIaBaOIIMM 3aTBOPOM, TTO-
pOroBoe HaIpsiKeHUEe KOTOPOTO MOXET ObITh U3MEHEe-
HO TIPUJIOKEHUEM BJIEKTPUUYECKOTO TTOJISI K 3aTBOpY.
B [4] otmeueHoO, yTo TexHOoruss FLASH-nmamstu sB-
nstercst cMecbio EPROM- 1 EEPROM -TexHomormii, a
TepmuH FLASH o603HauaeT BO3MOXHOCTh OIHOBpE-
MEHHOTO CTHUpaHUs OOJbIIMX 00bEMOB ITaMsITU. B pa-
oore [5] roBopurcs, uro FLASH-namsate — 310 MO-
mudukans EEPROM, B KOTOpoii OCylLeCTBIsIETCS
OJTHOBPEMEHHOE CTUpaHue BCeil MaMsTH YKuIla BMECTO
cTupaHus Oaiira.

IlepBas coBpemenHast FLASH-

naMmsTh ObU1a npenjoxeHa Pymaxkmo - -~ - -~ -

Macyokoit (¢. Toshiba) B 1984 r.
[6] na 1IEEE International Electron
Devices Meeting [1]. CtupaHue B
MpeJIOKEHHOM sTueiike o0ecreunBa-
JIOCh CHelUaJbHbIM (TpeTbUM) 3a-
TBOPOM M3 TOJUKPEMHHUS, B KOTO-
phlA OpM Mogaye Ha HETro II0JI0-
KUTEJIBHOTO WMITYJbca YIAISIINACH
3JIEKTPOHBI U3 TIJIaBaIOIIETo 3aTBOpa
[6— 8]. CTupanue OCYIIECTBISIIOCH
OIHOBpEeMEHHO IJisi Bcex siueek. Ha
5TOM OCHOBaHHUM, a TaKXe IO pe- .
3yJabTaTaM IIPUBEICHHBIX HUXE WC-
clIeIOBaHUI MOXKHO CIeJIaTh BBIBO/I,
yTto KOHCTpyKuMs siueek y FLASH-
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|

| Stackgate | S Eormoregaty Bes 13 (ONO) Slueiiku EEPROM n FLASH
OBbIBAIOT JBYX- W OJHOTPAH3UCTOP-

— ETOX [ giassgéM asuokay -SONOS HBIE, HO B ny1§60M cnyqa;) OCHOBaHI;)I
—- MoneT | SSIMOS -TANOS Ha TPaH3KCTOpE C IIABAIOLIUM 3a-
—- CHISEL —SSTR TBopoM i ¢ ONO (okcug—HUT-
::;Pmﬁ((})s pUI—OKCcH) CTPYKTypoil. Kiaccu-

| superflash 3 (UKaLMA TYEEK T10 TUITY TPAH3UCTO-

pa nmpuBeaeHa Ha puc. 1.

JIByXTpaH3HUCTOPHBIE AYEHKH
Ha ocHoBe FLOTOX-Tpan3ucropa

FLOTOX-tpan3ucrop (puc. 2, a)
npexacrapisier coboit MOII-TpaH3ucTop ¢ IUIaBaio-
muM 3atBopoM — I13 (anri. floating gate), B KoTopoM
TOJIIIIMHA TIOA3aTBOPHOTO OKCHMIA B OOJIACTM CTOKAa
(TYHHEJIbHBIM OKCHMI) YMEHbIIIeHa II0 CPaBHEHUIO C
00JIaCThIO KaHajla B HeCKOJIbKO pa3 (=10 HM).

Ha ocHoBe FLOTOX-TpaH3ucTtopa CTpoOSTCS
nByxTpaH3uctopHele gueiiku EEPROM u FLASH
(puc. 2, b). BropbIM TpaH3UCTOPOM B ITOAOOHBIX STUEii-
Kax spisieTcs ooblyHblii MOIT-TpaH3uCTOp, KOTOPBIt
HasbIBaeTcs TpaH3ucTopoM Beibopa — TB (anri. ST —
select transistor) U MCIIOJb3yeTCS IS IIpeaoTBpalle-
HUS JINIITHETO CTHpaHus (aHTJ. over-erase) SYeiKH
[5], mpu KoTOpOM B ILIABAIOLIMII 3aTBOP IIOMEILAETCS
OoJibllIe 3JEKTPOHOB, YeM TpeOyeTcsl.

CrupaHue SYeiKN OCYIIECTBISIETCS MHXKEKTHPOBa-
HUEM 3JICKTPOHOB B IJIaBalOLIMIi 3aTBOP, a 3alUCh UX —
3KCTpaKlUMe U3 miaBaroliero 3aTeopa. O6e onepanuu
BBINOJIHSIOTCS  TyHHenaupoBaHueM ®aynepa—Hopa-
xeiima (Fowler Nordheim (FN) tunneling) [4, 9].

BJI(BL)

CJI TB(ST)
(WL)_l

/ FLOTOX H y3—| FLOTOX
4 5) (CG) I
TyHdHeIEHBIH OKCH]

(tunnel oxide) H(S)

Puc. 2. SIyeiika namaru Ha ocHoBe FLOTOX-Tpan3ucropa (¢ — NpUHIMNMAJIBLHASA CXEMA;
b — u300pakeHne BEPTHUKAILHOTO CeYeHMs)

Fig. 2. The memory cell based on FLOTOX-transistor (a — concept, b — vertical cross section)




OIHOTPAH3UCTOPHDbIE TYEHKH HA OCHOBE TPAH3UCTOPOB
C MHOTOYPOBHEBBIM 32TBOPOM

Auetixu namsatu Tuna EEPROM u FLASH Ha oc-
HOBE TPaH3WCTOPOB C MHOTOYPOBHEBHIM 3aTBOPOM
(aHrn. stack gate) COCTOSIT M3 OJHOrO TPAH3UCTOPA,
CTOK KOTOPOTI'O IMOIKJIIOYeH K OuToBoii mHum — BJI
(anrn. BL — bit line), ynpapnsoliuii 3aTBop Y3 (aHII.
CG — control gate) — k cioBapHoii auHun — CJI (aHr.
WL — word line), a uctok — M (aHr. source) 3a3eM-
JeH (puc. 3). Takoit TpaH3UCTOP MpeACTaBIsIeT COOOM
MOII-TpaH31CTOp C TUIaBaAIOLIMM 3aTBOPOM, B KOTOPOM
TOJIIIMHA MOJA3aTBOPHOrO OKCHIA COCTaBJISICT €AUHU-
bl HaHOMeTpoB UM HasbiBaeTcss ETOX (Extremely
Thin OXide).

3anuch (IIporpaMMUpPOBaHUE) TUCKU TAMSITH MO-
KET OCYIIECTBIATHCS WHXEKIHNEH TOPSTINX SIIEKTPO-
HoB [1, 10] unu FN-TtynHenupoBanueM [11] (B 3aBu-
CHMOCTH OT OpTaHMW3allMM MATPUIILI TTAMSITH), a CTHU-
panue — FN-tyHHenupoBaHnuem [1, 10, 11].

ITporpammupoBaHue (3aMrcCh) TOPSIYMMU JIEKTPO-
Hamu ocyuiectBisieTcs 1 ETOX-syeek ¢ opraHmsa-
uueir matpuiibl namatd tuna NOR [10]. Ha ynpas-
Jsonunii 3aTBop (Y3) U CTOK MOJaeTcsl MOJIOKUTEIb-
HOE HaIpsDKeHHe, a UCTOK 3a3emitsietcs. [pu moctarou-
HOM CMEIIEHUM CTOKA HEOCHOBHBIE HOCUTEIIH 3apsaa
B KaHaJjie (0KOJIO CTOKa) "pa3orpeBaoTcs’ 3JeKTpuye-
CKUM II0JIEM 10 Oojbluux 3Hepruii. CieacTBUeEM pa-
30rpeBa HOCHUTEJICH SIBJISIETCS YBEJIMYEHUE DHEPruu
HEKOTOPBIX HEOCHOBHBIX HOCHUTEJIEH 1O YPOBHSI, TTO3BO-
JISTIOLLETO MPE00IeTh SHEPTETUYECKUI Oaphep Mmoa3a-
TBOpHOrO okcuna (Si0,). Eciu mone okcuaa cnoco6-
CTBYET MHXEKIMU (MOJOXUTEJbHOE HaIpsDKeHUE Ha
V3), nogoOHbIe HOCUTENIN WHXEKTUPYIOTCS B Moj3a-
TBOPHBINM IMAJIEKTPUK M IAIOT TOJTYOK MHXKEKIIMU TO-
pSIUMX 3J1eKTPOHOB B IaBatoimii 3atsop (I13) [12, 13],
KOTOpBIE, HAKaIUIMBasiCh, CIBHUTAIOT BOJBT-aMIIEpP-
Hy1o xapaktepucTuky (BAX) ETOX-siueitku B cTOpo-
HY OOJBIINX 3HAYCHMIA.

ITporpammupoBaHue (3anuch) FN-TyHHeqnpoBa-
HueM ocyuiectsasercsa mist ETOX-sgueek ¢ opraHusa-

(source)

BHUTOBAS JIHHITA
(Bit line)

. 'ICTOK

muei matpuubl mamsata Tana NAND [11] 1 DINOR
[1]. Ha Y3 nomaeTcs nojioXXuTeabHOE HAMPSIXKEHUE, a
HCTOK, CTOK U MOJIOXKA 3a3eMJIsItoTCs. B obmactu TyH-
HEJIbHOTO OKCHJIA IIPY 3TOM CO3AAeTCs 60JIbIIOE JIEK-
TPUUYECKOE TI0Jie, KOTOPOE II03BOJISIET 3JIEKTPOHAM
MPOHUKATh M3 KaHaja (MOIJOXKHU) Yepe3 TyHHEb-
HbIA OKCUJ B IUIaBalOlIMil 3aTBOP (TYHHEJIUPOBATh
no FN-mexanusmy). B otnuune or FLOTOX-s1ueiiku,
rne FN-TyHHenMpoBaHUE OCYIIECTBISIETCS B 00J1aCTU
cToka (00sacTh TyHHeIbHOTo okcuaa), B ETOX-sueii-
kax FN-TyHHeJlIMpoBaHUE OCYIIECTBIsIETCS B 00J1acTh
BCEro KaHaja.

Crupanue misg ETOX-s1ueex ¢ 11000i opraHu3alu-
el MaTpulibl NMaMsITh ocyuecTsisiercss FN-TyHHeau-
poBanuewm [1, 10, 11]. dns ssueex ¢ opranm3anmeis NOR
Ha Y3 mopaeTcsl OTpUIIATEIbHOE HAIIpSIKEHUE WU
HOJIb, HA UCTOK — IIOJIOXKUTEJbHOE HampsKeHUe, a
MOMJIOXKKA 3a3emiIsieTcsl. B JTaHHOM cllydae 3J1eKTPOHbBI
W3 TIJIaBAIOIIeTo 3aTBOPA TYHHEIMPYIOT B UCTOK.

Hnga ctupanus ETOX-gueek ¢ opraHusanuei
NAND Ha cTOK, UCTOK M MOMJIOXKY MOJAeTCs MOJIo-
JKUTEJIbHOE HaNpsDKeHUe, a YIpaBIsioLUi 3aTBOp 3a-
3emMJisieTcs. B jaHHOM cilyyae 2J1eKTpOHbBI U3 Tj1aBato-
1LIeTO 3aTBOpa TYHHEJIMPYIOT B KaHaJ (MOMJIOXKY).

151 cHukeHUs1 paboyero HanpsKeHWs B MaTpULIax
naMsITU Ha OCHOBe siueek TuIia "split gate" siueiiky c
HU3KUM TTOPOTOBBIM HAIIPSKEHWEM CUMTAIOT 3aIlpo-
IPAaMMMPOBAHHOM, a C BBICOKMM ITOPOTOBBIM Harpsi-
XeHueM — cTeproil. [lomoOHble sSUEHKM Ha3bIBAIOT
MoneT (¢. Motorola) [1]. BepTukanbHoe ceueHUe stue-
€K TaHHOTO THUIIa BIOJIb OMTOBOI JIMHUU aHAJIOTMYHO
ETOX-sueiikam (puc. 3, b), B To BpeMsI KaK ceueHue
BIIOJIb CJIOBapHON JMHUU OTan4aercs (puc. 4).

Eie ogHuM crnocobom cHuxkeHus paboyero Ha-
MpsDKeHWST B MaTpUIlaX MaMsATH Ha OCHOBE sTUeeK C
MHOTOYPOBHEBBIM 3aTBOPOM SIBJISIETCSI MCITOJIb30BaAHUE
sYeeK ¢ MeXaHU3MOM MPOrpaMMUPOBAHUST BTOPUYHBI -
MM 3JIEKTPOHAMU, KOTOpbIe 00pa3yloTcs B Pe3ysIbTaTe
yaapHoit nonuszanuu. IlogoOHbIe sueiiku ObLUIM BIIEp-
Bble aHOHcHUpoBaHbl B 1998 . (¢. Lucent) u Ha3biBa-

BJI(BL)

ETOX

(WL)

H(S)

Puc. 3. fAueiika namaTu ¢ MHOroypoBHeBbIM 3aTBOPOM Ha ocHoBe ETOX-Tpan3ucropa (a — BepTukaibHoe ceyenue B1oab CJI; b — BepTukanbHoe

ceuenue Baoab BJI; ¢ — npuHnMnuanbHas cxema)

Fig. 3. Memory cell with the stacked gate based on ETOX-transistor (a — vertical cross section along WL, b — vertical cross section along BL;

¢ — circuit diagram)
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Puc. 4. flyeiika naMaTH ¢ MHOrOYpOBHEBbIM 3aTBOpoM THHA MoneT —
BePTHKAJIbHOE ceyenne Baoib CJI

Fig. 4. Memory cell with stacked gate of MoneT type — vertical cross
section along WL

torcst CHISEL (Channel Initiated Secondary Electron
Injection). IlporpammupoBanue CHISEL-sgueek Tpe-
oyetr sHepruu, B 10 pa3 MeHbIIEH MO CPaBHEHUIO C
sYeiiKaM1, KOTOPBIe TTPOTPaAaMMHUPYIOTCS WHXKEKITUEH
ropsiuvx dJaekTpoHoB [14]. nst mporpaMMupoBaHUsS
BTOPUYHBIMM 3JICKTPOHAMM Ha TOMJIOXKY ITOJACTCS
OTPULIATEIbHOE HANPSIKEHUE, pPaBHOE [0 MOIYJIIO Ha-
MPsSDKeHMI0 Ha CTOKE, a Ha YIPaBJISIONINI 3aTBOp —
nosioxurenbHoe [15]. TTo crpyktype CHISEL-sueiiku
noxoxu Ha ETOX-syeiiku.

BJI(BL)

SuperFlash

CJI |

H(S)

————— N A N

Y3-CJ (CG-WL

IMoayTropaTpaH3ucTopHble AYEHKH HA OCHOBE
TPAH3UCTOPOB C PaCHICIVIEHHBIM 3aTBOPOM

Aueiiku mamsatu EEPROM u FLASH Ha ocHoBe
TPaH3KUCTOPOB C PacllerIEHHbIM 3aTBOpOM (aHTJI. "split
gate") COCTOSIT M3 OMHOTO TPAH3MCTOPA, CTOK KOTOPOTO
noakmoueH K bJI, ynpasnsitomumit 3atBop — K CJI, a
HCTOK 3a3eMiieH. B HacTosIIee BpeMs K sTueiikaM pac-
CcMaTpUBAEMOro TUIa MOXHO oTHecTu: SuperFlash 1-ro
u 2-ro nokosneHuit u SCSG.

Ayueiiku tuna SuperFlash (1-e u 2-e mokoneHwus1)
npeactasiassior coboit MOII-TpaH3ucTtop ¢ miaBaio-
1IMM 3aTBOPOM, B KOTOPOM OJIHA YacTh KaHaJja Iepe-
KpbiBaeTcst Toibko Y3, apyrast — 13 u ¥3, a Tpetbst —
toabko I13. Takum oOpa3oM, MOXHO CKa3aTb, 4YTO
gayeiika "split gate" SuperFlash sBiaseTcsa ycoBepieH-
CTBOBAHHBIM BAPUAHTOM JIBYXTPAH3UCTOPHOU STYEWKU,
B KOTOPOI KaHAJTbI TPAH3UCTOPOB BLIOOPKU M XpaHEHUSI
obwemmHeHB! B ommH. fAueiikm "split gate" SuperFlash
MOTYT OBITh IEPBOro (pUC. 5) MOKOJEHUSI (HE caMOCo-
BMeEILIEHHAsT TEXHOJIOTHUSI) U BTOPOro (puc. 6) mokoJie-
HUs (CaMOCOBMEIIEHHAsI TEXHOJIOTHS).

IIporpammupoBanue sueek "split gate” SuperFlash
OCYILECTBJISIETCS WHXEKIMEH TOpSIYUX 3JCKTPOHOB
(kak w1t ETOX-siueex ¢ opraHu3aluei MaTpylbl ma-
msatu Tuna NOR) u3 kaHama co ctopoHbl cToka B 13
(BAX syeiiku caBuraeTcsi B CTOpOHY OOJbIIUX 3Ha-
yeHuil), a ctupaHnue FN — TyHHenMpoBaHUEM dJIeK-
TpoHOB U3 I13 B ympasnstonuii 3atBop (BAX stueii-

A (Ditlineg). ...

HcTok
(source)

g d

Y3.-CJI (CG-WL)

I13 (FG)

Puc. 5. Aueiika namaTu ¢ pacmenyienHsiM 3aTsopom Tuna SuperFlash 1-ro nokonenns (¢ — npuHIMIMAAbLHAS cXeMa; b — BepTHKAJIbLHOE ceyeHne

oy BJI; ¢, d, e — Beprukanbubie cevyenus Baoan CJI)

Pig. 5. SuperFlash split-gate memory cell of the I*' generation (a — concept, b — vertical cross section along BL; ¢, d, e — vertical cross sections

along WL)
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3-CJI (CG-WL)

[

MCTOK
(source)

(BL)

Puc. 6. flueiika mamsTH ¢ pacuensieHHsM 3aTBopoM Tuna SuperFlash
2-ro MOKOJIEHNs] — BePTHKAJIbHOE ceyenue Baojb BJI

Fig. 6. SuperFlash split-gate memory cell of the nd generation — vertical
cross section along BL

KM CIOBUIAeTCSd B CTOPOHY MEHBIIMX 3HaueHuit) [1].
FN-TyHHenMpoBaHUE OCYILECTBISIETCS] C 3a0CTPEHHO-
ro Kpas IjIaBalolliero 3aTBopa, Ha KOTOPOM TOBBIIIIA-
eTcsl 3HaYeHue TI0JIs.

ITpu mporpaMMupoBaHUM (3aMUCH) sSTUEEK MaMSITU
tuna SuperFlash (1-e u 2-e nokonenust) Ha Y3 — CJI
MoAaeTCsl HampsKeHUe, MPEeBBIIIAIOIIee TTOPOrOBOE.
Taxkum 00pa3oM B 00JIacTU KaHaja, Tae MPUCYTCTBYET
TOJILKO YIpPaBJSIONUIMIA 3aTBOP, 00pa3yercsi MpoBOs -
mas obnacte. Ha crok — bBJI mogaercs HebGoJibllioe
HarpsikeHue, He npesbiamiiee 1 B (mpu 6onbimnx
HANPSDKEHUSIX MPOrpaMMUPOBaHUE 3ampelleHo), KO-
TOpOE IO KaHaly, chOpMUPOBAHHOMY IO, YIIPABJISIIO-
IIMM 3aTBOPOM, OKa3biBaeTcs y Kpas I13. Ha ucrok,
UMeEIoIU eMKOCTHYI0 cBs3b ¢ 13, momaercst mojo-
XutenbHoe HampsikeHue 7,5...10 B. M3-3a pa3Hulbl
HaNpsDKEHUH CTOK-UCTOK B KaHaJle TeHEPUPYIOTCS TO-
psiune 31eKkTpoHbl. [Tone mexay I13
1 KaHajioM ¢ a¢dektuBHOCcTHIO 100 % .
nepeHocutT B 13 ropsume 3mexTpo-
HbI, KOTOPBIE TIPEOIOJICN SHEPTETH -

YMBACTCS MOJIOKUTEIbHBIM 3apsiaomM I13, Koropwlit
YMEHbIIIAeT pa3HOCTh MOTeHIIMaTOB Mexay 13 u ynpas-
JISIIOIIMM 3aTBOPOM UM Hapylaet ycioBus FN-TyHHe-
JIUPOBaHMUSI.

B pesynbrare crupanus B I13 HakarinBaeTcsl He-
OOJIBIION MOJOXUTENIbHBINA 3apsil, KOTOPbI yMEHb-
11aeT TTOPOroBoe HaIpsKeHUE sSYeiiKU 10 HeoOXOau-
MOTO YpPOBHSI.

Sueiika flash-namsitu Tuna SCSG (source — coupled
split — gate) oTHOcUTCSI K sueiikaMm tuma "split gate"
[1], Takxe paHHbIN TUI sueeK Ha3biBaoT 1,5T FLASH
(monyroporpaH3ucTopHasi stueiika) [16]. Cxembl ce-
YEHUI U TOIOJIOTHUS STUeKM JaHHOTO TUIIa NpUBeIe-
Hbl Ha puc. 7. KoHdurypalus ssueiiku npenymnpexmnaeT
"n3nuirHee ctupaHue” (overerase) sIMEMKM, KaK U B
siyeiikax "split gate” SuperFlash.

Crupanue ssueek SCSG ocyuiectasiercss FN-TyH-
HeJMPOBaHUEM 3JIeKTpOHOB U3 I13 B UCTOK, HA KOTO-
pBIi TTomaeTcsT BHICOKOE ITOJIOKUTENIbHOE HaIIpsikKe-
Hue [16]. i npenoTBpallieHUs WHXEKIUHA TOPSTINX
IbIpoK cToK 1o I13 B obGyiactu TyHHeIMpoOBaHUS 00-
Jagaer OOJNBIIMM YPOBHEM JIETUPOBAHUSA, Ye€M B 00-
Jactu KoHTakTa [1]. TIporpaMmupoBaHue OCYIIECTB-
JISeTCS MHXEKILMel ropssuynux 37eKTpoHoB B I13 B 00-
JJaCTU CTOKA.

SAYeiikn mamMATH HA OCHOBE TPAH3HUCTOPOB
¢ TpeMd H 0oJjiee 3aTBOPaAMH

CyuiecTByeT OOJIbIIOE pa3HOOOpa3ne sTYeeK IHEP-
rone3aBucumoit namsatu EEPROM u FLASH ¢ tpems
u Oosiee 3aTBopamu. Sueiika nmepBoil FLASH-namsTu,
KOTOpasi Obula TpeacTaBlieHa TOKTOpoM Macyoka B

CTOK
(drain)

¥3 (CG)

yeckuit 6apbep Si—SiO, (=3,2 3B).

WM3-3a HakamiuBaHUSI OTpPUILIA-
TeJibHOTO 3apsiaa B I13 adpdekT npo-
IPaMMUPOBAHUS SIBJISIETCS CaMOOT-
paHUYMBaIOIIMMCs (OTpULATEIbHbII
apsa 13 paspyiraer oOpa3oBaH-
HBII oA HUM KaHai) [1].

I[lpn ctupanum Ha yIpaBisSIO-
LI 3aTBOP (JIMHUIO BbIOOpA) Toaa-
ercst HarnpsikeHue 10...12 B, a cTok
1 UCTOK 3a3eMystioTcs. Ilone Mexmy

—— LOCOS

ICTOK
(source)

a)

113 (FG)

TYHHeJIbHBI okcH (funnel oxide)

VOPABISIOIIMM M IUIaBalOLIMM 3a-
TBOpaMu cJjlaboe Ha TPOTSIXKEHUU
BCEro0 MEX3aTBOPHOTO OUIJIEKTPHU-

HCTOK
(source)

CTOK
(drain)

Ka, 32 UCKJIIOUeHUEM 3a0CTPEHHOTO
kpasg I13, Ha KOTOpOM OHO pPE3KO
yBEJMYMBAETCS U KOTOPbI Ha3bl- -
BaeTCsl TYHHEJIbHBIM WHXEKTOPOM.
[Tepemeiienue 3apsina (FN-TyHHe-
JIMPOBaHUE) OCYIIECTBISETCS ObICT-
PO, HO B TO Xe& BpeMsI CaMOOTpaHu-
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Puc. 7. flueiika namaTu ¢ pacmemwiesnsiv 3aTeopom tuna SCSG (source — coupled split —
gate) (a — cxema Tomnojorun; b — cxema cevenus BIoab CJI; ¢ — cxema ceueHus: BIOJb
BJI; d — cxema ceuyenuns Bnoss I13)

Fig. 7. The split-gate memory cell of SCSG type (source — coupled split — gate) (a — topology;
b — cross section along WL; ¢ — cross section along BL, d — sectional diagram along FG)
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CTOK (drain)
I3 (FG)

¥3(CG|

HCTOR (Source).

R

AL e cprrra
wuwte =

OCKHI CTHPAHHA
(erase oxide)

Puc. 8. Cxema TonoJiornu (@) 1 BepTHKajJbHbIe ceyenusi (b, ¢) TpexzarBopHoii sueitkn FLASH-namsaTu, npenjioxenHoil 1okTopoMm Macyoka

B 1984 r. [17]

Fig. 8. Topology diagram (a) and vertical cross sections (b, c) of the three-gate cell of FLASH-memory by Dr. Masuoka [17]

1984 r. [6] na IEEE International Electron Devices
Meeting [1], Takxe ObLIa ¢ TpeMsl 3aTBOpaMu (puc. 8).
[lepBoIit 3aTBOP MCHOMB30BANCS IJIST CTUPAHUS (CTH-
paromuit C3), BTOpoil 3aTBOp — IaBatowmmii 113, a
Tpetuit — ynpasisioiuii (¥Y3).

IIporpamMupoBaHUe B TaHHON sTYeiiKe OCYIIECT-
BJISIETCSl TOPSIYMMM DJIEKTPOHAMM KaHajla, Kak B
ETOX-sueiikax ¢ opraHu3alueid MaTpulbl NMamsTu
turia NOR. CTupaHue oCyllIecTBIsIeTCSI SKCTpaKIei
anexkTpoHoB u3 I13 B C3 (g Bcex ssueeK OgHOBpE-
MeHHo) [17].

Hns npeaynpexaeHus: BO3MOXXHOCTH M30bITOYHOTO
CTUpaHMUS M, KaK CIIEICTBHUE, BOSHUKHOBEHUSI TOKOB
yTeuku 1o ouToBoil quHuKM Naruke mpeaaoxXusl KOH-
crpykuuio stueriku SISOS (sidewall select-gate on the
source side), koropast mpeacrasiasieT coboir MOII-
TPAH3UCTOP C IJIABAIOIINM 3aTBOPOM M JTOTIOJTHUTEIb-
HBIM 3aTBOpoM BbiOopa — 3B (anri. SG — select gate),
pacnosoXeHHBIM cOoKy (puc. 9) [18].

IIporpamMupoBaHre B JaHHOM sSTYEHKE OCYIIECTB-
JISIETCSI TOPSTYMMMU 3JIEKTPOHAMM CO CTOPOHBI CTOKA, a
ctupanne — FN-TyHHelIMpoBaHHEM 3JIEKTPOHOB M3
I13 B crok SISOS-Tpan3ucropa [17].

3B ¥Y3(CG
(SG)
I3 (FG) l
7 T
HCTOK  ‘fropmune siextponmt F-N \—s CTOK
(source) (hot electrons) fuveling | (@rain)

Puc. 9. Cxema ceyennss FLASH-sueiikn SISOS [17]
Fig. 9. Sectional diagram of FLASH cell of SISOS type [17]

50

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Ne 4, 2015

YMeHbIIIeHHWe BpPEMEHHM CTHUpaHUs W 3aIlliUCU B
sueiikax FLASH ¢ TyHHeJIbHBIM OKCUIOM 0€3 M3Me-
HEHUS HaMpsKeHUsT MpOorpaMMMPOBAHUSI BO3MOXKHO
3a cueT yBenmuyeHus Toka FN-tyHHenupoBanus. [1o-
JIOOHOE YCKOPEHME MOXKET OBbITb JOCTUTHYTO IyTeM
YMEHBIIIEHUs] TOJIIIMHBI TYHHEJILHOTO OKCHIA, YMEHb-
LLIEHUS 9HEPTeTUUYECKOTo Oapbepa MHXKEKTUPOBAHUS U
yBeJMueHus koadduimeHnta cesa3u [19]. Ha puc. 10
npuseneHbl ceueHusi EEPROM-sueek ¢ yBeJIMUeHHBIM
Ko PpunmeHToM cBsi3u Ha ocHoBe SSIMOS-TpaH3u-
cropa (Shielded Substrate Injection MOS) u SSTR-
tpaH3ucropa (Stacked Self-aligned Tunnel Region).
CTtupaHue U MporpaMMUpOBaHUE B MOJOOHBIX SYeii-
Kax TTaMsITH OCYIIeCTBIISIETCST Ha ocHoBe FN-TyHHe M-
poBaHU.

B 1979 r. [20] BnepBbie ObLT NMpeaIoXeH Tpex3a-
tBOpHLIA TpaH3uctop TPFG (Textured Poly Floating
Gate), KOTOpbIH MepBOHAYAIBHO MO3UIIMOHUPOBAICS
Kak siueiika sHeproHesapucumoro O3Y, a B 1980 r. —
Kak xmoueBoil anmeMeHT EEPROM [21]. CrpykTypa
CEYeHMSI U cXema IMOJA0O0HOM SYEHKM MpUBEACHBI Ha
puc. 11. CtupaHue v 3amuch B NMOAOOHON sUelike
OCYILIECTBJSIETCS 3a CUET MOJMOKCUAHONW IMPOBOIU-
moctu [19].

OnHUM W3 TJIaBHBIX HETOCTAaTKOB TPAAUILIMOHHOTO
MeXaHM3Ma WHXEKIINH TOPSINX 3JICKTPOHOB ITPH TIPO-
rpaMMUPOBAHUMU SIBISIETCS €ro HU3Kask 9(h(eKTUBHOCTD
1, Kak CJeACTBUE, OO0JbIIOe MOTpeOIeHUEe SHEPTUU.
st yeTpaHeHUs JAaHHOTO HEIOCTAaTKa MOXET MCIOJb-
30BaThCS MEXaHM3M OOKOBOM WHKEKIIUUA CO CTOPOHBI
croka (SSI — source — side injection), KOTOpPHIiA B
1000 pa3 a¢ppekTuBHeit. JJaHHBIN MeXaHU3M UCITOJIb-
3yetcs B stueiikax Tuna HIMOS (High Injection MOS)
[1]. TIpuMepbl TOMOJOIMYECKUX CXEM U CXEMbI Ce-
yeHuit sueiiku Tuna HIMOS npuBeaeHsl Ha puc. 12
(CM. TpeThbIO CTOPOHY 00JI0XKKM). TonuHa AUDIEK-
tpuka non I13 cocrtaBnsieT ~8,5 um, Mmexay [13 u V3,
Y3 u kaHasioM ~30 HM.
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Puc. 10. Cxembl ceyenniit EEPROM-syeex ¢ yBeaudennbiM Ko3ggu-
MeHToM cBsi3u Ha ocHoBe SSIMOS-Tpansucropa (@) u SSTR-Tpan-
sucropa (b) [19]

Fig. 10. Sectional diagrams of EEPROM cells with an increased
coupling coefficient on the base of SSIMOS-transistor (a) and SSTR-
transistor (b) [19]

0
/- T

Puc. 11. Tpex3arsopnas sa4eiika EEPROM tuna TPFG [19]
Fig. 11. EEPROM three-gate cell of TPFG type [19]

bJI Hcrok BJI

Puc. 13. Cxema ceuenns sueiikn Tuna SuperFlash Tpersero moko-
JIeHHSI C YeThIPbMSI 3aTBOPaAMH

Fig. 13. Sectional diagram of the third generation SuperFlash cell with
Sfour gates

IIporpammupoBanue ssyeek HIMOS-namstu ocy-
1LIECTBJIIETCSI OOKOBOU MHXKEKIIMEN rOpsiuuX dJEKTPO-
HOB €O cTopoHbl ucToka (SSI — source — side injec-
tion). Ctupanue stueek HIMOS-namMsiTi ocylecTBisi-
ercsi FN-tyHHenupoBaHueM. Bo3MOXHBI ABa Mexa-
HHU3Ma: MepBbIi MpeaycMaTpuBaeT TYHHEJIUpPOBaHUE
BJIEKTPOHOB B CTOK (drain erase), a BTOpOii — TyHHe-
JIMPOBaHME 2JIEKTPOHOB Yepe3 MEK3aTBOPHBIN OKCHI
¢ kpag I13 [22].

ITomumo srueex mamstu tuna SuperFlash ¢ paciie-
IUIEHHBIM 3aTBOpOM "split gate" mepBoro 1 BTOPOTo I10-
KOJICHUIA, PACCMOTPEHHBIX BHIIIE, CYLLIECTBYIOT SYEHKU
SuperFlash Tpetbero nokosenust (puc. 13) ¢ 4eTbIpbMs
3aTBopamu: ruaBawowuit (I13), ynpasasiowmuii (Y3),
ctupatoimit (3C) u 3arBop cBsizu — 3CB (anrn. CpG —
couple gate).

st cTupaHMsl TaKUX stdeeK ucrosb3yercss FN-TyH-
HeJnrpoBaHue 3JieKTpoHoB u3 I13 B 3aTBOp BBHIOOpA,
a JJIs1 TIPOrpaMMMpPOBAaHUS — WHXEKUMS TOPSIMX
anekTpoHoB B 13 co ctoponsl ucroka (SS CHE injec-
tion) [23].

SAygeiikn namatu EEPROM n FLASH
0e3 miaBalomero 3aTeopa

Kpome Hambosnee 4acTo BCTpedalOIIUXCS sTYEeK C
TUIaBalOLIMM 3aTBOPOM, CYILIECTBYIOT TaKXe STUYEHKHM Ha
ocHoBe SONOS (Semiconductor Oxide Nitride Oxide
Semiconductor) — TpaH3UCTOPOB, KOTOPbIE HE COAEP-
Kat maBatolero 3aTBopa. B SONOS-sueiikax ¢pyHK-
LIMIO TIJIABAIOIIETO 3aTBOpa M OKPYXKAIOIIETO ero U30-
JIATOpa BBITIOTHSIET KOMITO3UTHBIN auaiaeKTpuk ONO
[24]. Ponb akkymyssTopa 3apsiia Ipy 3TOM BBITOIHSIOT
LICHTPBI 3axBaTa 3apsiia Ha TpaHMIle pasiena IudJieK-
Tpuyeckux cinoes okcuua (SiO,) n Hurpuna (SizNy)
kpemHusi. SONOS-tpan3ucrop (puc. 14) HarloMUHaeT
00b1uHbIE MHOIT (MNOS)-TpaH3UCTOP CO CTPYKTY-
poii "Stack gate". MHTepec kK SONOS-s1ueitkam BbI-
poc, Korma ObLT JOCTUTHYT IIpeael MacIITabpOBaHUS
sYeeK ¢ TJIaBaloIIMM 3aTBOPOM, KOTOPBIN COCTABISIET
45 um |25, 26].

ITporpammupoBanne SONOS-gueek OCyIIECTBIISI-
ercss FN-TyHHenmMpoBaHMEM 3JIEKTPOHOB M3 KaHaja B
XpaHsIIUi caoi (LEeHTPHI 3aXBaTa 3apsiga Ha TpaHUlIe
Hutpuna-SizNy) ONO-ctpykrypbl. CTpaHue ocylie-
ctBisieTcss FN-TyHHeMpoBaHMEM IBIPOK M3 KaHaja B
xpaHsiuit cioit ONO-cTpyKTypsl [25].

Momudukanueit SONOS-sueek sBistercss TANOS-
sgyelika, KOTopasi OCHOBaHa Ha CTPYKTYpe HUTPUJ TaH-
Taja — OKCHI aTIOMUHUST — HUTPUI KPEMHUS — OKCHJT
kpemHusi — kpemHuit (TANOS — Tantalum—Alu-
minum—Nitride—Oxide—Silicon). [TosiBneHue naHHOM1
MoIUGpUKALIMU BbI3BAHO HEOOXOAMMOCTBIO YMEHbIIIE-
HUA yTeuek yepe3 BepxHUi okcua KpeMHusT (FN-TyH-
HEeIMpPOBaHUE 3JIEKTPOHOB B YIIPABISIONINIA 3aTBOP
M3-3a MaJIOW TOJIILIMHBI OKCUJA KPEMHMSI) U YMEHb-
meHus 3¢ ¢eKTa HachlleHUsT cTUpaHus (OJIOKMpOBKa
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Puc. 14. SONOS-Tpansuctop (¢ — cxema ceyenuss; b — u3o0paxkeHue BEPTHKAJIBHOTO CeYeHHs
Fig. 14. SONOS-transistor (a — sectional diagram, b — image of the vertical cross section)

Mpoliecca CTUpaHMSI TI0CIe HERTpaau3alu BceX 2JeK-
TpoHOB B ONO-cTpyKTYype 13-3a Havyana mpouecca FN-
TYHHEJIUPOBAaHUS BJIeKTpoHOB 13 3aTBopa B ONO).

YcrpaHeHue JaHHBIX 3(PEHEKTOB OCYIIECTBIASETCS
3aMEHOI BEpPXHEro OKCHuAa KpPeMHUsI Ha OKCHUJ ajto-
MMHUST — AUBJIEKTPUK C BBICOKOHN AMBJIEKTPUUECKOMN
npoHunaemoctrio (high-k) u 3ameHoit 3aTBopa u3 1mo-
JIMKPEMHUS Ha 3aTBOp M3 HUTPpHUIA TaHTaIa (MaTepya
¢ OosbllIei YeM y KpeMHUsI paboToiil Beixoaa) [27].

Ayeiikn namatu EEPROM u FLASH c p-kanajiom

PaccMoTpeHHBIe BHINIE SYEHKN 3HEPTOHE3aBUCH-
Moii mamsatu Tunma EEPROM u FLASH ocHoBaHBI Ha
MOII-TpaH3ucTOpax ¢ n-KaHajJOM, B KOTOPBIX MpHU
9KCIUTyaTallMy B IMOA3aTBOPHOI 001acTu (DOPMUpPYET-
Csl UJIM paspyliaeTcsl KaHajl U3 HEOCHOBHBIX HOCUTE-
Jieit — 351eKTpoHOoB. CyIleCTBYeT albTepHATHBA, KOTO-
pas 3aKJIo4aeTcsl B UCIOJIb30BaHUM SIY€eK Ha OCHOBE
MOII-TpaH3UCTOPOB C p-KaHaJoM, B KOTOPbIX (op-
MUpYETCSl WM pa3pyllaeTcsl KaHadl M3 HEOCHOBHBIX
HOCHUTeNIe — IBIPOK. BOJBIIMHCTBO CXeMOTEXHUYE-
CKHUX PELIEHUIA, KOTOPbIe IPUMEHSIOTC K siYeKaM C
n-KaHaJIoM, TakKKe MOTYT OBITh NIPUMEHEHBI K SUeii-
KaM ¢ p-KaHajaoM. OCHOBHBIMU JTOCTOMHCTBAMH STYeEK
C p-KaHaJIOM SIBJISIIOTCS: JIydlllasi HaJexXHOCTh, OoJiee
BBICOKAsI CKOPOCTh IMPOTPAMMHUPOBAHUS M HHU3KOE
sHepromnorpedneHue [28].

IMTporpammupoBanne ETOX-gueek ¢ p-KaHalloM
MOXKET OCYIIECTBIISIThCS IT0 MEXaHN3MY MHAYIITMPOBaH-
HOTO TOPSTYUMU JIEKTPOHAMM MEXK30HHOTO TYHHEIM -
poBanus snekTpoHoB (BTBTIHE — band — to — band
tunneling — induced hot — electron uninu BBHE —
Band-to-Band induced Hot Electron). Takxe mpo-
rpaMMHPOBAHNE BO3MOXHO MHXEKIINEH TOPSTINX JTBI-
POK KaHaja, MHIYLIMPOBAHHBIX TOPSTYMMMU IJIEKTPOHA-
mu (CHHIHE — channel hot — hole — induced hot —
electron) 13 wiu FN-tyHHenupoBanueM. CTupaHue
ETOX-syeek ¢ p-kaHanoM ocyiecTBisieTcss FN-TyH-
HeaupoBaHueM [1, 28].

ITomumo ETOX-s1ueek CylIecTBYIOT U APYIUe TOIIO-
JIOTUYeCKUe Pa3HOBUIHOCTM slyeeK ¢ p-KaHaioM. On-
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HUM U3 TaKUX TIPUMEPOB SIBJISIETCS siuelika Tuma "split
gate" ¢ p-kKaHajioM. KOHCTpYKTUBHO siueiika HaIlOMU-
Haet "split gate" SuperFlash nepBoro noxkosaexHus [29].

IIporpammupoBanue sgueitku Ttmma "split gate” ¢
p-KaHajioM Bo3MOxXHO o mexaHusmaM BTBTIHE u
CHHIHE (B 3aBUCUMOCTH OT TIPUJIOKEHHBIX K BbIBO-
JaM siueiiku HanpspkeHuit). [Tpu aToM MHXXeKIIMOHHAs
spdexkTnBHOCTL Mexann3Ma BTBTIHE na nBa mopsia-
ka Beiie, yeM CHHIHE. CtupaHue ocyiecTBiseTcs
FN-tyHHenupoBaHueM saekTpoHoB u3 113 B Y3 [29].

Elie omHOM pa3sHOBUIHOCTBIO STYEHKH C p-KaHAJIOM
SIBJISIETCS s4eiika, BbIIoJHeHHasd 1Mo SONOS-texHo-
Jioruu, Kotopyto HasbiBaioT B4-Flash. Takoe HazBaHue
00pa3syeTcst OT MexaHU3Ma MPOrpaMMUPOBAHUS STUIEii-
ku "Back Bias assisted Band-to-Band tunneling indu-
ced hot-electron" [30].

ITporpammupoBaHue siueek ¢ p-kaHanom B4-Flash
OCYIIECTBIISIETCS MHAYLIMPOBAHHBIMY TOPSTINMHU DJICK-
TPOHAMM MEXX30HHBIM TYHHEJIMPOBAHUEM 3JIEKTPOHOB
Mpu cMeleHuu Ha noanoxke (Back Bias assisted Band-
to-Band tunneling induced hot-electron — "B4-HE"),
a ctupanue — FN-tyHHenupoBaHueM Absipok [30].

MuoroyposneBble siueiiku mamaty EEPROM u FLASH

MHoroypoBHeBoii stueiikoit (anri. MLC — multi-
level cell) Ha3BIBAIOT SIYEHKY, B KOTOPOM XpaHUTCS 00-
Jiee ofHoro 6uTa. JJocToBepHO U3BECTHO 00 YCTEIIHbIX
TecTax MPOTOTUIIOB, XpaHSIIIUX 4 OUT B OAHOM sTueiike
[24]. B HacTosiee BpeMsl pa3pabOTYMKU HAXOASITCS B
MOMCKaxX MpenesibHOro yrciia OMTOB Ha OJHY STYEHKY.

OO6bIUHAsI OMHOOMTHAS STUYeiika MaMsITU MOXET TIpU-
HUMaTh ABa coctostHuss — "0" unm "1", KoTophie pas-
JIMYAIOTCS T0 BEJIMYMHE 3apsiga, nmoMeleHHoro B 113
WIM LeHTpHI 3axBata 3apsaga (a1 MHOII-tpan3ucro-
poB), B To BpeMsi kKak MLC cniocoOHa xpaHUTh Oosiee
JBYX BEJIMYMH 3apsiiOB M, COOTBETCTBEHHO, OOJbliee
YUCIO cocTosiHUM. TIpu 3TOM KaxXaoMy COCTOSIHUIO B
COOTBETCTBUE CTaBUTCS OMpeAeieHHas KOMOMHAIIMS
3HaueHuit outos ("00", "01", "10" wum "11").

Bo Bpems 3anucu B I13 v LieHTphI 3aXBaTa 3apsiaa
(I133) momelaeTcst YMCIo 3apsiia, COOTBETCTBYIOLIEE




HeoO0xoauMoMy cocTosiHUI0. OT BEeJIMUYMHEBI 3apsiga 3a-
BUCUT MOPOroBoe HampstkeHue TpaHsuctopa. Iloporo-
BOE€ HaIpsDKEHME TPaH3MCTOpPa MOXHO W3MEPUTh MPU
YTEHUU U OIPEAETUTh 10 HEMY 3allMCaHHOE COCTOSIHUE,
a 3HAYUT, U 3alMCAHHYIO MOCAEA0BATEIbHOCTh OUTOB.

IMporpammupoBanne MLC-sueexk B "cpenHee" co-
crosgHue ("10" u "01") ocyluecTBAsIETCS IO AJITOPUTMY
MHOTOKPAaTHOM MOoJaYn UMITYyJIbCOB M 3aHUMAeT OOJTb-
11Ie BpeMEHH, YeM TIporpaMMUpoOBaHue "BEpXHEro" co-
crosgHus ("00") [1]. Ctpykrypa MLC-s1ueiiku 0ObIYHO

OcHoBHble xapakTepucTukyu pa3inynbix syeek EEPROM n FLASH [1—-31]

HazBanue siueitku Tun sraeiiku ITporpamMmupoBaHue Crupanue

FLOTOX 2-TpPaH3KCT. e-FN-tynnenupoBanue u3 I13 e-FN-tyHHennpoBaHue
B CTOK B 13 u3 croka

ETOX 1-Tpan3ucr. "stack gate” 1) ropstume anexkrponsl (CHE) e-FN-tyHHenmnpoBaHue
2) e-FN-TyHHe1MpoOBaHMe u3 [13 B uctoxk
un3 xanHana B [13

MoneT 1-Tpansucr. "stack gate” e-FN-Tynneauposanue u3 13 ropstuue 35mekTpoHbl (CHE)
B KaHaJ

CHISEL 1-TpaH3uct. "stack gate" BTOPUYHBIEC JIEKTPOHBI e-FN-TynHempoBanue

u3 I13 B uctok

SuperFlash (1-e, 2-e mokone- | 1,5-tpan3ucr. "split gate" ropsture 35eKTpoHbI (SSI) e-FN-TyHHempoBaHue

HUS) u3 [13 B Y3

SuperFlash (3-e mokosneHue) 1,5-TpaH3ucrt. 4-gate ropsture 31eKTpoHbI (SSI) e-FN-tyHHennpoBaHue

u3 [13 B 3arBop BhIOOpa (WL)

SCSG 1,5-Tpan3ucr. "split gate" ropsture 31eKTpoHbI (SSI) e-FN-tyHHemMpoBaHue
u3 I13 B uctok
Flash-Masuoka 1-Tpan3ucr. 3-poly ropsture 35ekTpoHbl (CHE) e-FN-TyHHempoBaHue
u3 [13 B cTuparoiuii 3aTBOp
SISOS 1-Tpan3uct. 3-poly ropsture 35mekTpoHbl (CHE) e-FN-TyHHempoBaHue
u3 [13 B cTok
SSIMOS 1-TpaH3uct. 3-poly e-FN-tynHenmupoBanue u3 KaHana | e-FN-TyHHeInpoBaHue
B [13 u3 I13 B xaHan
SSTR 1-tpaH3uct. 3-poly e-FN-TyHHenupoBaHue u3 kaHana | e-FN-TyHHenupoBaHue
B [13 u3 [13 B xanan
TPFG 1-tpan3uct. 3-poly e-FN-TyHHe1mpoBaHue U3 mpo- e-FN-TyHHempoBaHue
rpaMMUpyoIIero 3atsopa B 13 u3 [13 B ympaBisionuii 3aTBop
HIMOS 1,5-Tpansuct. "split gate” 3-gate | ropstune 3;eKTpoHbI (SSI) e-FN-tynneauposanue u3 13
B CTOK WJIH YIPaBJISIOLINIA 3aTBOP
SONOS 1-tpan3ucr. "stack gate" e-FN-tyHHenupoBanue u3 kaHasna | h-FN-tyHHenupoBaHue
B ONO u3 kaHana B ONO
TANOS 1-Tpan3ucr. "stack gate” e-FN-tynHenupoBanue u3 kaHaia | h-FN-TyHHeampoBaHue
B ANO n3 xkaHana B ANO
p-ETOX 1-Tpan3ucr. "stack gate” 1) e-Mex30HHOe TyHHenupoBaHue | 1) e-FN-TynHenaupoBanue u3 I13
(BTBTIHE) BY3
2) ropstuue npipku (CHHIHE) 2) e-FN-tynHenupoBanue u3 13
3) e-FN-TyHHenMpoBaHMe U3 Ka- | B KaHal
Hana B [13

p-"split gate 1,5-tpan3uct. "split gate”

1) e-Mexx30HHOE TyHHenupoBaHue | e-FN-TtyHHeaupoBaHue u3 [13
(BTBTIHE) B Y3
2) ropstune aeipku (CHHIHE)

p-B4-Flash 1-Tpan3ucr. "stack gate” B4-HE-tyHHeMpoBaHue h-FN-tyHHeMpoBaHue
u3 xkanHana B [13
StrataFlash ETOX 3aBUCHUT OT CTPYKTYPBI STYEHKU 3aBUCHUT OT CTPYKTYPHI STYEHKU
SONOS
TANOS
mirror bit SONOS e-FN-tyHHenupoBanue 3 kaHaia | h-FN-TyHHeaupoBaHue
TANOS B ONO/ANO n3 kanama 8 ONO/ANO
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aHaJIOTMYHA CTPYKType "00buHOM" sueiiku Tuia ETOX
i SONOS/TANOS.

Eume ogHuM cnocoboM XpaHeHHUs OBYX OWUTOB B
OZIHOI sueliKe sIBJsgeTcs npeanoxeHHas ¢. AMD ap-
XUTEeKTypa "mirror bit" (3epkanbHBI OMT). B ogHOM
3alIOMMHAIONIEM 2JIEMEHTE XpaHSTCS JABa OuTa HaH-
HBIX B BUJE MHAWBUAYAJIbHBIX 3apsiioB (puc. 15, cwm.
TPETBHIO CTOPOHY O0JIOKKM), pa3MEIIEHHBIX B Pa3HbIX
MecTax IOA3aTBOPHOTO CJIOSI OMHOIO U TOTO XK€ TpaH-
3ucrtopa [2].

3anoMuHampIas o0JacTb B TPaH3UCTOPAX THUIIA
"mirror bit" MommduIIMpoBaHa TaK, YTOOBI TPYMITHI
3JIEKTPOHOB MOTJIM HE3aBHUCUMO XPAaHUTHCSI B 00emX
ee ctopoHax [2] (ucnosb3ytotcst TpaH3ucTopbl ¢ ONO-
CTPYKTYpoii, Tak Kak B [13 3apsin paBHOMepHO pacrpe-
nensietcs no oobemMy [31]). Ilpu aToM stueiika mposiB-
JISIeT cebs1 Kak JBa dJeMeHTa MaMsITH.

OCHOBHBIM JOCTOMHCTBOM siueeK "mirror bit" me-
pen MLC-gueiikamMu SIBJIIETCS OTCYTCTBUE KECTKUX
JIOITyCKOB Ha BEJIMYMHY BBOIMMOTO 3apsiaa, a 3TO IO-
3BOJISIET MTPOBOAUTH TPOLIECCHI YTCHUS, CTHUPAHUS U
3aITUCY MHTEHCUBHO C COXpaHeHWEM BBICOKOM CKOpO-
ctr. Takke TOBBIIIAETCS W HANEXKHOCTh COXPaHCHMS
JIAHHBIX, MOCKOJbKY AOMYCTUMbIE IMOTEpPU 3apsiaa B
MLC-suelikax 3HaUMTEIbHO MeHbIIe [2].
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Structure of Eeprom and Flash Memory Cells

Now there are many different types of semiconductor nonvolatile memory cells. Most part of this variety belongs to the elec-
trically erasable programmable read-only memory (EEPROM) and flash memory cells. Commonly the words "flash-memory" or
"EEPROM-memory"” are used as commercial terms, which do not reflect the real design philosophy and structure of the memory
cells. This article presents an attempt to classify EEPROM and flash memory cells by their design philosophy on the basis of the
manufacturers’ information and results of the authors’ own investigation. We consider various numbers of transistors (1T, 1,5T, 2T)
and gates in the memory cells, as well as certain types of the transistor channels, various programming and erase memory cell mecha-
nisms (hot electrons injection, FN — tunneling etc.). Our classification covers FLOTOX, ETOX, MoneT, CHISEL, SuperFlash
(1, 2, 3 generations), SCSG, Flash-Masuoka (first flash memory cell patent), SISOS, SSIMOS, SSTR, TPFG, HIMOS,
SONOS/TANOS, p-ETOX, p-"split gate", p-B4-Flash, StrataFlash, mirror bit, etc. We do not consider new perspective types of
the nonvolatile memory cells, which are not based on the semiconductor technology (FeRAM, OUM, MRAM etc.), since such new
cells are not used widely enough at the moment.

Keywords: nonvolatile memory, EEPROM, flash, structure of memory cell, superflash, ETOX, FLOTOX, MLC, SONOS,

HIMOS

Introduction

The non-volatile memory includes such types of the mem-
ory, which cells’ state stays unchanged when power is turned
off [1]. They include mask ROM (MROM), programmable
ROM (PROM), ultraviolet-erasable ROM (EPROM), elec-
tronically erasable programmable ROM (EEPROM), flash
memory (FLASH), ferroelectric memory (F(¢)RAM), mag-
netoresistive memory (MRAM), polymer ferroelectric memory
(PFRAM), memory on amorphous semiconductors (ovonic
memory, OUM), and others [2].

The purpose of this work — the study of the building prin-
ciples of the cells of non-volatile memory of EEPROM and
FLASH type. There is no consensus on the definition of
FLASH memory and its differences from EEPROM. For ex-
ample, the EEPROM cell is twin-transistored [2], while the
FLASH cell is one-transistored; FLASH-memory cells con-
sist of one transistor with a floating gate, which threshold volt-
age can be changed by applying of an electric field to the gate
[3]. FLASH-memory technology is a combination of EPROM
and EEPROM technologies, and the term "FLASH" refers to
the ability to simultaneously erase large amounts of memory
[4]. FLASH-memory is a modification of EEPROM, in
which a simultaneous erasure of all chips’ memory occurs in-
stead of erasure of a single byte [5].

The first modern FLASH-memory was proposed by
F. Masuoka (Toshiba) in 1984 [6] on [1]. Erasing in a pro-
posed cell was provided by special (third) polysilicon gate,
where the electrons were removed from the floating gate by
applying of a positive impulse [6—8]. The erasing was carried
out simultaneously for all cells. On this basis, as well as on the
results of the above mentioned studies, it can be concluded
that the structure of cells in FLASH memory and EEPROM
memory is similar, and the differences lie in the organization
of the memory array, which provides byte by byte erasing for
EEPROM memory and simultaneously erasing of large array
of cells for FLASH memory. Such arrays are usually called
"blocks" or "pages” [1].

EEPROM and FLASH memory cells can be twin- and
one-transistored, but anyway they are based on the floating-
gate transistor or on the transistor with ONO (oxide—ni-
tride—oxide) structure. The classification of the cells by tran-
sistor type is shown in fig. 1.

Twin-transistored cells based on FLOTOX-transistor

FLOTOX-transistor (fig. 2, a) is a MOS-transistor with a
floating gate, wherein the thickness of gate oxide in compar-
ison with the channel area in the drain region (tunnel oxide)
is reduced in several times (=10 nm).

Twin-transistored EEPROM and FLASH cells are built
on the basis of FLOTOX-transistor (fig. 2, b). A conventional
MOS-transistor in such cells becomes a second transistor,
which is called "select transistor” (ST) and it is used to prevent
over-erasing of the cells [5], wherein the floating gate receives
more electrons than is required.

Erasing of a cell is performed by injecting of electrons into
the floating gate and its recording — by extraction of electrons
from the floating gate. Both operations are performed by
Fowler-Nordheim tunneling [4, 9].

One-transistored cells based on transistors
with stacked gate

EEPROM and FLASH memory cells, based on transistors
with stacked gate are composed of a single transistor, which
drain is connected to the bit line (BL), the control gate (CG)
to the word line (WL), and the source (S) is connected to
ground (fig. 3). Such MOS-transistor with floating gate (FG),
in which the thickness of the gate oxide consists of a few na-
nometers is named ETOX (Extremely Thin OXide).

Writing into a memory cell (programming) can be carried
out by injecting of the hot electrons [1, 10] or by FN-tun-
neling [11] (depending on organization of the memory array),
and erasing can be carried out by FN-tunneling [1, 10, 11].

Programming (writing) by the hot electrons is performed
for ETOX (the cells with NOR-type organization of the
memory array) [10]. The positive voltage is applied to the
control gate (CG) and on the drain, but the source is ground-
ed. With sufficient drain bias, the minority carriers in the
channel near the drain become heated by electric field till
high energies. The consequence of this is increase of the en-
ergy of some of the minority carriers to a level which allows
to overcome the energy barrier of the gate oxide (SiO,). If the
oxide field provides the injection (positive voltage on CG),
the carriers become injected into the gate insulator and give
a push to injection of the hot electrons in the FG [12, 13],
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which being accumulated shift the current-voltage character-
istic (CVC) of ETOX-cell toward the higher values.

Programming (writing) by FN-tunneling is performed for
ETOX-cells with the NAND- [11] and DINOR-type [1] or-
ganization of the matrix memory. The positive voltage be-
comes applied on CG and the source, drain and substrate be-
come grounded. The high electric field becomes created in
the area of the tunnel oxide, which allows electrons to pen-
etrate into the floating gate from the channel (substrate)
through the tunneling oxide (tunnel by FN-mechanism). Un-
like to FLOTOX-cell, where FN-tunneling is performed in
the drain region (tunneling oxide region), FN-tunneling in
ETOX-cells is performed in the entire channel.

Erasing of ETOX-cells of any matrix memory organiza-
tion is performed by FN-tunneling [1, 10, 11]. For the cells
with the NOR organization, a negative voltage or zero be-
come applied on CG, a positive voltage become applied on
the source, and the substrate becomes grounded. In this case,
the electrons from the floating gate tunnel into the source.

To erase ETOX-cells with NAND organization, the pos-
itive voltage becomes applied to the drain, source and sub-
strate, and the control gate becomes grounded. In this case,
the electrons tunnel from the floating gate into the channel
(substrate).

To reduce the operating voltage in the memory arrays
based on "split gate" cells, a cell with low threshold voltage be-
comes considered as "programmed”, and a cell with a high
threshold voltage — as "erased". These cells are called MoneT
(Motorola) [1]. The vertical section of such cells along the bit
line is similar to the ETOX-cells (fig. 3, b), while the cross-
section along the dictionary line is different (fig. 4).

Another way to reduce the operating voltage in the mem-
ory arrays based on a stacked gate cells is the use of the cells
with mechanism of programming by the secondary electrons,
which are generated by collision ionization. These cells were
first announced in 1998 (Lucent) and are called CHISEL
(Channel Initiated Secondary Electron Injection). Program-
ming of CHISEL-cells requires energy 10 times less in com-
parison with the cells that are programmed by injection of the
hot electrons [14]. According to the structure, they are similar
to ETOX-cells. For their programing by the secondary elec-
trons, the negative voltage equal by modulo to the drain volt-
age becomes applied on the substrate, and the positive voltage
becomes applied on the control gate [15].

One-and-a-half-transistored cells based
on a split-gate transistors

EEPROM and FLASH memory cells on the basis of the
split gate transistors compose of one transistor, the drain of
which is connected to BL, the control gate is connected to
WL, and the source is grounded. The considered group of
cells includes: SuperFlash of the 1st and 2nd generations and
SCSG.

The cells of SuperFlash type (1% and nd generation) rep-
resent MOS-transistor with floating gate, in which one part of
the channel is covered by CG, the second — by CG and PG,
and the third — by PG. Thus, one can say that the "split gate"
SuperFlash cell is an improved version of the twin-transis-
tored cell, in which the channels of the sampling and storing
transistors are combined. The "split gate" SuperFlash cells
may be of the first (fig. 5) generation (not self-aligned tech-
nology) and of the second (fig. 6) generation (self-aligned
technology).
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Programming of the "split gate" cells becomes performed
by injecting of the hot electrons (as well as for ETOX-cells
with the NOR-type organization of the memory array) from
the channel from the drain side into FG (cell’s CVC becomes
shifted towards higher values), and the erasing becomes per-
formed by FN-tunneling of electrons from FG into the con-
trol gate (cell’s CVC becomes shifted toward lower values)
[1]. FN-tunneling is done from the sharpened edge of the
floating gate, where the value of the field increases.

At programming of the SuperFlash cells (1% and gen-
eration), the over-threshold voltage becomes applied on CG-
WL. In the channel’s region, where there is only a control
gate, a conductive region becomes formed. A voltage, which
does not exceed 1 V, becomes applied on the drain — BL
(programming is prohibited at high voltages), which through
the channel, formed under the control gate, comes at the edge
of the FG. The positive voltage of 7,5...10 V becomes applied
on the source, capacitively coupled to FG. Due to the differ-
ence of the drain-source voltage, the hot electrons become
generated in the channel. The field between FG and the
channel moves hot electrons that overcame the energy barrier
Si—Si0, (=3,2 eV) into FG with an efficiency of 100 %. Due
to accumulation of the negative charge in FG, the program-
ming effect becomes self-limiting (the negative charge of FG
destroys the channel formed beneath) [1].

At erasing, the voltage of 10...12 V becomes applied at the
control gate, and the source and the drain becomes grounded.
The field between the control and the floating gates is weak
throughout intergate dielectric, except sharpened edge of FG,
at which it increases rapidly, and which is called "tunneling
injector". Displacement of the charge (FN-tunneling) is fast,
but is self-limited by the positive charge of FG, which reduces
the potential difference between the FG and the control gate
and violates the terms of FN-tunneling. As a result of erasing,
FG accumulates a small positive charge, which reduces the
threshold voltage of the cell to the required level.

Flash-memory cell of SCSG type (source — coupled
split — gate) refers to the type of "split gate" cells [1], they are
also known as 1,5T FLASH (one-and-a-half-transistored
cell) [16]. The scheme of cross-sections and cell’s topology
are shown in fig. 7. The configuration prevents overerase of
the cells, as well as in the SuperFlash "split gate" cells.

Erasing of SSSG cells is carried out by FN-tunneling of
electrons from FG into the source, on which a high positive
voltage becomes applied [16]. To prevent the injection of hot
holes, the flow under FG in the area of tunneling has a higher
level of doping than in the contact area [1]. The programming
is done by injecting of hot electrons in FG in the drain area.

2nd

Memory cells based on the transistors
with three or more gates

There are a variety of cells of EEPROM and FLASH non-
volatile memory with three or more gates. The cell of the first
FLASH-memory presented by Dr. Masuoka in 1984 [6] at [1]
was also with the three gates (fig. 8). The first gate was used
for erasing (EG), the second — floating (FG), the third —
controlling (CG).

Programming in such cell is carried out by the hot elec-
trons of a channel, as well as for ETOX-cells with the NOR-
type organization of the memory matrix. Erasing is performed
by extracting of the electrons from FG into EG (for all cells
at once) [17].




To prevent the possibility of overerasing and occurrence of
leakage currents on the bit line, Naruke has proposed SISOS
cell design (sidewall select-gate on the source side), repre-
senting the MOS-transistor with the floating gate and an ad-
ditional select gate (SG), located on the side (fig. 9). [18].
Programming is done by hot electrons from the drain, and
erasing — by FN-tunneling of electrons from FG into the
stock of SISOS-transistor [17].

Reduction of erasing and writing time into FLASH cells
with the tunnel oxide without changing of the programming
voltage is possible by increasing of the current of FN-tun-
neling. Such acceleration can be achieved by reducing of the
thickness of the tunnel oxide, reducing of the energy barrier
of injection and increase of the coupling coefficient [19]. The
cross section of EEPROM cells with increased coupling co-
efficient can be based on SSIMOS-transistor (Shielded Sub-
strate Injection MOS) and SSTR-transistor (Stacked Self-
aligned Tunnel Region) (fig. 10). Erasing and programming in
such cells is carried out on the base of FN-tunneling.

In 1979 [20], a three-gate transistor TPFG (Textured Poly
Floating Gate) was first proposed, which was originally posi-
tioned as a cell of NOVRAM, and in 1980 — as a key element
of EEPROM [21]. The structure of the cross section and the
diagram of this cell is shown in fig. 11. Erasing and writing in
such cell is carried out due polyoxide conductivity [19].

One of the main limitations of the traditional mechanism
of hot electron injection at programming is its low efficiency
and high power consumption. The mechanism of the drain-
side injection can be used with to eliminate this limitation
(DSI), which is 1000 times more efficient. This mechanism is
used in the HIMOS-type cells (High Injection MOS) [1]. The
examples of topologies and the schemes of the cross sections
of the HIMOS-type cells are shown in fig. 12 (look at the figure
on the 3-rd page of the cover). The thickness of the dielectric
under FG is ~8,5 nm, between FG and CG, CG and a chan-
nel ~30 nm.

Programming of the HIMOS-memory cells is carried out
by the source-side injection of the hot electrons (SSI). Eras-
ing of the HIMOS-memory cells is carried out by FN-tun-
neling. There are two available mechanisms: the first one in-
volves tunneling of the electrons into the drain (drain erase),
and the second one involves the tunneling of the electrons
through the gate oxide from the edge of FG [22].

Apart from the reviewed memory cells of SuperFlash type
with "split gate” of the 1% and the 2" generation, there are
third-generation SuperFlash cells (fig. 13) with four gates:
floating gate (FG), control gate (CG), erasing gate (EG) and
couple gate (CpG). Erasing of such cells is carried out by FN-
tunneling of electrons from FG into the select gate, for pro-
gramming — source-side injection of the hot electrons into
FG (SS CHE injection) [23].

EEPROM and FLASH memory cells without floating gate

Besides common cells with the floating gate, there are the
SONOS-transistors based cells (Semiconductor Oxide Nitride
Oxide Semiconductor), which do not contain the floating
gate. In SONOS-cells, the composite ONO dielectric per-
forms its function and function of the surrounding insulator
[24]. The charge trapping centers at an interface of the die-
lectric oxide layers (SiO,) and a silicon nitride (SizN,) per-
form the role of the charge accumulator. SONOS-transistor
(fig. 14) resembles a conventional MNOS transistor with
"Stack gate" structure. Interest to the SONOS-cells grown

when the limit of scaling of the cells with floating gate was
reached, which composes 45 nm [25, 26].

Programming of the SONOS-cells is carried out by
FN-tunneling of electrons from the channel into the storing
layer (charge trapping centers on the border nitride-Si;Ny) of
ONO-structure. Erasing is carried out by FN-tunneling of
holes from the channel into the storing layer of ONO-struc-
ture [25].

TANOS-cell (Tantalum—Aluminum—Nitride—Oxide—
Silicon) is modification of the SONOS-cells on tantalum ni-
tride — aluminum oxide — silicon nitride — silicon oxide —
silicon. Appearance of the modification was caused by the
need to reduce leakage through the upper silicon oxide
(FN-tunneling of electrons in the control gate due to small
thickness of the silicon oxide) and to reduce of the erase sat-
uration effect (erase lock after neutralization of all electrons
in ONO structure due to starting of FN-tunneling of electrons
from the gate into ONO).

Removing of these effects is carried out by replacing of the
upper silicon oxide on aluminum oxide with a high dielectric
constant (high-k) and replacement of the polysilicon gate on
the tantalum nitride gate (material with greater work function
than silicon’s work function) [27].

EEPROM and FLASH memory cells with p-channel

The considered EEPROM and FLASH cells of non-vol-
atile memory are based on MOS transistors with n-channel,
in which the channel of minority carriers-electrons becomes
formed or destroyed in the gate region. There is an alternative,
which consists in use of the cells based on MOS-transistors
with p-channel, which the channel of minority carriers-holes
becomes formed or destroyed. Most of the solutions applied
to the cells with n-channel may be applied to the cells with
p-channel. The main advantages of the cells with the p-chan-
nel are: better reliability, higher programming speed and low
power consumption [28].

Programming of ETOX-cells with p-channel can be car-
ried out by induction by the hot electrons of interband tun-
neling of the electrons (BTBTIHE — band — to — band tun-
neling — induced hot — electron or BBHE — Band-to-Band
induced Hot Electron). The programming is also possible by
injecting of the channel’s hot holes by induction of the hot
electrons (CHHIHE — channel hot — hole — induced hot —
electron) into FG or by FN-tunneling. Erasing of the ETOX-
cells with p-channel is carried out by FN-tunneling [1, 28].

Besides ETOX-cells, there are other topological variations
of the cells with p-channel. An example of such cells is "split
gate" type cell with p-channel. Structurally it resembles the
SuperFlash "split gate" cell of the first generation [29].

Programming the "split gate" type cell with p-channel is
possible by the mechanisms BTBTIHE and CHHIHE (de-
pending on the applied voltages). In this case, the injection ef-
ficiency of the BTBTIHE mechanism "Back Bias assisted
Band-to-Band tunneling induced hot-electron" is two orders
higher than CHHIHE. Erasing is carried out by FN-tun-
neling of electrons from FG into CG [29].

Another variation is a cell with p-channel made by
SONOS-technology, which is called B4-Flash. This name is
formed from the programming mechanism of the cell [30].

Programming the B4-Flash cells with p-channel is carried
out by induced hot electrons by their interband tunneling at
substrate’s displacement (B4-HE), and erasing — by FN-tun-
neling of the holes [30].
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EEPROM and FLASH multi-level memory cells

A cell is called "multilevel" (MLC — multilevel cell) if it
stores more than one bit. The successful tests of the prototypes
are known, that store 4 bits of information per cell [24]. The
developers search for a maximum number of bits per cell.

The usual one-bit memory cell can take two states — "0"
or "1", which differ by the amount of charge, placed in FG or

charge trapping centers (for MNOS transistors), while MLC
is capable to store more than two values of the charges and a
large number of states. Wherein, each record state corre-
sponds to a certain combination of bits ("00", "01", "10" or
"11"). During recording, the amount of charge corresponding
to the state becomes placed in FG or charge trapping centers
(CTC). The threshold voltage of the transistor depends on the

The main characteristics of the different EEPROM and FLASH cells [1-31]

Cell Type Programming Erasing
FLOTOX 2-transistored e-FN-tunneling from FG into e-FN-tunneling into FG
drain from drain
ETOX 1-transistored "stack gate" 1) hot electrons (CHE) 2) e-FN-| e-FN-tunneling from FG
tunneling from channel into FG | into source
MoneT 1-transistored "stack gate" e-FN-tunneling from FG into hot electrons (CHE)
channel
CHISEL 1-transistored "stack gate" Secondary electrons e-FN-tunneling from FG
into source
SuperFlash (1%, ond generation) | 1.5-transistored "split gate" hot electrons (SSI) e-FN-tunneling from FG
into CG
SuperFlash (3rC1 generation) 1.5-transistored 4-gate hot electrons (SSI) e-FN-tunneling from FG
into SG
SCSG 1.5-transistored "split gate" hot electrons (SSI) e-FN-tunneling from FG
into source
Flash-Masuoka 1-transistored 3-poly hot electrons (CHE) e-FN-tunneling from FG
into EG
SISOS 1-transistored 3-poly hot electrons (CHE) e-FN-tunneling from FG
into drain
SSIMOS 1-transistored 3-poly e-FN-tunneling from channel e-FN-tunneling from FG
into FG into channel
SSTR 1-transistored 3-poly e-FN-tunneling from channel e-FN-tunneling from FG
into FG into channel
TPFG 1-transistored 3-poly e-FN-tunneling from e-FN-tunneling from FG
programming gate into FG into CG
HIMOS 1.5-transistored "split gate" 3-gate | hot electrons (SSI) e-FN-tunneling from FG
into drain or CG
SONOS 1-transistored "stack gate" e-FN-tunneling from channel h-FN-tunneling from channel
into ONO into ONO
TANOS 1-transistored "stack gate" e-FN-tunneling from channel h-FN-tunneling from channel
into ANO into ANO
p-ETOX 1-transistored "stack gate" 1) e-interband tunneling 1) e-FN-tunneling from FG
(BTBTIHE) into CG
2) hot holes (CHHIHE) 2) e-FN-tunneling from FG
3) e-FN-tunneling from channel | into channel
into FG
p-“split gate” 1.5-transistored "split gate" 1) e-interband tunneling e-FN-tunneling from FG
(BTBTIHE) into CG
2) hot holes (CHHIHE)
p-B4-Flash 1-transistored "stack gate" B4-HE-tunneling h-FN-tunneling from channel
into FG
StrataFlash ETOX Depends on cell’s structure Depends on cell’s structure
SONOS
TANOS
“mirror bit” SONOS e-FN-tunneling from channel h-FN-tunneling from channel
TANOS into ONO/ANO into ONO/ANO
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amount of charge. It can be measured at reading and to de-
termine the recorded state, and hence the sequence of the re-
corded bits. Programming of MLC-cells in the "middle" state
("10" and "01") is carried out according to the algorithm of
multiple pulsing and takes more time than the programming
of the "upper" state ("00") [1]. MLC-cell structure is usually
similar to the "normal” cell of ETOX or SONOS/TANOS
type.

Another way to store two bits per cell is proposed in "mir-
ror bit" architecture (AMD). One memory cell stores two bits
of data in the form of individual charges (fig. 15, look at the
figure on the 3-rd page of the cover), placed at different lo-
cations of the gate layer of the same transistor [2]. The storage
region in these transistors is modified so that a group of elec-
trons can be stored independently in both its sides [2] (the
transistors with ONO-structure, because the charge in FG is
distributed evenly over the volume [31]). In this case, the cell
behaves as two memory elements. The main advantage of the
"mirror bit" cells before the MLC-cells is the lack of precision
tolerances on the amount of injected charge, which allows to
maintain high speed for reading, writing and erasing. The re-
liability of data storage also increases, since the acceptable
charge losses in the MLC-cells are significantly lower [2].

Conclusion

Analysis of the various cells of the semiconductor non-
volatile memory such as EEPROM and FLASH is shown in
the following table.
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COBPEMEHHOE COCTOSAHME PASPABOTOK
B OBAACTU DHEPTOHE3ABUCUMOM NMAMATU

ITlocmynuaa 6 pedaxyuro 19.12.2014

baaeodaps pacuwupenuro 603moxicHoCmeld YUPPOBGbIX YCMPOUCME, CHOCOOHbIX HAKANAUBAMb U NePEeHOCUMb OAHHble, CHPOC HA
KOMNAKmHble MOOYAU XPAHEHUS UHGopMayuu nocmosiuHo yeeauyusaemcs [1]. B uacmuocmu, moavko pocm npodaxc SSD-ouckos,
c030asaembiX Ha OCHO8e HAUbo1ee PACNPOCMPAHEHHOU MexXHoA02UU pasu-namamu, yeeauyusaemes ¢ 31,1 man doan. 6 2012 2. do
227, 1 man doan. 6 2017 e. [1]. Oonako ycmpoiicmea hasu-namsmu obaadarom HU3KoU cKopocmbio 3anucu unHgopmayuu [2], ne-
docmamouHbIM YUCAOM YUKA08 3anucu ungopmayuu ( ]04...]05), HU3KOU paduayuoHHOU CMOUKOCMbio, O0OCHUSHYMbIM NPe0esoM

YMEHbUIEeHUA ceomempUuUecKux pasmepoe A4elKu namsamu.

Karoueeuwie caosa: ¢./l3w-l’laM}lmb, namsams Ha OCHoee qba30@oeo nepexoaa, XAAbK02EHUOHbLe cnaaedol, nOﬂynPOGO@HHKOG(Z}l npo-
SOauMOCI’I’lb, nonepevyHoe Keanmoeanue, Kpucmaiiusayud, mpaH3ucmopbol, noanopoeoebzd MOK, SHepeoHe3asucumas namamo

Beenenune

Cropoc B MHUpe Ha SHEProHE3aBUCHUMYIO TaMSITh
pacteT. OMHAKO CYILECTBYIOT MPOOIEMbI, CBSI3aHHBIE C
9HepronoTpedieHueM MpUOOPOB HA OCHOBE 3TOM Ma-
MSITH: LG pOoBbIe (poToaIIapaThl 1 BUACOKAMEPHI, Ha-
JIaIOHHbIE KOMITbIOTEPHI, IU(MPOBBIE BUAECO- U ayIUO-
IUIeEphl, COTOBbIE Telle(POHBI U CMAPT(OHBI TOJLKHBI
MOTpeOJIATh SHEPIUI0 U TOTAA, KOTAA OHU BBIKJIIOYE-
HBI, a 3TO OOJIBIIINE MPOMEXYTKHA BPEMEHM.

B Hacrosiiee Bpems1 Beaylle MUPOBbIE MPOU3BO-
JIUTENIN 3JEMEHTOB IaMsTU aKTUBHO pa3pabaThbiBaloOT
TEXHOJIOTMIO TIPOM3BOACTBA MaMSITU C HU3MEHSIEMbIM
¢a30BBIM CcOCTaBOM (TIIaMsATh HA OCHOBE (pa3oBOTO IIe-
pexona, phase-change memory, PCM), B ocHOBe KO-
TOPOIo JIEXKUT (a3oBbIf TMepPexo: XaJlbKOTeHUIHOE
cTeky10 — Kpuctamwi. I1o cpaBHeHMIO ¢ HanboJjee pac-
MPOCTPAaHEHHOI cerogHsl (III-NaMsATbIO MaMsTh C
U3MEHSIEeMBIM (a30BBIM COCTOSTHUEM WMEeT 3HadM-
TEJbHO 00Jiee BBICOKYIO CKOPOCTb 3alMCH, BbIAEPKM-
BaeT npuMepHo B 10 Thicsiy pa3 Oosiblile LIUKIIOB Tie-
pe3anucu U MOXeT UMeTh 00Jiee BBICOKYIO TIJIOTHOCTh
3anucu MHpopMauuu. 3anuch MHGOPMALIMU 3aKIIIO-
YyaeTcsl B TOM, YTO TOHKHE TUIEHKM CTEKJIOOOPa3HOTO
XaJIbKOT€HUJa B CUJIBHOM 3JIEKTPUYECKOM T10JIe CKay-
KOM TIEPEXOMISIT U3 COCTOSIHUS C BBICOKMM COTIPOTHB-
JICHUEM B IIPOBOJISIIIEE COCTOSIHUE.

IIamMgTh HOBOTO MOKOJIEHHSI HA OCHOBE
¢azoBoro nepexona

Ecau umnyabcoMm ToKa HarpeTb akTUBHYIO 00J1acTh
Marepuaja BbIllle TEMIIePaTyphbl pa3MsrdyeHusl, To Kpu-
craju3aius (3anuch nH@opmaluu) oyneT Mpoucxo-
JIUTH 32 0YeHb Majioe Bpemsl. YToObl CHOBA IIepeBeCTU
MaTepuaj B aMop¢HOe COCTOsIHUE (CTUpaHue UH(POP-
MalliM), HEOOXOAMMO pa30rpeTh €ro BhIlE TeMIepa-
TYphl TUIaBJIEHUSI U ObICTPO oxiamuTh. UTo Kacaercs
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(uzuku addexTa nepexstoYeHus, To 10 HACTOSIIETO
BPEMEHH BOIIPOC O MPUPOE ATOIO SIBJICHUS OCTaeTCs
OTKPBITHIM [2].

OgHUM M3 OCHOBHBIX KaHIMAATOB IS MaMSITU
HOBOTO MOKOJIEHUSI SIBJSIETCSI dHEPTroHe3aBUCUMAas
(azoBas namsats (PCM). I1pu nepexongax U3 cTekiao-
00pa3Hoii B KpUCTAUTMYECKyI0 ¢ady OJIMKHUI mopsi-
1ok Ge,Sb,Tes nsmensercs, B YaCTHOCTH, U3MEHSET-
Cs YMCJIO CBS3eM M MX IJIMHBI MEXIY OJvKanluMu
COCeIsSIMU.

bnaropaps cBoum xapaktepuctukam PCM moxeT
3aMEHUTb HE TOJILKO (PJIBIII-NIaMsITh, HO U COBPEMEH-
HbIe HAaKOMMUTEJNM Ha OCHOBE XXKECTKUX MarHUTHBIX
JIUCKOB, JUHAMUYECKYI0O M CTaTMYECKYl0 OIlepaTUB-
HYIO IaMsTh, a TaKXKe PamualliOHHO CTOMKYIO aMsTh
CIelMajJIbHOIO Ha3HAuYeHUs.

st Toro 4ToOBI YCIEIIHO KOHKYpUpOBaTh C
(IB1I-TTaMSIThIO, JOJDKHO COOMIONAThCS pa3indyue Me-
KAy YAETbHBIM COIPOTHBIEHHEM aMOP(HON U Kpu-
CTAJNIMYECKO! (pa3 He MeHee YyeM Ha mopsaokK [2].

PacceuBaemasi MOIIHOCTb TPaH3UMCTOPOB, BBIMOJI-
HeHHBIX To KMOII-TexHOoMOTNYM, IeIUTCI Ha IBA TH-
na: AMHaMuJeckasl M cratmdyeckas. JluHaMmuueckas pac-
cerBaeMasi MOIIIHOCTb ITPOMCXOJAUT B MOMEHT Iepe-
KJIIOYEHHUSI U3 OJHOTO JIOTUYECKOTO COCTOSIHUSI B IpY-
roe 1 ornpeaensieTcsl AByMsI OCHOBHBIMU UCTOYHUKAMU
paccerMBaeMOi MOIIHOCTU — pa3psiioM Mapa3vuTHBIX
€MKOCTell TpaH3UCTOpa U CKBO3HBIMU TOKaMHU 4Yepes
KMOII-uuBepTOp.

Crarnyeckoe paccerMBaHME MOUIHOCTH B TpaH3M-
CcTOpax MPOUCXOAUT B MOMEHTHI (PKCUPOBAHHOTO CO-
crosguust ("0" unu "1"), u ee 3HaUEHME, OMpeAeIsieMOe
CWJION TOKOB yTeuku, nocturaet 40 % u Gosee ot 06-
1LIETO 3HEeproroTpedseHust Kpucrawia. Kpome aToro,
BBICOKME TOKU YTE€YKM BBI3BIBAIOT YXYIILIEHUE MOMe-
xoycrounBocTy. Hanbosbliiee BIMSHUE B 3TOM CITy-
yae 0Ka3bIBalOT IBA TOKA YTEUKHU: TOK YTEYKHU MPSIMOTO




TYHHEJIMPOBAHUS Yepe3 3aTBOP M MOIIOPOTOBBIN TOK
YTEUKH.

HeobxonmMo oTMETHTh, UTO HAYMHAS CO BPEeMEHH
OCBOEHMSI TIPOEKTHBIX HOPM HIKe 90 HM OMHOM U3 OC-
HOBHBIX ITPOOJIEM CTaJIM TOKH YTeUKHU. Tak, ISk TOHKUX
CJIOEB IOA3aTBOPHOIO AU3JIeKTpUKa (2...3 HM 1 MeHee)
yYMEHbILIEHUE TOJIMHBI Ha Kaxable (0,2 HM BbI3bIBACT
JIeCITUKPATHOE YBeJIMUeHUE TOKOB yTeuku [1].

®a30BbIi TIEPeXoa M3 KPUCTAULINYECKOTO COCTOS-
HUS B aMOpGHOE COCTOSTHIE W 0OPaTHO MPOVCXOINT B
y3KOI1 001acTi BOJIM3U HUKHEro anekrpoaa. Ilpu me-
pexoie M3 CTEKJI000pa3HoOil cpenbl B KpuCTaIMye-
CKyIO OyvxHMii mopsaok B Ge,Sb,yTes nusmensercs, B
YaCTHOCTU, U3MEHSIIOTCSI IJIMHBI CBSI3el MexXmy OJu-
KAUIITMMK COCEISTMM.

B mocnenHee BpeMsI TEXHOJOTUSI TaMSITH C HU3Me-
HsIeMbIM (Da30BBIM cocTaBoM ((a3oBasi mamsiTh) J0C-
TUTJIA Havaja ee IPOMBIIIJIEHHOTO OCBOCHMS. DBBIIO
MoKaszaHo, YyTo B Marepuajnax cuctembl GeSbTe min-
TEJIbHOCTb UMITYJIbCca 3amucy MoxeT goctruub 10 He [2],
a XapaKTepHOE YMCJIO IIMKJIOB Mepe3arcu MOXeT J10C-
turath 10'2, Torma Kak Ha CeroRHSIUHMIA AeHb HOJTO-
BEYHOCTh KOMMEPUYECKUX DJIEMEHTOB MAMSITH JOCTUTAeT
108 ko nepe3anucu. B ¢espane 2008 r. Koprnopa-
uus Intel coBMecTHO ¢ uUTao-(PpaHIly3CcKOil KoMIa-
Hueit ST Microelectronics BriepBble OOBSIBUIN O HavYaje
CEepUIHOTO TPOU3BOJACTBA TMaMsATU oOobemoM 8 T6uT,
nmpousBeaeHHOM Mo 20 HM TexHosoruu. B 2012 r. ripo-
M3BOACTBO (Da30BOM MaMSATH IJII WCIIOJIb30BAaHUS B
MOOUJIBHBIX YCTPOMCTBAaX Hayaja KoMmIlaHus Micron
Technology. OHa mepBoii B MUpe OCBouja CepuitHOE
IIPOM3BOACTBO (Pa30BOI MaMsITU IJISI MOOMJIBHBIX YCT-
poiictB. [Tomnmo Micron Technology u Intel, pa3pa-
0OTKOI B JaHHOM HamnpaBjeHUM 3aHuMarotcsi IBM,
Samsung, Numonyx u ap.

Kaxk nokazanu ucciienoBaHusi ¢ MOMOILIBIO METOIA
peHTreHOo(})a30BOro aHaIM3a, UCXOMHBIM CUHTE3UPO-
BaHHbI Marepuan Ge,Sb,Tes npeacrasiser coboit
MMOJIMKPUCTAJUIMIECKYIO CMeCh KyOMUeCKOI 1 reKcaro-
HaJibHOM (ha3. MicxonHble TOHKUE TJIEHKU, MOJTyYeH-
HBIE TEPMHUYECKAM HCITAPEeHHEM CUHTE3MPOBAHHOTO
marepuana Ge,Sb,Tes, ABI410TCSA aMOPOHBIMHU.

ITpu nepexogax U3 CTEKJIOOOpa3HON B KpUCTALIM-
4ecKyo ¢asy omkHuii nopsanok Ge,Sb,Te; HeCcKOb-
KO U3MEHSIETCS, B YaCTHOCTH, U3MEHSIETCS YHUCIIO CBSI-
3eil U JJIMHBI CBSI3EH MeXIy OJMXKANUILIMMU COCEISIMU.
Ilepexon oT MOJIYNMPOBOAHUKOBOW MPOBOAUMOCTH B
amopdHoit ¢aze K MPOBOAMMOCTU METALIMYECKOTO
THUIIA B TeKCAarOHAJIBHON (ha3e MPOMCXOIUT HE 3a CUET
CXJIOMBIBAHUS 3aMpelleHHOM 30HbI MaTepuaja, a 3a
cYeT cMeleHUs ypoBHsI PepMU K TTOTOJIKY BaJCHTHOM
30HbI. OMHAKO KOHKPETHbIE MPUYUHBI UM MEXaHU3-
MBI TaKOTO cMellleHus ypoBHSI DepMU HEM3BECTHBHI.

PaccMoTpuM XajbKOTeHUMAHYIO CTEKJI000pa3HYIo
IJICHKY, Ha KOTOPYIO IMogaHo HampsokeHue. Ecim mpu-
JIOXKEHHOE 3JIEKTPUYECKOe I10JIe MEHbIIIe 104 B/cMm, To
COIPOTUBJICHUE TUIEHKU OCTAeTCsl MOCTOSIHHBIM. [1pu
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CxemaTHyeckoe H300paxkeHnue HequHeitnoii BAX xaibKoreHumaos B
CHJIBHBIX 3JIEKTPHYECKHX MOJsIX ¢ 3G eKTOM nmepeKTioIeHuns

Diagrammatic representation of the nonlinear current-voltage character-
istics of chalcogenides in strong electric fields with the effect of switching

YBEJIMICHUN MPWIOKEHHOTO HAMPSKEHUST COMTPOTUB-
JIeHUE TUIEHKM MOHOTOHHO yMeHbluaeTcs. Korna npu-
JIOKEHHOE HaMpsLKeHWe JOCTUTAET MOPOroBOro 3Have-
Hus Vy, (CM. pUCYHOK), KOTOPOE Ha3bIBaKOT HaIpsXKe-
HHEeM TIPSIMOTO Tepexojia, Mocjae HEKOTOPOTro BpeEMEHU
3a/IEPKKU 7, IPOUCXOAUT MEPEXO] B IIPOBOAAILEE CO-
CTOSIHME, U ITOT Mepexoa MPOUCXOIUT 3a BpeMsi CO0-
CTBEHHOTO NEPEKITIOYEHUS 1, U COMTPOBOXAAECTCH Obl-
CTPBIM POCTOM TOKa OT Iy, 1o 1, [2].

Bpems 3anepXKKH £, 3aBUCUT OT TOJILLMHBI IULIEHKU
1 MOXKET U3MEHSIThCSI OT HAaHOCEKYH I U1 TUIEHOK Ha-
HOMETPOBOIM TOJILUMHBI 10 COTEH MUKPOCEKYH. s
TUIEHOK TOJIIIMHOM B HECKOJIBKO JECATKOB MUKPOMET-
poB. Kpome Toro, BpeMsl 3a1ep>KKU ObICTPO yMEHbIa-
€TCs MPU YBEJIMYECHUU MPUIOKEHHOTO HaMPSIKEHUS.
BpeMsi cOOCTBEHHOrO MEpEKIOYEHUs [, (switching
time) o4yeHb Majio, COrjacHO ouleHKaM OBIIMHCKOTO
t,, < 10710 ¢ [3].

PaccMoTpuM TJIeHKM XajlbKOreHuAa B TUDJIEKTPH-
YeCKOM COCTOSIHUM, B 3TOM CJlydyae SHeprus yaaaeHus
2JIEKTPOHA U3 BELIeCTBa B BaKyyM (L) ompenensercs
BDHEPruel OTpbIBa BJIEKTPOHA M3 MOJSIPU3ALIMOHHOM
cpensl (£), oOpa3oBaBllelica cpa3y IOCIE YIaJICHUS
9JIEKTPOHA OT aTOMa BEUIECTBa, U dHeprueit azoporo
CKayKa Ha TPaHUIIE BEIIECTBO—BAKyyM (Eq)). DHeprus
E,, Ha3bIBaeTCd SHepruei NoJsApU3aLUU U ONpPENes-
€TCsl BbIpaxkeHUEM

E, = (q195(1 — 1/e*r,))/2r,,.

B o01ieM ciydae auaieKTpuyeckasl IpOHULIAeMOCTh
Cpellbl 3aBUCUT OT PACCTOSHMSA (7,) MEXIY YacTULA-
MU C 3apsilaMU ¢ U ¢, TI03TOMY HaJ0 FOBOPUTb 00
5¢hHEKTUBHOM ¢ 3HAUCHHUU &£*. DHEPTrusl MOHU3AIUN
aToMa B cpelle ¢ TUBJICKTPUUECKON MPOHMIIAEMOCTHIO
g* OyJeT OTIMYAThCSl OT SHEPIUM MOJSIpU3aLMU B Ba-
KyyMe Ha BEJIMUMHY Y.

15T BellleCTB ¢ YaCTUYHO MOHHOM CBSI3BIO BBIXOJ
Ha MOBEPXHOCTb MOHOB OMHOTO 3HAaKa CIIOCOOCTBYET
YBETMUCHUIO Ej,, OHAKO MPH 5TOM PE3KO yBEIMYKBa-

HAHO- I MUKPOCUCTEMHAS TEXHHUKA, Ne 4, 2015 61



€TCS TIOBEPXHOCTHAsI SHEPTHSI, KOTOpasi OTpaHUYNBACT
Ey. B oTOM ciydae TMOBEPXHOCTHBIH CJIOK BellecTBa
COCTOMT B OCHOBHOM M3 MOHOB Pa3JIMYHBIX 3HAKOB
JINOO MPOUCXOIUT CTPYKTYpPHAsI MepecTpoiika NuaJieK-
TPpUUECKOI 00JIacTH.

PaccMmoTpuM nepeHocC 3/1eKTpOHa B MOJISIPHOM cpe-
ne. s Toro yToObl UBMEHUTh SHEPTUIO JIEKTPOHA B
MOJISIPHOM Cpefie, He0OXOAMMO U3MEHUTh KOH(PUTYpa-
LIMIO (CTPYKTYpPY) 3TO Cpelbl, T. €. UBMEHUTh €€ CTPYK-
TYpHBII u/unu ¢as3oBbiii cocTaB. B aToM ciyyae me-
pPEHOC BJIEKTPOHA MOXKHO OCYIIIECTBUTb B TPU 3Tara.

1. IlpenBaputenbHas MOJSpU3aLUsl CpPelbl, KOTO-
pasi CIBUTaeT 3HepTeTUUeCKUll YpOBEHb OT TOJIsI B OK-
cuze (E,,) K HEKOTOpOMY HeomnpeaeleHHoMY (E). s
TOr0 YTOOBI 3TO OCYLIECTBUTb, HEOOXOAMMO 3aTpa-
TUTh SHEPIUIO AEP = yzx, rae AEP — DHEPIUsl YpOBHS
B MOJISIDHON cpele; y — BeJIuYMHa TMOJsSpu3aluu;
A= (ez/Snsoa)(X;p — Yy ) — OHEPIUs MEPECTPOMKU
TOJISIPHON CPElIbl; o — PanUyC MOJISE; ¥y, %5 — ONTH-
YyecKas M CTaTUYecKasd NMPOHULAEMOCTU CPENbI; &) —
MU3JIEKTpUYeCcKasl MIPOHUIIAEMOCTh BaKyyMa.

2. B pesynbTare CTpyKTypHOIl epecTpoiKHU Mpouc-
XOJUT W3MEHEHWE DHEPruu dBJEeKTPOHA, COIMPOBOX-
Jaloleecs ero BhIXOJAOM U3 TBEPIOIo Teja Ha MOBepX-
HOCTb. B pesysbrare BoicBOOOXIaeTCA sHeprus £, — E,
rae ., — sHeprus aHa 30HbI IPOBOAMMOCTM Ha IO-
BEPXHOCTH.

3. B pe3ynbTare BTOPOTO 3Tara MpOMCXOAUT U3Me-
HEHME 3apsiia, YTO MPUBOIUT K peslakcalliyd HepaB-
HOBECHOMI CTPYKTYphbl, K €6 HOBOMY cocTosiHUIO. [Ipu
9TOH MepecTpoiiKe BhiaeseTcs sHeprus (1 — x)2k.

CyMMupysl TpM 3Tama, MOXHO KOHCTaTMPOBATh,
YTO TOJHOE U3MEHEHME SHEPruu, HeoOXomumoe ISt
IepeHoca 3JIeKTPpOHA Ha TIOBEPXHOCTHBIN LIEHTP, MOXK-
HO 3amnucaTrh CleayloluM 00pa3oMm:

A=y2— (1 -y +E-E,

PaccmoTtpum Oosiee mtogpo6Ho BTopoit 3Tan. CKo-
POCTb U3MEHEHMUA KOHLEHTPALUU 3JIEKTPOHOB 71, Ha
MOBEPXHOCTHBIX COCTOSHMSIX 3a CYET NepeCTPOMKH
TOJISIPU3ALIMOHHON CPEJIbI:

dn,/dt = K,[n(N, — n,) — n;n/].

3aech NepBbIi ClipaBa YaeH YpaBHEHMS ONKUCHIBAET
CKOpOCTb TepeHOca 3JIEKTPOHOB Ha MOBEPXHOCTHbIE
COCTOSIHUSI, @ BTOPOH — CKOPOCTb MHXKEKIIMU DJIeK-
TPOHOB; 1, — KOHLEHTPALIMA 3JIEKTPOHOB Ha IOBEPX-
HOCTHBIX COCTOAHMAX; N, — IJIOTHOCTb NOBEPXHOCT-
HBIX COCTOSIHUI; n; — TIOCTOSIHHAsA CKOPOCTh BO30YX-
JE€HUs 2JIEKTPOHOB; K, — INOCTOAHHAs CKOPOCTb 3a-
XBaTa 3JIEKTPOHOB Ha MOBEPXHOCTHBIX COCTOSTHMSIX;
ng = Nexp[—(E, — E(b)/kT ] — KoHLIeHTpaLUs dJIeK-
TPOHOB B 30HE ITPOBOJMMOCTH Ha MOBEPXHOCTU; N, —
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3¢ deKTUBHAS TUIOTHOCTh COCTOSIHUII B 30HE IIPOBO-
IUMOCTHU; kK — 1mocTtosiHHas bonbiiMaHa, 7 — TemiIie-
parypa, K; E. = E. + eV; V; — BennunHa usruba
DHEPreTUYECKMX 30H Ha IOBEPXHOCTHU; e — 3apsn
BJIEKTPOHA.

Ectb mpeamnonoxenne, 4To B amopdHOit dase cy-
LLIECTBYET HEKOTOpasi KOHILEHTPALMS KPUCTaLTAYe-
cKUX 3aponprieii. IlojgoxXeHne TpaHWUIBI BaJeHTHOM
30HBI B KPUCTAJUTMIECKUX M aMOP(MHBIX CIIOSX CMEIIe-
Ho mpumepHo Ha 0,4 3B, mostomy Ha rpaHuile ¢a3
BO3HMKAET IMMOBEPXHOCTHEIN 3apsin. [ToaToMy maMsITh ¢
HM3MEHSIEMbIM (Da30BbIM COCTOSIHUEM MMEET 3Hauyu-
TeJIbHO 00Jice BEICOKYIO CKOPOCTD 3aITUCH, YeM (b1 -
MaMsITh.

BoiBoapl

YMeHbllleHUe JIMHEHHBIX pa3MepoB TPaH3UCTOPA,
TMOMUMO YBEJIMYEHMST €70 ObICTPOACUCTBUS, TIPUBOAUT
K HaJIMYMIO Pa3IMYHBIX (PU3NYECKUX MPOOIEM.

DHeprust HoCUTeJIel 3apsina, COOTBETCTBYIOIIAS UX
MOTIEPEYHOMY IBIDKEHUIO, KBAaHTYETCS, T. €. Ipruodpe-
TaeT OUCKPETHbIC 3HAYCHUsI. DHEPrusl IMOMEepEeYHOro
KBaHTOBAaHMSI 3JIEKTPOHA BHOCHUT BKJIAd B TTOPOTOBOE
HaIpsDKEHMe TPaH3UCTOPa, YTO BhI3bIBACT U3MEHEHHUE
MOATIOPOTOBBLIX TOKOB. BTOPBIM clieacTBUEM ITOIIEpeY-
HOTO KBaHTOBAaHUS SIBJISIETCS] CHIDKEHNE €eMKOCTH CHUC-
TeMBbI "3aTBOp—KaHal" C U3rMOOM IIOMEPEYHOro KBaH-
TOBAaHUS M3-3a MaJIOW aMIIUTYIBI BOJTHOBO# (hyHK-
MM Ha CTEHKaX KaHaja, 3JeKTPOHHAs IUIOTHOCTH
"oTrogBUTaeTcs’ OT CTeHOK. B 3TOM ciyyae ciemyer
paccMOTPETh KOHAEHCATOP C OOBIIEH TONIMHON TH1-
aJeKTpuKa. EMKOCTh TaKOr0 KOHIEHCATOpa MEHbIIIE,
1 ee TIPUHSITO Ha3bIBaTh KAHTOBOM eMKOCThI0. Kaxkmas
YyacTUIlA "dyBCTBYET ITOBEPXHOCTH TOJIBKO B MOMEHT
HETIOCPEICTBEHHOTO KacaHMs. BoiHoBass (yHKIus
"qyBCTBYeT' IMOBEPXHOCTh BO BCeM OOBeMe KaHaja.
[ToBepXHOCTHOE paccerBaHWE MOXET CYLIECTBEHHO
YMEHBIINTh paboyrle TOKM, a TaKKe IMOBBICUTH TOKHU
YTEUYKH TPAH3KCTOPA.

O06006111as1 Bce BBIIIECKA3aHHOE, MOXKHO CliejaTh
BBIBOJI, YTO IT0 TEXHUYECKUM XapakTepuctukam PCM
Ha HECKOJIbKO ITOPSIKOB MPEBOCXOANT (DIBII-TIaMSITh
U TIpUONMKAeTCsl K OIepaTUBHOW NaMsTH THIIA
DRAM [2].
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Current State of Development in the Nonvolatile Memory

Due to the growing potentials of the digital devices, which can accumulate and transfer data, the demand for compact storage
modules is increasing constantly. In particular, the growth of sales of SSD-drives, developed on the basis of the most widespread
flash memory technology, will increase from 31,1 million USD in 2012 up to 227,1 million USD in 2017 [1]. However, the flash
memory devices are characterized by a low speed of information recording, insufficient number of information recording cycles
(1 .10 '), low radiation resistance and the achieved limit of diminution of the geometrical sizes of the memory cells.

Keywords: flash memory, phase-change memory, chalcogenide alloys, semiconductor conductivity, cross-quantization, crystal-
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Introduction

The demand for the nonvolatile memory is growing. How-
ever, there are problems with power consumption of the de-
vices developed on its basis. Digital photo- and video-came-
ras, video- and audio-players, palm computers, mobile
phones and smart phones consume power, even when they are
turned off for be a quite long period of time. The leading
manufacturers of the memory elements develop actively the
technology of a phase transition — phase-change memory,
PCM, based on chalcogenide glass — crystal transition. In
comparison with a flash memory, the memory with a change-
able phase state has a much higher speed of recording, it with-
stands approximately 10 thousand more times of the rewriting
cycles and can have higher recording density, which is due to
the fact that in a strong electric field the thin films of the chal-
cogenide glass jump from a state of high resistance into a con-
ducting state.

Memory of a new generation on the phase-change basis

If a current impulse is applied to heat the active area of a
material up to the level exceeding the softening temperature,
the crystallization (recording) will take very little time. In or-
der to transfer a material into an amorphous state (deletion)
it is necessary to warm it up to the level exceeding the fusion
temperature and cool it quickly. As far as the physical effect
of switching is concerned, the question of the nature of this
phenomenon remains open.

One of the most promising solutions is the nonvolatile
phase-change memory (PCM). The transition from a glass to
an amorphous phase changes the short range ordering of
Ge,Sb,Tes, in particular, the number of the bonds and their
lengths between the nearest neighbors.

Due to its characteristics PCM can replace not only the
flash memory, but also the hard-disk drives, the dynamic and
strategic main memory, and also the special-purpose radia-
tion-resistant memory.

In order to compete with the flash memory, at least a
10 times difference should be preserved between the specific
resistances of the amorphous and the crystal phases [2].

The dissipated power of the transistors based on CMOS
technology can be dynamic or static. The former occurs in the
moment of switching from one logical state into another and
is determined by the main sources of the dissipated power —
a discharge of the transistor parasitic capacitances and through
currents via CMOS — inventor. The latter occurs during the
moments of a fixed state ("0" or "1") and its value, determined
by the force of the leakage currents, reaches 40 % and over
of a crystal’s total energy consumption. Besides, the high
leakage currents cause deterioration of the noise immunity.
The greatest influence is rendered by two leakage currents:

leakage current of direct tunneling through a gate and a sub-
threshold leakage current.

It is necessary to point out that beginning from the design
rules below 90 nm, the leakage currents presented one of the
main problems. Thus, for the thin layers of a subgate dielectric
(2...3 nm and less) each reduction of its thickness by 0,2 nm
causes a tenfold increase of the leakage currents [1]. The
phase transition from the crystal state into the amorphous
state and back happens in the narrow area near the bottom
electrode. During the transition from a glassy environment in-
to a crystal environment the short-range order in Ge,Sb,Teq
is changed, and so are the lengths of the bonds between the
nearest neighbors, in particular.

The technology of memory with a changeable phase com-
position (phase memory) has approached the stage of its in-
troduction in industry. It was demonstrated that in the ma-
terials of GeSbTe system the duration of a recording impulse
can reach 10 ns [2], and a typical number of the rewriting cy-
cles — 10'2, while the durability of the commercial memory
elements reaches the level of 108 of the rewriting cycles. In
February 2008 Intel Corporation together with ST Micro-
electronics, an Italian-French company, for the first time an-
nounced the launch of the batch production of 8 Gbit me-
mory using 20-nm technology. In 2012 Micron Technology
Co. was the first to begin a batch production of the phase
memory for the mobile devices. Besides that company, IBM,
Samsung, Numonyx, Intel, etc., are also involved in R & D
in the given direction.

As it was demonstrated by an X-ray-phase analysis, the
initial synthesized material of Ge,Sb,Tes is a polycrystalline
mix of the cubic and hexagonal phases. The thin films obtained
by a thermal evaporation of Ge,Sb,Tes are amorphous.

During the transition from a glassy environment into a
crystal environment the short-range order in Ge,Sb,Tes is
changed, and so are the lengths of the bonds between the
nearest neighbors, in particular. The transition from a semi-
conductor conductivity in the amorphous phase to a metal
type in the hexagonal phase occurs not due to a collapse of
the forbidden zone of the material, but due to a shift of the
Fermi level to the ceiling of the valent zone. However, the
reasons or mechanisms for such a shift of the Fermi level are
not known yet.

Let us examine a chalcogenide glassy film, to which voltage
is supplied. If the electric field is less than 104 V/cm, the re-
sistance of the film remains constant. With an increase of the
voltage the resistance of the film decreases monotonously.
When the voltage reaches the threshold value of Vy;, (see fig-
ure), which is called the direct transition voltage, after the
time delay of ¢, a transition to the conducting state takes place
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during its own switching of £, and it is accompanied by a rapid
growth of the current from 7, up to I, (figure) [2].

Delay time ¢, depends on the thickness of a film and can
vary from nanoseconds for the films of a nanometer thickness
up to hundreds of microseconds for the films with thickness
of several tens of micrometers. Besides, the delay time de-
creases rapidly with an increase of the applied voltage. The
switching time is very little, according to Ovshinsky’s esti-
mates, #,, < 107105 [3].

Let us examine chalcogenide films in a dielectric state. In
this case the energy of removal of an electron from a sub-
stance into vacuum (£,) is determined by the energy of sepa-
ration of an electron from the polarizing environment (£),
formed after removal of the electron from an atom of the sub-
stance, and the energy of a phase jump on the border of sub-
stance-vacuum (Eq)). Energy E, is called the energy of po-
larization and is determined as:

E, = (q19,(1 — 1/e*r,))/2r,,.

Generally, the dielectric permeability of the environment
depends on the distance (#,) between the particles with charg-
es g, and g,, therefore it is possible to speak about its effective
value of ¢*. The energy of the atom ionization in the envi-
ronment with dielectric permeability of ¢* will differ from the
energy of polarization in vacuum by y.

For the substances with a partial ionic bond the escape of
ions of one sign to the surface contributes to the increase of
E; , however, this increases sharply the surface energy, which
limits Ej4. In this case the surface layer of the substance con-
sists basically of ions of different signs, or a structural reor-
ganization of the dielectric area takes place.

Let us consider transfer of an electron in a polar environ-
ment. In order to change the energy of an electron in the en-
vironment, it is necessary to change the configuration of this
environment, that is, to change its structural and/or phase com-
position. Then such a transfer can be carried out in three stages.

1. Preliminary polarization of the environment shifts the
energy level from the field in oxide (£,,) to an uncertain ().
In order to carry this out, it is necessary to spend energy

AE, = yzk,
where AE, — the level energy in the polar environment; y —
the value of polarization; A = (e2/87c80cx)(x;pl - X}l ) — the
energy of reorganization of the polar environment; o — the
field radius; Xops %s— the optical and static permeability of the
environment; g, — the dielectric permeability of vacuum.

2. A structural reorganization results in a change of the
electron energy, accompanied by the exit of the electron from
a solid body to the surface. As a result, energy E., — E'is re-
leased, where E.; — the energy of the bottom of the conduc-
tivity zone on the surface.

3. The second stage results in a charge change, which leads
to a relaxation of the non-equilibrium structure, to its new
state. During this reorganization energy (lx)zk is released.

Summarizing the three stages, it is possible to ascertain, that
the total change of the energy, necessary for an electron transfer
to a surface centre, can be presented in the following way:

A=y2— (1 =92+ E—E,

Let us discuss the second stage in more detail. The speed of
change of the concentration of electrons 7, on the surface states
due to reorganization of the polarizing environment is equal to:

dn,/dt = K,[n(N; — n) — n;n].

Here the first on the right term of equation describes the
speed of the electron transfer to the surface states, and the
second — the speed of the electron injection; n, — the con-
centration of the electrons on the surface states; N, — the
density of the surface states; n; — the constant speed of the
electron excitation; K, — the constant speed of the electron
capture on the surface states; ng = N exp[—(E, — Ecb)/kT] —
the concentration of the electrons in the conductivity zone on
the surface, N, — the effective density of the states in the con-
ductivity zone; k — Boltzmann constant, 7 — temperature, K;

E,=FE, + eV,

where V, — the value of the bend of the energy zones on the
surface; e — an electron charge.

There is an assumption that in the amorphous phase there
is a certain concentration of crystal germs. The position of the
border of the valent zone in the crystal and amorphous layers
is shifted approximately by 0,4 eV, therefore, a surface charge
appears on the phase border. Therefore, the memory with a
changeable phase state has much higher speed of recording,
than a flash memory.

Conclusions

Reduction of the linear dimensions of a transistor increases
its speed, but also leads to various physical problems.

The energy of the charge carriers, corresponding to their
cross movement, quantizes and acquires discrete values. The
energy of the cross electron quantization contributes to the
threshold voltage of a transistor, which changes the sub-
threshold currents. The second consequence of such a quan-
tization is a decrease of the capacity of the gate-channel sys-
tem with a bend of the cross quantization because of a small
amplitude of the wave function on the channel walls, the elec-
tronic density "is moved away" from the walls. In this case it
is necessary to consider a condenser with a bigger thickness of
the dielectric. The capacity of such a condenser is less and it
is usually called quantum capacity. Each particle "feels" the
surface only during a direct contact. The wave function "feels"
the surface in all the volume of the channel. Surface scattering
can essentially reduce the working currents, and also raise the
leakage currents of a transistor.

Summarizing what was said above, it is possible to draw a
conclusion that by its technical characteristics PCM surpasses
the flash memory by several orders and approaches the main
memory of DRAM type [2].
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