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BblIbOP AKTUBHbIX CAOEB UCTOHYHUKA TIUTAHUSA C p—n-TTEPEXOAOM,

BO3bYXXAAEMbIM B-USAYHEHUEM

Ilocmynuna ¢ pedaxyuro 08.06.2015

Paspabomana memoouxa évibopa paboyux ci0e6 UCHMOYHUKOS NUMAHUSA, CIMUMYAUPOGAHHBIX [-U3LYHEeHUEM, C YUemoM IKC-
NepuUMeHmManbHuiX pacnpeoeserull S-31eKmpoHoe no dHepeusM. Bvinoanennvie pacuemsi nokaswiearom, 4mo HeOOCHAmMOYHO UC-
N04b308aMb 0451 GLIMUCACHUT MOAbKO CPedHUe dHepeuu [-21eKkmpoHos. boaee moutvle pe3yavmamol ROAYHAIOMCS HPU UCHOAB30-
BAHUU CNEKMPAAbHORO pAChpedeneHuss dHepeUll INeKMPOHO8, GbIAeMAauuUx u3 S-ucmounuxa. Toku, eeHepuposanivle 6 p—n-ne-
Dexo0ax MeKmpoHAMU BbICOKUX dHePeUll, 0cU0aromcs 601ee 8biCOKUMU C UCHOAB30BAHUEM ONMUMANbHBIX ca0e6 uzomona C 4 no

cpasHeHuto co croamu Ni%.

Karoueevie caosa: [-eoavmauneckuil sghgpexm, S-uznyuenue, cCamMono2ioujeHue f-Ucmo4HuKa, U30mon ™ uzomon Ni63, uc-

MOYHUK NUMAHUA

BBenenue

HMcroyHuku B-u3naydyeHus o0J1agal0T BbICOKOM
yIeJIbHOW TIJIOTHOCTbIO dHepruu [1]. B cBsi3u ¢ 3tum
WX BBITOTHO MPUMEHSITD IJISI U3TOTOBJICHUS] UCTOYHM -
KOB MUTaHUSI C JUIMTEJbHBIM CPOKOM 3KCIUIyaTallUu.
Tax, Harpumep, Ha ocHoBe u3oTtomna Ni 3 MOXHO O3~
JIaTb UCTOYHUKU ITMTaHUSI CO CPOKOM CIIyXkObI OoJjiee
30 net [2]. bonee BbICOKMM KO3(p(PUIIMEHTOM T10JIE3-
HOTO JeHCTBUS 00JIamaloT UCTOYHUKHU ITUTAHUS, OC-
HOBaHHbIE HA MPUHILIMUIIE MPSIMOTO IMPeodpa3oBaHMS
SHepruu. B aToM ciyyae B-3/1€KTPOHBI TEHEPUPYIOT B
MTOJTYTIPOBOMHUKE 3JIEKTPOHHO-ABIPOYHBIE Taphl, KO-
TOpbIE€ Pa3NESIOTCS DAEKTPUUYECKUM T10JeM p—Hh-Tie-
pexoja WJIM KOHTAKTOM MeETajul — MOJyIPOBOIHUK
[4—6]. B nacTosiiiee BpeMs B MHUpE, U IIPEXIE BCEro
B CIIA, BeayTcsl pa3pabOTKM MOAOOHBIX YCTPOMCTB
Ha ocHOBe TputHs, Ni 3uPm!Y. OnHaxko JaHHbBIE UC-
TOYHUKU SHEPTUM UMEIOT OTpeaeIeHHbIe HeAOCTaTKH,
CBSI3aHHbIE C JUIMTEJbHBIM CPOKOM HW3TOTOBJICHUSI U
BBICOKOII CTOMMOCTBIO M30TOTOB. BEICOKOE camorio-
[JIOLLEHUE B-U3JTyYeHUS Ni®3 MPUBOIUT K HEOOXOIM -
MOCTU CO3JaHMsI JaHHBIX UCTOUHUKOB B TOHKOILIE-
HOYHOM BHJI€ HETIOCPEACTBEHHO Ha CTPYKTYpax, Mmpe-
BpalllalOIIMX SHEPIUIO0 B-YacTUIl B DHEPTUI0 3JIEK-
TpUYECKOTO ToKa. M30Tombl He Bcerma MOTYT ObITh
OYMIIIEHBI, B HUX OCTAIOTCS NMPUMECU WM 3arpsi3He-
HUS1, BbI3bIBAIOIIME COITYTCTBYIOIIIEE FAaMMa-U3TyYeHUE.

Takoe MN3ITYYCHUC OIrpaHUYMBACT MPUMCHCHUC Pm147

B OaTapesix.

Ha coBpeMeHHOM YpOBHE B KaueCTBE ITOTEHIIMAb-
HBIX TEPBUYHBIX MCTOUYHUKOB DHEPTrUM IJIsI MUHUA-
TIOPHBIX aTOMHBIX 6aTapeil pacCMaTpUBAIOTCS YMCTHIC
B-u3nyyarenau, B KOTOPBIX HET APYTUMX BMIOB U3JIy4e-
Hus1. M3 mx yncina Hanbosiee TepCIIeKTUBHBIMU SIBIISI-
IOTCSI TPUTUI Y U30TOII Ni63, UMEIOIIWI Nepro IoJy-
pacmazga 100 et [2]. OmHAKO OONBIION MEPUOI TTOJTY-
pacnaga CHMXXAeT aKTUBHOCTb MCTOYHUKOB. [ToaToMy
OJHUM W3 IMyTeil MOBBILIEHUS YACIbHOU 3JIEKTpUYe-
CKOI MOIITHOCTH TIpeoOpa3oBaTels ABISICTCS YBEIN-
YyeHME TUIOLIAAM TMOBEPXHOCTU OUOIHON CTPYKTYPHI,
MOKPBITOM UCTOUYHUKOM B-U3TydeHUs. [1JIs 5TOTOo NC-
MOJIB3YIOT KBa3UTPEXMEPHBIE ITOPUCThbIE CTPYKTYPHI,
YTO YCJOXHSIET TEXHOJOTHI0O W YBETMYMBACT CTOM-
MOCTb MX IPOM3BOJICTBA.

B cBs131 ¢ 3TUM ocTaeTcs aKTyaJlbHBIM MOMCK TIep-
CIEKTUBHBIX M30TOMOB ISl B-UCTOYHUKOB MUTAHMUSI.
OIHMM M3 TakuX M30TONOB siBistercss C14. Yactuusl
msorora C'* o61amaor tocTaTtouHO BHICOKOI SHEPIu-
eif, a MaJlasl TJIOTHOCTb CHMXKAeT CaMOIOIJIOLIeHe
B-uznyueHus. B Hacrosieil pabote conmocTaBisiioTCs
WCTOYHUKU TTUTAHUSI, KOTOPbIE MOTYT OBITH MOJyYEHBI
¢ ucnonszosanuem Ni®3 u C!4. AHanmu3upyeTcst BO3-
MOXHOCTb ONTUMU3ALUU AKTUBHBIX CJIOEB MCTOYHU-
KOB TIUTaHUSI C A—p-TIepexolaMH, BO30YKIaeMbIMU
B-uznydyeHueM. s pacuera mapaMeTpoB aKTUBHBIX
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CJIOEB, KaK MPaBUJIO, UCIIOJb3YIOTCSA CpeoHUE 3HA4Ye-
HUSI SHEepruu P-37eKTpoHoB. Takoil moaxon HexocTa-
TOYHO TOYeH. B Hacrosieil paboTe MpOBOASITCS YMUC-
JIEHHBIE PAcyeThl UCITYCKAEMBIX ITPU pacHaae 3JIEKTPO-
HOB C MCITOJIb30BAHUEM SKCIEPUMEHTAIBHBIX pacIipe-
JNEJICHUN.

1. HopmupoBka BcioMoraTeabHbIX (hyHKIMii
pacnpeaejieHus

B-pacmag — caMOIIPOM3BOJIbHOE IIpeBpallleHue
siiep, COTPOBOXKIAOIIeeCs UCITYCKaHUEeM VIIM TIOTJIO-
IIEHUEM 3JICKTPOHA, a TaKKe aHTMHEUTPHHO WJIH I10-
3UTPOHA U HEUTpUHO. 151 pabOThl UCTOYHUKOB ITHUTA-
HUS C B-BO30YKIEHUEM MCIIONb3YIOT pacia ¢ UCITYC-
KaHUEM 3JIEKTPOHA U aHTUHEUTpruHO. O6a U3ydyaeMbIX
usotona — C!4 u Ni®® — pacnanaiorcs mo 31oit cxe-
me. Hampumep, C'* pacnamaercst mo cxeme:

14 14 — .
C > N +p +v

ITpu kaxmoM aKTe B-pacrana dHEpPIrusl caydyainHbIM
00pa3oM pacrpeeNnsieTcss MeXIy B-JacThlield M aHTH -
HEHWTPUHO, MO3TOMY P-U3TYyYEeHUE HMMEET HeNpephbiB-
HbI 9HEPreTUYECKUi CEKTP, AaHHbIE KOTOPOTO MpPU-
BeCHBI B TaOJIMYHOI (popMe B cripaBouyHuke [7]. st
JMAJIbHENIIIMX pacyeToOB HEOOXOAMMO TpeoOpa3oBaHue
UX B (DYHKIIMIO BEPOSTHOCTU TMOSIBJECHUS B-3J1€KTpOHA
B €AMHUYHOM MHTepBaje SHepruu. s 3Toro UCroJb-
3yeTcsl METOJl MOMEHTOB.

MowmeHTt M, nopsanka n GyHKUMU paclpeleeHUs
f(v), BBIUMCIIEHHBIII OTHOCHUTENIbHO Hayaja KOOpAu-
HaT, ONpeAeNsieTCs] MHTErpaioM:

= [v"f(v)av. €))

WuTerpupoBaHue MNPOUCXOAUT MO Bcell obiacTu
u3MeHeHUs1 V. MOMEHTbI, BBIUMCIEHHBIE 10 3Tol (op-
MyJie, Ha3bIBAIOTCSl HAUAJIbHBIMU, T. €. B3SITBIMU OTHO-
CUTEJIbHO Hayajla KoopAuHaT. MOMEHT HYJIeBOro Io-
psaka — IUiolaab (pUrypsl, orpaHMYeHHONH (HyHKIIN-
el f(v) n ocbio abcuurcc. MOMEHT TMepBOro Mopsiaka
ONpeesseT KOOPAUHATY LIEHTpa TSKECTU pachpene-
JIEHUS:

_M

= @)

MOMGHTH, BBIYMCJIICHHBIE OTHOCUTCIIBHO KOOPpAM-
HaThbl V¢, Ha3bIBAIOTCA HEHTPAJTbHBIMU. ‘Iepes Havdajib-
HBIC MOMCHTLI UX MOXHO BbBIYUCIIUTDL IO d)OpMYIIC

n M i
oy = 2 v ) G
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I[JIH NIEPBLIX HEHTPAJIbHBIX MOMCHTOB NMCEM!

2
(M) =0; (My) =M, — M{/M,,
3MMy/My +2M3 /M2, (4)

<M0> = Mo,
<M3> = M3 -
Bropoii LieHTpaabHbIII MOMEHT XapaKTepU3yeT AUC-
nepcuto GyHkuum f(v), a TpeTUd — aCUMMETPHUIO.

3Hasi MOMEHTHI, (DYHKIIUIO paclpencaeHus MOXHO
BOCCTaHOBUTD C MOMOIIIbIO psina DIKBOpTa:

fO) = My~ [q)(a) - F00@ + oW +
10y, 6)
+—Ho (g)+...}, (5)
e & = (v = v)/o; v = (Ms),[My /(M*;

5 = (MpMy/(My)? — 3; 62 = (My)/ My,
0(&) = 2m)~V2exp(—£/2).

BoccranoBnenHast pyHKIMS ITOABEprajiach HOPMHU-
pOBKe:

E

max

A oj AEYdE = 1; W(E) = AF(E), (6)

rae E, .« — MakcuMaibHas SHEPIrUs UCITyCKaHUS Yac-
i, A — KoadduiuueHT HopMupoBku; WA E) umeer
CMBICTT BEPOSITHOCTA OOHAPYXUTH P-3J€KTPOH B WH-
TepBane sHepruii ot E no E + dE.

3HauYeHUsT TIEPBBIX MOMEHTOB HOPMUPOBAHHOM
(yHKUMU pacnpeaeeHUs] SJIeKTPOHOB MO 3HEPTUsiM
npuBeAcHHI B Tabm. 1.

DJIeKTPOHBI, BBIACISIOIIMECS IPU B-pacnaae, UMe-
IOT DHEPTUI0 B JECATKU KMIO3JEKTPOHBONLT. [Toma-
JIasi B TBepIOEe TeIO, OHU TEPSIOT CBOIO DHEPTUI0 Ha
TOPMOXEHHE, MHOTOKPAaTHO paccenBasich. CyllecTBY-
€T HECKOJIbKO MEXaHU3MOB TOPMOXKEHUSI, U3 KOTOPBIX
HAac MHTEPECYET, B MEPBYIO OYEpeb, PACCeSTHUE C MC-
MyCKaHWEeM BTOPUUYHBIX 3JIEKTPOHOB, KOTOPhIE B 1aJb-
HeMIlIeM BHOCST BKJIaJ B SJIEKTPUYECKUI TOK MCTOY-
HUKA MUTaHUSI. MHOTOKPATHO pacCcenBasiCh, JIEKTPO-
Hbl COBEPLIAIOT XaOTUYECKOE ABMXKEHUE, ABUTASICh C
PaBHOI BEPOSITHOCTHIO IO Pa3HBIM HAIIPaBJICHUSIM.
Bbonee TouHO Takoe IBMKEHNE MOXKHO MPOAHAIM3UPO-
BaTh MeTonoM MoHTe-Kapio. OgHako mist mpakTu-

Ta6auua 1

IlenTpanbHbie MOMEHTBI
HOPMHPOBAHHBIX SKCNIEPUMEHTAJBHBIX pacnpeeieHuii

Table 1
The central moments of the normalized experimental distributions

1/1130“’“ M1 M2 M3
sotope
Ni63 23 715 26 000
cl4 49 3467 292 000




YyecKMX lLieJieit 6oJiee ynoOHO BOCIOJb30BaThCs Pop-
MYJIOI, KOTOpasi anmpoKCUMUPYET YIIOMSIHYThbIE pac-
yeTsl [9]:

h(x) = 0,60 + 6,21x — 12,04x> + 5,23x°;  (7)

X

- _Z

B’ ®
IJie Z — CpeAHssl IyOorMHa MPOHUKHOBEHMUS DJEKTPOHA
B BellecTBO; R(E) — MakcuMasibHas IjuHa Tpobdera
9JIEKTPOHA 110 TPAEKTOPUHU C SHeprueit £ B maTepuaie
CO CpPeIHUM aTOMHBIM HOMEPOM Z, CPETHUM aTOMHBIM
BeCOM A U TUIOTHOCTBIO p. [l OLIEHKM 3TOM BEINYM-
HBI UCTTOJIB3YIOT (hopmyay [10]

R(E) = % EVTS, 9)

®OyHk1 (7) IMeeT CMBICT BEPOSITHOCTH OOHapPy-
KEHUsI YacTULILl ¢ 3Heprueil E Ha olpelnesieHHOMN
r1youHe.

2. Boruncnenue HOBerHOCTHOﬁ AKTUBHOCTH
CJI0d M30TONa

B u3otonax mocTaToOYHO CUJIBHO BBIPAXEHO SIBJiE-
HUE CaMOIIOIJIOIIEHMSI, B pe3yJibTaTe KOTOPOTo Ha Io-
BEPXHOCTh aKTMBHOTIO CJIOSI TIOMAJaioT JaJIeKo He Bce
9JIeKTpOHbI. [To3TOMY yBeIMUYeHUE C0s M30TOMa He
O3HayaeT yBeJIMYeHe aKTUBHOCTHU Ha €ro MOBEPXHO-
cTu. BBIUMCAUTL 3Ty aKTMBHOCTb BO3MOXHO C HC-
MOJIb30BAHUEM IIOJIyUeHHBIX BbILIE HOPMUPOBAHHBIX
¢yukumit pacnpenencHusd. Ilpoliemypa BBEIYMCICHUS
nosicHsieTcsa Ha puc. 1. IlycTh akTuBHOCTD 1 cM° Be-
1IECTBA paBHa A, (3HaYEHUs STON BEJTMYMHBI I UC-

Puc. 1. Cxema 1y1g pacyeTa NoBepXHOCTHOH AKTHBHOCTH
Fig. 1. Calculating scheme of the amount of surface activity

rae S — IUIoaab MOBEPXHOCTU, M3JIydYalolleil 3eK-
TPOHBI. DTa BEJIMUYMHA MPONOPLUHUOHATbHA YUCITY 3JIeK-
TPOHOB JIIOOOW SHEPIrUHU, KOTOpblE T€HEPUPYIOTCS B
aroM cioe. Benmmunna W.(E) — BepOATHOCTH TOTO,
YTO 3JIEKTPOH, WU3JIyUeHHBIN OIpeaeIeHHbIM M30TO-
oM, uMmeeT 3Hepruto E. BeposaTHOCTb TOro, 4To 3JIeK-
TPOH C 3Heprueil E, reHepupoBaHHBIM Ha TIyOUHE Z,
JTOCTUTHET MOBEPXHOCTHU, paBHA

W(E) = WAE)h(z/R(E)). 10)

BeposiTHOCTB TOTO, YTO 3JEKTPOH JI1000I SHEPruu,
TeHEepHMPOBAaHHBIN Ha TIIyOMHE Z, IOCTUTHET ITOBEPXHO-
CTU, paBHa:

E

max

Ws= | WAE)h(z/R(E))dE. an
0

Torma BeipaxkeHue IJIs1 MOBEPXHOCTE aKTUBHOCTHU
MPUHUMAET BUJ,

cliemyeMbIX BEIIEeCTB MpUBeAcHHEI B Taba. 2). Torma B d  Enax
AKTUBHOCTb CJIOSI BellleCTBA TOJIIMHOM dz, HaXoasiIe- A= A,,S J dz J W.(E)h(z/R(E))dE. (12)
rocs Ha IlyOMHe Z OT MOBEPXHOCTH, paBHa A = A, Sdz, 0 0
Ta6auua 2
JlanHble 1A pacyeTa
Table 2
Data for calculation
E H3zoron
O6o3HaueHUe OrnpeneneHue AMHHILEL Isotope
”» U3MEPEHUsT
Symbol Definition Units
Ni63 cl4
InotHOCTB r/CM3
P Density g/cm’ 8.9 1.8
Tepuon mosypacmana c L1009 .1l
Tos Half-life time S 3,2-10 1,810
KoHIleHTpalusi aToMOB em™3 1023 L1022
N Concentration of atoms cm™3 L,9-10 9-10
HauanbHas aktuBHOCTb 1 cM° Pacnan/c 1nl3 L1l
Ao Initial activity of 1 cm Decay/sec 4,1-10 3,5-10
I'my6buHa TPOHUKHOBEHMST YACTHULIBI ¢ SHeprueil £ = 1 koB MKM
R(E) The penetration depth of a particle with the energy of E= 1 keV pm 0,00941 0,0374
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Puc. 2. 3aBHCMMOCTH MOBEPXHOCTH AKTHBHOCTH OT TOJIIMHBI cJios u3oTona. Pacuer mo dopmyne (12): a — pe3ynbraT Ais U30TONA Ni63;

b — pesyabTar ISl U30TOIA ch4

Fig. 2. Dependence of the surface activity on the isotope layer thickness. Calculation by formula (12): a — result for isotope Ni 63; b — result for isotope C 14

Ha puc. 2 npuBeaeHbI pe3yabTaThl pacuyeTa IoBepX-
HOCTHOIH akTMBHOCTH n3otonos Ni® u C* B zasucu-
MOCTM OT TOJIIIMHBI CJIOSI M30TOMA.

Kaxk u ciaemoBano oxuaaTb, MOBEPXHOCTHas aK-
TUBHOCTh 3aBUCUT OT 3TOM TOJIIUHBIL. JlocTHXeHne
HACBIIIEHUSI O3HAYaeT, YTO TOJIIHWHA JAHHOTO CJIOS
BbILLIE TOJIIMHBI, IPU KOTOPOI M3TyueHUe U3 Oosee
m1yOOKO JeXallluX CJIOeB IOIJIOLIAETCS MOJHOCTHIO.
HanbHeiiliee yBeJMYEHUE TOJILIMHBI CJ0S M30TONa
0ECCMBICIIEHHO UM BeleT TOJIbKO K YBEJIWUYEHUIO 3aTpaT
Ha U3rOTOBJIEHUE MPUOOpPa, TaK KaK CTOMMOCTD [B-MC-
TOYHUKOB OY€Hb BBICOKA. Pazjinuyue onTUMallbHBIX
tonumn Ni®3 u C!* ¢asasano ¢ motHoCTBIO BellleCTBa
U pacnpeaesieHUeM U3Iy4aeMbIX YaCTULL TTO SHEPTUSIM.
YeM MeHbIlIe TIOTHOCTH BEIIECTBA, TEM C OOJbIICH
[JIYOWHBI CITIOCOOHBI BBIXOAUTH 3JIEKTPOHBI. OTMETUM
TakXe, YTO €CJIM MCTOJIb30BaTh JJIs1 OLIEHKW TOJIILIM-
HBI CJI0S1 U30TOIA CPEeJHUE SHEPTUU [B-3JEKTPOHOB,
TO TOJIIMHA CJIOSI U30TOIA JJIsI HUKEJS COCTaBJsIeT
1,5 mxMm, a mis yraepoaa 45 mkm. Ilpu ucnonas3oBa-
HUM TaKUX BEJUUYMH IS U3TOTOBJIEHUSI UICTOUHUKOB
MMUTAaHUS TTOBEPXHOCTHASI aKTUBHOCTH OyneT Ha 20 %
HUXE, YTO COOTBETCTBEHHO YXYIIIAeT MapaMeTphbl
n3ngenus. CremoBaTeIbHO, IS BBIYMCICHHI HAmo
HCITOJIb30BaTh HE CPEIHNE SHEPTUU B-3JEKTPOHOB, a
pacripeneseHus Mo 3HepTUsiM, Yero He paccMaTpuBa-
JIOCh B IIPEenbIAYIINX paboTax.

3. Boiunciende CKOPOCTH H TOKA TeHepauu
BTOPHYHBIX JIEKTPOHOB B 00JIACTH
NMPOCTPAHCTBEHHOT0 3apsaAa p—n-nepexoaa

DIIeKTPOHBI BBICOKMX 3HEPTHUii, BBUIETEB M3 CIIOS
M30TOIAa, MPOHUKAIOT B MOJYMPOBOJHUK U T€HEpU-
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PYIOT B HEM BTOPUYHBIE 3JIEKTPOHBI, KOTOPBIE 00Y-
cJoBAUBAIOT TOK. CKOPOCTh TeHepaluyd BTOPUYHBIX
3JIEKTPOHOB Ha TIYOMHE Z OIpeaelisieTCsl 2JIeKTPOHa-
MM BCEX DHEPTUil, KOTOpbIE BbUIETAIOT U3 UCTOYHMKA,
MO3TOMY

Emax
_ E z
G) = A, | WAE)% h[—j dE,  (13)
Yo TE Ry(B)

} 8E-9 }
| |
| = |
| J, A/cm? |
‘ 6E-9 |
| |
l 1 l
. 4E9- 1
| |
l 1 l
. 2E9- 1
l | l
1 w, pukm 1
| OE+0 T T T T T T T T T l |
| |
| |

Puc. 3. 3aBucMMOCTb IVIOTHOCTH T€HEPHPOBAHHOTO [-3JE€KTPOHAMH
TOKA B 00JIACTH NPOCTPAHCTBEHHOIO 3apsana p—n-nepexona. Pacuer

no gopmyse (14). Bepxusia KpuBasi — pe3yJbTaT I H30TONA CM,
HUKHAA — Aaa Ni

Fig. 3. Dependence of the density of current generated by B-electrons in
the space charge region of p—n-junction. Calculation using the formula

(14). The upper curve for the isotope C 14 the lower curve for Ni63




rne E; = 2,596Eg + 0,714 = 3/62 3B = 0,00362 x3B.
JaHHOe BBIpaXKCHHUE OIPENeISIeT YUCI0 3JICKTPOHOB,
KOTOpBIE TEHEPUPYIOTCS B OIHY CEKYHIY Ha TIIyOMHE Z.
IMapaMeTpsl ISk pacuyeTa IPUBEICHBI B Ta0J. 2.

Hcnons3yst dopmyny (13), MOXHO paccuuTaTh TOK
reHepalnu:

j=eS[G(2)dz (14)
0

Ha puc. 3 nocTpoeHbl 3aBUCUMOCTHU IJIOTHOCTH TO-
Ka reHepaluuu B 3aBUCMMOCTU OT IIMPUHBI 00JIaCTU
MPOCTPAHCTBEHHOTO 3apsiga. HecMoTpst Ha TO 4TO MoO-
BEPXHOCTHAs1 aKTUBHOCTb M30TOIIA Ni®3 BBILLE, TOK
BBILLIE Y UCTOYHUKA MUTAHUS, TOCTPOCHHOIO HA U30-
tore C!*. D10 cBsi3aHO ¢ Gomee BBICOKOI SHEpruen
BBUIETAIOIIMX M3 JAHHOTO MU30Toma 3JeKTpoHOB. Co-
OTBETCTBEHHO KaXIbIN (-3JIEKTPOH, BBUICTAIOLINNA U3
nU30TONa yrjiaepoaa, reHepupyeT OoJiblile BTOPUYHBIX
3JIEKTPOHOB.

3akioueHue

B pabGote paszpaboTaHa MeTOoAMKA ONTUMM3ALIUU
paboyux CcJI0€B MCTOYHUKOB MUTAHUS, CTUMYJIUPO-
BaHHBIX B-U3JTYYECHUEM C YIETOM DKCIIEPUMEHTATBHBIX
pacripefeieHuil B-3JeKTPOHOB Mo 3HeprusMm. Pacue-
ThI, BBIITOJIHEHHBIE B pab0OTe, MOKA3bIBAIOT, YTO HEOC-
TATOYHO MCIIOIb30BaTh JIs1 BBIYMCICHUI TOIBKO Cpefl-
HUE 3HEPTUU B-3JIEKTPOHOB. s BeluUCIeHUs Oosee
TOYHOT'O pe3yJibTaTa HEOOXOAMMO MCIIOTb30BaTh CIIEK-
TPaIbHOE paclpeeeHUue SHEPTUl 3JIeKTPOHOB, BbI-
JIETalOIMX U3 B-UCTOYHMKA. Takxke BaXHO, YTOOBI

SHEPTUM DJIEKTPOHOB OB BHIIIE, TOTAA HECMOTPS Ha
0oJiee HU3KYI0 aKTUBHOCTb MOXHO JOCTUTHYTh OoJiee
BBICOKMX 3HAYEHHMI TOKOB MCTOYHWKA TTUTAHUS.
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Selection of Active Layers for a Power Supply Device with p—n Junction Excited

by B-Radiation

This article presents a method for selection of the working layers for a power supply stimulated by p-radiation with account of
the experimental distribution of pB-electrons by their energies. Calculations demonstrate that for calculations it is not enough to use
only the average energies of B-electrons. More accurate results are obtained due to the use of a spectral distribution of the energies
of electrons escaping from a B-source. The currents generated in p—n junctions by the electrons of high energies are expected to be

higher with the use of the optimal layers of C - isotope, compared with the layers of Ni%

isotope.

Keywords: p-voltaic effect, S-radiation, self-absorption of p-source, isotope of C M, isotope of Ni63, power supply

Introduction

B-radiation sources have a high specific energy den-
sity [1]. They are advantageous [to use for manufacture
of the power supplies with long-term use. So, power
sources with a lifetime of more than 30 years can be
created on the basis of Ni®3 isotope [2]. The direct en-
ergy conversion power supplies have more high-effi-
ciency ration, B-electrons generate electron-hole pairs

in the semiconductor, which are separated by the field
of p—n-junction or metal-semiconductor contact [4—6].
In the world, especially in the USA, these devices are
designed on the basis of tritium, Ni®? and Pm!*’. How-
ever, they have certain disadvantages associatejd with
long term manufacture and high cost of isotopes. High
self-absorption of B-radiation by Ni® results in the
need for sources in the form of a thin film directly on
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structures that convert energy of B-particles into energy
of the electric current. The isotopes can not always be
cleaned, they have impurities, causing a concomitant
gamma radiation. This radiation limits the application
of Pm'*” in power cells.

The pure B-emitters in which there are no other
types of radiation are considered as potential primary
sources of energy for mlmature atomic cells. The most
promising are tritium and Ni®3 isotope having a half-
life of 100 years [2]. However, the long half-life reduces
the activity of the sources. Therefore, one of the ways
to increase specific electric power of a converter is to
increase the surface area of the diode structure, covered
with a source of B-radiation. The quasi-3D porous
structures are used for this purpose that complicates the
technology and increases the cost of production.

The search for promising isotopes for PB- power
sources remains urgent. One of these isotopes is cl4
The C!4 particles have sufficiently high energy as well
as the low density reduces B-radiation self-absorption.

The present work compares the power sources,
which can be prepared using Ni®3 and C!4. 1t analyzes
the optimization of active layers of power supplies with
n-p junctions excited by p-radiation. The average values
of energy of B-electrons are used to calculate the pa-
rameters of the active layers. Such an approach is not
accurate enough. The work shows the numerical cal-
culations of the electrons emitted in the decay using the
experimental distributions.

1. The normalization of the support functions
of distribution

B-decay is a spontaneous transformation of nuclei
accompanied by emiss on or absorption of an electron,
an antineutrino or a positron and a neutrino. The decay
by emitting an electron and an antineutrino is used for
functioning of a power supply w1th B-excitation. Both
studied isotopes — C 14 and Njf? decay under this
scheme. For example, cl4 decays as follows:

14 14 — ~

At each act of B-decay, the energy is randomly dis-
tributed between the B-particle and an antineutrino, so
B-radiation has a continuous energy spectrum, which
data are presented in tabular form in [7]. The further
calculations need to transform them into the probability
function of B-electron occurrence per unit energy in-
terval. It uses the method of moments.

Moment M, of order n of the distribution function
f(v), calculated relatively to the’origin is determined
by the integral:

= [vIf(v)db. (D)

The integration is performed along the change area v.
The moments, calculated by this formula, called the in-
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itial, taken with respect to the origin. The moment of
zero order — area of the figure bounded by function
f(v) and the x-axis. The moment of the first order de-
termines the coordinates of the center of gravity of the

distribution:
al (2)
Vg = Mo

Moments calculated relative to coordinate v, calle
central. They can be calculated according to the for-
mula through the initial moments:

Mi
1’”(@ 3
e )UMO 3)

In the first central moments there are:

(My =

i

] M:

(My) = My, (M;)=0;,

3M, Mo/ M,y + 2Ml /M. 4)

(M) = M] /My;

(M3) = M35 —

The second central moment characterizes the dis-
persion of function f(v), the third — the asymmetry.
Knowing the moments, the distribution function can be
restored through a series of Edgeworth:

J0) = My 0@ = o0 + Zo®e) +
”1 0O + .., (5)
where & = (v — v)/c3 v; = (My), [My /(My)*/%;

1y = (MpMy/(M)? — 3; 6% = (My)/ My;
0(&) = 2m)V2exp(—¢/2).

The restored function exposed normalization:

E

max

A ({ AE)E =1, WE) = AAE), (6)

where E ... — the maximum energy of particles emit-
ting, A — normalization factor. W(FE) — is the proba-
bility to detect B-electrons in the energy range from F
to £ + dF.

The values of the first moments of the normalized
function of the electrons distribution by energy are given
in Table. 1.

The electrons released during p-decay, have an en-
ergy of tens of keV. Getting into a solid, they lose it on
inhibition, scattering repeatedly. There are several
mechanisms of inhibition, of which we are primarily
concerned scattering with the emission of sebondjary
electrons, which contribute to the electric current of
supply device. Scattering repeatedly, the electrons
make chaotic motion with equal probability in different
directions. More precisely it can be analyzed by the




Monte-Carlo method. However, for practical purposes
it is more convenient to use a formula that approxi-
mates the mentioned calculations [9].

h(x) = 0,60 + 6,21x — 12,04x% + 5,235, (7)

- _Z

T RE ®
where 7 — the average depth of electron penetration in-
to a substance; R(E) — the maximum length of the path
of an electron trajectory with energy F, in the material
having an average atomic number Z, an average atom-
ic weight 4 and the density p. To assess the value the
following formula is used [10].

R(E) = 0,0398 p1.75. 9)
p
Function (7) has the probability of fmding of a par-
ticle with energy FE at a certain depth.

2. Calculation of the surface of the activity
of an isotope layer

The isotopes quite strongly express self-absorption,
which results in the fact that not all the electrons fall on
the surface of the active layer. Therefore, increasing of
the isotope laiyer does not mean an increase in activity
on its surface. It can be obtained using the above nor-
malized distribution functions. The calculation proce-
dure is illustrated in fig. 1. We suppose that the activity
of one cm? of a substance is A, (these values for tested
substances are shown in table 2). Then the activity of
the material’s layer with a thickness dz, located at a depth
z from the surface, is 4 = A,,Sdz, where § — the area
of the surface, emitting electrons. This quantity is pro-
portional to the amount of electrons of any energy
which are generated in this layer. The value W.(E) —
the probability that an electron emitted by a certain iso-
tope has an energy E. The probability that an electron
with an energy FE generated at a depth z, reaches the
surface is equal to:

Ws(E) = WAE)h(z/R(E)). (10)

The probability that an electron of any energy gen-
erated at a depth z, reaches the surface is equal to:

E

Ws= | WAE)h(z/R(E))dE. (11)
0

The expression for surface activity takes the form:

d E

max

A= A,S[dz | WAE)h(z/R(E))dE. (12)
0 0

Fig. 2, a and 2, b show the results of calculation of
surface activity of N163 and C!* isotopes depending on
the thickness of the isotope layer.

As was expected, the surface activity is dependent
on that thickness. Reaching the saturation means that
the thickness of the layer is over the thickness at which
the radiation from deeper layers absorbed completely.
A further increase in the thickness of the isotope is
pointless and leads to an increase in manufacturing
costs of a device, as the cost of B-sources is very hlgh
The dlfference between the optimum thickness of Ni®3
and C!* is connected with the density of a substance
and the distribution of the emitted particles by energies.
Then lower the density of the substance, the greater the
depths of the electrons are able to go out. If the medium
energies of B-electrons are used to estimate the thick-
ness of an isotope layer, the thickness of the isotope of
nickel will be 1,5 and 45 pum for carbon. When using
these values for producing of power sources, the surface
activity is by 20 % lower in comparison with the esti-
mated, given in this article. It means that the parame-
ters of the product decrease respectively. Consequently,
the computation needs to use not the average energies
of B-electrons, but the energy distribution that has not
been considered in previous cited works.

3. Computation of velocity and generation current
of secondary electrons in the space charge region
of p—n-junction

High energy electrons once field out of an isotope
layer penetrate into the semiconductor and generate
therein the secondary electrons, which cause current.
The rate of generation at a depth z is determined by the
electrons of all energies that are emitted from the
source, So:

Emax
G(z) = 4 I W) £ [

qu)j dE, (13)

where E; = 2,596Eg + 0,714 = 3/62 eV = 0,00362, for
silicon should be in keV. This expression determines the
number of electrons that are generated in one second at
a depth z. The parameter for calculation are shown in
table 2.

Using the formula (13) can calculate the generation
current:

j=eS|G(Z)dz. (14)
1]

Fig. 3 shows the constructed dependencies of the
generation current density according to the width of
the space charge region. Despite the fact that the sur-
face activity of the isotope Nif3 is higher, the current
of power supply is higher on the isotope C'4. This is
caused by the higher energy of electrons, emitted from
the given isotope. Accordingly, each p-electron emitted
from the isotope of carbon generates more secondary
electrons.
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Conclucion

The optimization of the working layers of power
supply source was made in the work, stimulated by B-
radiation taking into account the experimental energy
distributions of B-electrons. The calculations show that
the use only of the average energies of B-electrons is in-
adequate. For more accurate results you must use the
spectral distribution of electrons’ energies emitted from
the B-source. It is important that the electrons’ energies
are higher, then, despite lower activity, it is possible to
achieve high currents of power supply sources.
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HETEPMHNYECKAA AKTUBALUIMA NMPOLIECCOB HA NMOBEPXHOCTH
NMOAAOXKHU B METOAAX ON3NYHECKOTO OCAXAEHUA

13 TA30BOM ®A3bl

Ilocmynuna ¢ pedakyuio 21.04.2015

Ynpaenenue mopgonoeuneckumu u cmpyKmypHoiMU CE0UCMEAMU PACMYWUX NACHOK, NOAYHACMbIX OCANCOCHUEM U3 2A3060U
hazvl U MOAEKYAAPHBIX NYUK08, MPAOUYUHHO COCMOUM 8 USMEHEHUU MeMNepamypbl HOOAONCKU, IHEPSUU 0CANCIAeMbIX YACMUY,
u ckopocmu ocaxcoenus mamepuana. OOHaKo npu co30aHUU NPUOOPHBIX CIMPYKMYP 0451 MUKDO- U HAHOIAEKMPOHUKU NPUMEHEHUe
BbICOKUX MeMnepamyp 4acmo saeasemcsi Hexceaamenvrvim. [logvicums 0emepmMuHUPOBAHHOCIb NPOUECCA OCANCOCHUS BO3MONUCHO
3a cuem 66edenusi OONOAHUMENbHBIX 8030eliCMBULL ¢ HemepMU4eckou npupodol aKkmueayul, nO360AAUUX YRPAGAAMYb UIUKO-
XUMUMECKUMU Npoyeccamu KaKk 8 npoiemHoM NPOCMPAHCMEe, MAK U HA NOBEPXHOCMU NOOA0XNCKU. JlaH aHaau3 npoueccos He-
mepmMu4ecKol aKkmueayuu nPoYecco8 0CaNcoeHus U pocma nieHok, NOKA3aHbl YCA08US NPUMEHEHUs U dhPeKmuUEHOCMb YKA3AHHbIX

npoueccos.

Karoueeuvie caosa: Hemepmuveckas akmueayus, qulS’Ll‘ieCKOéZ ocaicoenue U3 2azosoll ¢a3bl, MOHKONAEHOYHAA MEeXH0A02UA, U3~

eomoenenue CHUC

BBenenue

[MTonyyeHne BBICOKOKAYECTBEHHBIX TOHKOILJICHOY-
HBIX CJIO€B U ITOKPBITUI M3 METAJLUIOB, CILJIaBOB, OU-
9JIEKTPUKOB U ITOJIYIIPOBOAHUKOB SIBIISIETCSI aKTyallb-
HOM 3amayeil TEXHOJIOTMM M3TOTOBJICHUS Pa3IMYHBIX
3JIEMEHTOB U YCTPOMCTB COBPEMEHHOM 3JIEKTPOHUKH,
ONTUKK W TOYHOU MexaHuku. Hampumep, B TexHO-
JIOTUYECKMUX Mpolieccax ITPOU3BOJACTBA MHTETrpalib-
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HBIX MUKPOCXEM C CyOCTOHAHOMETPOBBIMU TOTIOJIOTU-
yecKuMU HopMamu tiopsika 30...60 % mpuxonsrcs Ha
orepaluu, CBI3aHHbIE ¢ MOJyYeHUEM TOHKOILJICHOY-
HBIX CJIOEB CUCTEM U3OJISILMU U MeTauiu3auuu [1].
Hanecenue cinoeB Marepuajia B TOHKOILJIEHOYHOM
TEXHOJIOTUHM TIPEACTaBIIsIeT CcOOOM IMOoCiIenoBaTeb-
HOCTb Cleaylonux coobtuii [2, 3]:
e TeHepalusi aTOMHO-MOJIEKYJISIDHOTO COCTOSIHUS
BellleCTBA;




e TpaHCHOPTHPOBaHUE (MACCOMNEPEHOC) YACTHUIIL;
e B3aMMOJAECUCTBUE YACTUILL C MOIJTOXKOM.

IlocnenHuit aTam yacto pasneysiioT Ha J1Ba, Bblae-
Jisie COOCTBEHHO B3aMMOJAENCTBUE YACTULL C TOITOX-
KOW M POCT IUIEHKM, T. €. MPOLECC B3aMMOIEUCTBUS
OCAXIAEMbIX YACTHUL] YK€ CO CIUIOLIHBIM CJIOEM ILjie-
HOYHOTO Marepuaya. Takoe BBIICJICHUE 3TallOB HaHe-
CEeHUS MOKPBITUI HOCUT TIPUHLMIUAJIBHBINA XapakTep
Kak IMpU CUHTE3¢ KOHKPETHBIX MPOLECCOB, TaK U TMpHU
ux MoaesupoBaHuu. Criocod reHepupoBaHMS aTOMHO-
MOJIEKYJISIPHOTO COCTOSIHMSI BEIIECTBA XapaKTepU3YeT
JIBa KJlacca MpoleccoB (U3UYECKOTO OCAXICHUS U3
razoBoii azel (POI'D): TepMudecKoe McHapeHUe U
MOHHO-TJIA3MEHHOE pacriblieHue. [1pu TepMuueckom
WCITAPEHUM 3JIEKTPUYECKAsT SHEPTUS UCTOYHMKA TIpe-
00pa3zyeTcs B TEIJIOBYIO U Jajiee MePeXOAUT B MEXaHU-
YECKYI0 DHEPTUIO YACTUI] 32 CYET TAKUX BO3ICUCTBUAN
Ha UCXOJHBIA MaTepua, Kak JxKOoyJieBa TeTjaoTa, UH-
JNYKIIMOHHBIN HArpeB, TOPEHUE IJEKTPUUYECKON NIYTH,
BJICKTPOHHO-JIyUeBOI HarpeB, HarpeB Jla3epHbIM W3-
JlydeHreM B BUAMMOM cBeTe u okHeM MK criekTpe;
NP MOHHOM pACHbUICHUU 3JIEKTPUYECKAS SHEPIUS
HWCTOYHMKA HETTOCPEJACTBEHHO Mpeodpa3yeTcs B MeXa-
HUYECKYIO SHEPTUIO YaCTUILI.

Hexortopele uccnemoBaren paccMaTpUBAOT OT-
JIeJIbHO KJIacC cMellaHHbIX mpoueccoB DOTI'®, B Ko-
TOPOM OCaXIeHHWEe TUIEHOK OCYIIECTBIIACTCS C ITOMO-
IIBI0 OMHOBPEMEHHO WMCITApEHHBIX W/WIIA PacITbUICH-
HBIX B BaKyyMe WM IUIa3Me HU3KOTO JaBJICHUS MaTe-
pUajoB B BUIEC aTOMApHOIO M MOHHOIO IyYKOB Ha
TTOBEPXHOCTh MOUIOXKKM 0€3 U3MEHEHUs MX XUMMYE-
CKOTO COCTaBa.

B naHHoli paboTe paccMOTpeHbl OCOOEHHOCTU He-
TEPMUUYECKUX METOIOB aKTMBALIMM ITPOIeCCOB (op-
MMPOBAHUSI TOHKOTUIEHOYHBIX MOKPHITUI.

TpaguumoHHBII CITOCOO yIpaBiIeHUsT Mopdo0-
TMYECKUMU U CTPYKTYPHBIMU CBOMCTBAMM PACTYLIUX
TUIEHOK, MOJIyYaeéMbIX OCaXIeHWEeM U3 Ta30Boi (a3bl
WX MOJIEKYJISIPHBIX IMYYKOB, COCTOMT B W3MEHEHUU
TeMIIepaTypbl MOMJOXKN, SHEPTUN OCAXKIAeMbIX 4Yac-
TULI U CKOPOCTU ocaxmeHusi matepuana [4—6]. Ilpu
CO3/IaHUU TIPUOOPHBIX CTPYKTYP UIsI MUKPO- U HaHO-
3JIEKTPOHUKUA MPUMEHEHUE BBICOKMX TEMIEPATYpP SB-
JIsieTcsl HeXeJlaTeJIbHbIM, HalpuMeEp, 3TO BbI3bIBAET
IndPy3MOHHOE pa3MbITUE KOHUEHTPALMOHHBIX MPO-
(uneit nerupoBaHusl, MOXET MPUBOIUTDL K YCUTIEHUIO
JEWCTBUSI HEKOHTPOJIMPYEMbIX (DaKTOPOB, 00YCIOBIM -
BalOLLIMX HEBOCIPOM3BOAUMOCTb MapaMeTPOB IJIEHOK
[7]. TToBBICUTD AETEPMUHUPOBAHHOCTD Mpolecca oca-
KIEHUST BO3MOXHO 32 CYET BBEIEHHUS NOMNOJHUTEb-
HBIX BO3IEUCTBUN C HETEPMUYECKOM IMPUPOLAONA aAKTU-
BallMM, TO3BOJISIIOIIMX YMOPABIATh (DU3UKO-XUMUYE-
CKMMM MpolieccaMu Kak B MPOJIETHOM IPOCTPaHCTBE,
TaK ¥ Ha MOBEPXHOCTH MOJJIOXKKU. TakKuMu JeCTBUS -
MU MOTYT OBITh:

e cTaTuueckas aechopmanus IMOoAT0KKN U3TMOOM WU
BO30YXJIeHUE U3TMOHBIX KOJeOAHUI MOIIO0XKY;

e BO3/ENCTBUE BJIEKTPUUECKUX U MATHUTHBIX TOJIEN
(HampuMep, TEPMOMOHHOE OCaXIeHHue, TOJeBOM
addexr);

e 00JIyueHHE TOBEPXHOCTU TMOMJIOXKU MMIYJIbCaMU
YO usznyyeHus, obecrieunBamuMu GoTomecopo-
LU0 aacopOMpPOBAHHBIX Ira30B.

MexaHn4yecKue BO3eiCTBHS Ha NMOJIOZKKY

Haubonee mpocTbiM B anmapaTHOM O(OpMIIeHUU
METOJIOM aKTWBAlLlUM B MPOLECCE OCAXAECHUS TUIEHKU
SIBJISIETCSI MEXaHWYECKOE BO3JAEWUCTBUE (ITPEXIE BCETO
U3ruboM) Ha TOIOXKY.

ITneHku NiO,75 — Feo,zs OCAXKIAUTUCH TIPU OPUEH-
TUPYIOIIEM B TIJIOCKOCTH TMTOCTOSTHHOM MarHUTHOM T10-
Jie Ha HanpsiKeHHble U3rMOOM CTEKJISTHHbIE TOIJTOX-
K1 (mporud momjoxek pazmepoM 10 X 24 X 0,5 mMm
obecreumnBacs pa3MeIleHHON BIOJb KOPOTKOI CTO-
POHBI MEXIY TTOAJIOXKOM U JAepxKaTesieM MeIHO Mpo-
BoJIOKO# U cocTaBiasl 50 MKM). B 3aBucuMoOCTH OT
XapakTepa paclpeieieHus YIpyrux HampsoKeHUi Ha
JIOKAJIbHBIX YYacTKax o0pa3lioB HA0JII0AaeTCsl KaK yCH-
JIeHUe HaBeJeHHOW MAarHUTHBIM TOJIEM OJHOOCHOI
AHM30TPONHUMU, TAK U MOJIHAS €€ KOMIIEHCALIUS MPU O/ -
HOBPEMEHHOM CYILIECTBEHHOM M3MEHEHUU HarpabJie-
HHUS OCH JIETKOTO HaMarHWU4MBaHuA [8].

OnHoil M3 BaXKHBIX 3aJay IOJYNPOBOAHUKOBOM
TEH30METPUM SIBJISETCS M3TOTOBJIEHUE TEH30IaT4M-
KOB C JIMHEHHOW M CUMMETPUUYHON JedopMalMOH-
HOI XapakTepUCTUKON. B 3aBUCMMOCTU OT MPUYMHBI
BO3HMKHOBEHUSI HEJIMHEHHOCTU 3Ty XapaKTEPUCTUKY
KOMIIEHCHUPYIOT OMNpenesieHHbBIMA MeTOJaMU. ACHUM-
METPUYHOCTb Je(OpMallMOHHON XapaKTePUCTUKHU T1Jie-
HOYHBIX TTOJYIPOBOJIHUKOBBIX TEH30PE3UCTOPOB, CKO-
pee BCero, CBg3aHa C BHYTPEHHUMM MEXaHWYECKUMU
HaIpsKeHUSIMU B TUIEHKAX, KOTOpble Majo M3y4YEHHDI.
B pa6ore [9] npuBoaSTCS pe3yabTaThl UCCAEIOBAHUMA
cTaTUYeCKOU aehopMallMOHHON XapaKTepUCTUKHU T10-
JIMKPUCTAJUIMYECKUX IIeHOK (Bij 5Sbj 5),Tes, B KO-
TOPBIX CYILECTBEHHBI CprKTypHo’-TexﬁonomquKue
BHYTPEHHUE MeXaHUYEeCKUEe HampsiKeHUs], a TaKXe
npeajiaraloTcsd HEKOTOPbIE CIOCOObI JIMHEApU3aluu
U CUMMETpU3aLMU 3TUX XapakTepucTuk. IlpenBapu-
TeJbHas JaedopMaiys TMOMAJIOXEK OCYIIECTBISIIACh C
HCITOJIb30BaHMEM BOTHYTOTO MOAJIOXKoAepxKartesss. Ha
paboyurii ydyacToK TMOJIOXKM AEWCTBOBAJT TMOCTOSH-
HBII M3TMOAIOIINIA MOMEHT, KOTOPBIN BHI3LIBAJI paB-
HOMEpHYI0 AedopMalluio OAHOCTOPOHHEIO CXKaTusl
pabouero yuyactka. Korga nomioxka ¢ HaHeCEHHOI Ha
Hee TUIEHKOU OCBOOOXIAETCS OT MOJJI0XKOJAEpXKaTe-
JIsl, TO OHU TIPUXOIST K UCXOAHOMY Hee(OpMUpPOBaH-
HOMY COCTOSIHHIO, a IJIEHKA YXe UCMbIThIBaeT Aedop-
MallMI0, paBHYIO T10 BeJIMUMHE, HO 0OpaTHYIO MO 3HAKY
npeaBapyuTeIbHON AehopMaly MTOMTOXKH.
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B pa6ote [10] mpuBeaeHbl pe3yabTaThl HAIIbLICHUS
rokpbITuit Cr(6...8 MkMm) — Cu(40 HM) Ha TTOMTOXKHN
u3 crexna Mapku C49-2 npu oCylIecTBIEHUU UX 00-
paTHOro IMporuda (COOTBETCTBYIOILETO HAIIPSIKEHUSIM,
M3MEpEeHHBIM TT0C]Ie HAITBUICHUSI B OOBIYHOM PEeXUME,
HO obOpaTHbIe Mo 3HaKy). [1omIoXKK TOTIIUHAMU 5 U
10 MM u3rubasv a0 HampsKEHWM COOTBETCTBEHHO
~5,9- 10% 1 ~1,96 - 10° H/Mz. OcraTouHBIC HATPSTKE-
HUS B MOJJIOKKAX, KOTOPbIE HAMMBUISLIUCH C UCITOIB30-
BaHMEM 00paTHOro Mpornba, yMeHbIIAINCH B 5...6 pa3
10 CPaBHEHUIO C HaMbUIEHHBIMU 0e3 mporubda. Cozna-
HUEe 0OpaTHOro mnporuda MPUBEJO K YBEJIUMYEHUIO
MMPOYHOCTU CHLETJICHUS] TOKPBITUN C TIOIIOXKAMU
MMpakTU4YeCKU B 3 pasza.

B cniocobe nonyyeHust altoMUHKUEBOM (PoabIY 1151
MOBBILIEHUSI KayecTBa W OOJIerdeHUsl OTACICHMUS
IUIEHKY aJIOMMHUS OT TTOMJIOXKM KOHACHCAIIMIO Ma-
TepMajla OCYLIECTBJSIIOT Ha ymnpyroaechopMUpoBaH-
HYI0O METaJIMYeCKyl0 TNOMJIOXKY U3 OepUJIIMEeBOM
6poH3bl TourHOM 0,2 MM [11]. O6e3XrpeHHYO Mo -
JIOXKKY pa3MellaloT B KaMepe YCTAaHOBKU Tak, 4TO ee
BOTHYTasi MOJIMPOBaHHAs MOBEPXHOCTh OOpallleHa K
HWCHapUTeIIo; cTpejia nporuba cocTapisia 15 MM pu
pa3mepax moajoxkku 50 X 60 mMm. OTmeneHue KOH-
JieHcaTa OT MOMJIOXKU MPOUCXOAUT CAaMOIPOU3BOJIb-
HO B MOMEHT pa3BaKyyMHMpPOBaHUS KaMephl. 3Mech Ha
repepacrpenesicHe HaPSKeHW B CJIOE aTFOMIHMUS
CKa3bIBaeTCsl 00pa3oBaHKe €CTECTBEHHOIO OKCHIA Ha
BHEIITHEW moBepXxHOCTHU. Ilpenen MpoYHOCTH Ha pas-
pbiB dosbru coctapisut (1...2) 10° H-m 2 pU TOJ-
muHe 6...10 MKM.

YcioBusi BBoJa YJIbTPa3BYKOBBIX KOJEOaHU W3
KO0J1e0aTeIbHBIX CUCTEM C IMOMOIIBI0O METALTUYECKUX
pabouynx UHCTPYMEHTOB B ra3oBbie cpeabl Headdek-
TUBHO. YIEIIbHOE BOJHOBOE COITPOTUBIICHHE XUIKUX
cpen 3HaunTeAbHO (111 Boabl B 3500 pa3) OoJiblile, ueMm
y Ta30B, W MO3TOMY OOJIbIIIasi MOIIHOCTh M3JIy4aeTcs
U3 K0JiebaTeIbHOM CUCTEMBI B XKUJKOCTb MPU OJMHA-
KOBOW aMIUIMTYye KosieOaHUi nHCTpyMeHTa. Kpome
TOTO, B XUAKUX Cpelax BO3ZHUKAET U TIPOTEKAET CIie-
HUpUUIECKUl (U3NUeCKUit mpolecc — yJIbTpPa3ByKo-
Basl KaBUTaIMs, OOeclevyuBalolass MaKCUMaJbHbIE
SHEpPreTUYeCKre BO3IECTBUS Ha TBEpAbie Tella B
KUIKOCTSIX, TTOOTOMY M3TMOHBIM KOJIeO0aHUsIM MO~
BEpraioT BHe pabodeil KamMephl YCTAHOBKM OCaXKIe-
Hus. [loanoxky noaBepraloT U3TMOHBIM KOJeOaHM-
M B Mpolieccax dJEKTPOXMMUYECKOTO OCaXKIECHMUS;
"03ByuMBaHUME" TMOIJIOXEK MOXET BBLITIOJHSITHCS IO
1 TIOCJIe OCaXIEHUS TUICHKH B LEJISX TNO0 CHIKSHUS
MOBEPXHOCTHOTO 3apsiia B CTPYKTypax MOJyIPOBOI-
HUK—IURJIEKTPUK, JTUOO YIJIOTHEHMS U CHUXKCHMS
neeKTHOCTH, TIepepaciipeae/icHns MeXaHWIeCKUX
noneit [12—15].
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Bansanue BHEIIHMX MArHMTHBIX
H IJICKTPHICCKHUX noJiei

IIpu HanOXEHUM CTATMYECKOIO0 MAarHUTHOIO MOJIs
B npeaenax ~50 B, oprueHTUPOBAHHOIO MapasjiebHO
MOBEPXHOCTU MOMJIOXKHU, Peaau3yloT mpolecchl ¢hop-
MHUPOBaHMSI MarHUTHBIX IUIEHOK. HampaBieHue mar-
HUTHOTO MOJISl OMpeesisieT HalpaBJeHUue BEeKTopa Ha-
MarHMYeHHOCTH, M B 3aBUCHMOCTH OT 3TOTO MOXKHO
MoJiyyaTb aHM3OTPOITHbIC WM U3OTPOITHBbIC MJIEHKU
[16—17].

B cnioco6e, ornmucanHoMm B [18], B KOTOpPOM IIpH 110-
JIyUeHUU MarHUTHBIX HAHOYACTHMI] Ha MOIJIOXKE UC-
MOJIB3YIOTCS OCaXIEHUE Ha IMOBEPXHOCTb MOIJIOXKHU
HaHOYaCTUll 1 HaMarHMYMBaHUE UX B 3aJJaHHOM Ha-
MpaBJeHUU, TTOMJOXKKM MepeMelIaloT B 3a30p MarHu-
TOINPOBOJIa, B KOTOPOM CO3[al0OT MarHUTHOE TI0Jie C
TMOMOIIIbIO TOCTOSIHHOTO MarHuTa WK 3JIEKTPOMarHu-
Ta, MPU 3TOM YIMOMSIHYTHIA LIMKJ TOBTOPSIIOT A0 TIO-
JlydeHMsT TpeOyeMoro cpefHero paamMepa HaHOYACTHUIL.
TouyHOCTb MoOyYeHUsT CpeHETO pa3Mepa HaHOYACTHI]
00ecrneunBaloT 3a CUYET MPOAOIKUTEIBHOCTU OCAXKIE-
HUSI 1 HAMAaTHUYMBAHUS, CPEIHUM PACCTOSTHUEM Me-
KAy COCEHUMU HAHOUYACTUIIAMU Ha MOIJIOXKE YIIpaB-
JISTIOT C TIOMOIIBIO CUJIBI MAaTHUTHOTO TOJIsA, a popMoit
HAHOYACTULl — C TTOMOIIIbIO HalpaBJeHWUSI MArHUTHO-
TO TIOJIS.

I'panynMpoBaHHBIE MarHUTHBIC TUICHKU HapaBHE
C IIpyTUMU CTPYKTypaMu, oOjagaroiiuMu 3¢h¢heKToM
MarHUTOCOMPOTHBIIEHHUSI, B HACTOSIILIEe BpEMS aKTHB-
HO HUCCJEAYIOTCS MPUMEHUTENbHO K CEHCOpaM pas-
JIMYHOTO Ha3HAYEeHUsI, KOMITbIOTEPHON MaMsITH U HO-
cUTeNIsIM MHMOpPMALIMK C BICOKOM TJIOTHOCTBIO 3aIu-
cu [19]. B pesynbrare mpoBeneHHBIX UCCICIOBAHUMA
[20] 661 oOHapyxXeH 3¢h¢heKT MarHUTOMUTpALUU OC-
HOBHBIX W MPYMECHBIX KOMIIOHEHTOB B I'PaHYJIMPOBAH-
HbIX TIeHKax Co—Cu, ocaxaaeMbIX MOHHO-TIJIa3MEH -
HBIM METOJOM TpPU JIOIOJHUTEILHOM BO3IECHCTBUU
BHEIITHETO MOCTOSTHHOTO MarHUTHOTO TIOJIS C TPpaau-
€HTOM, HanpaBJIeHHbIM MO0 HOPMaJIM K MOBEPXHOCTHU
nomioxku. HeoOXomuMbIM YyCIIOBUEM IPOSIBICHUS
JaHHOro 3¢ dekTa sIBIsIeTCS] BbICOKAs] MOABUXKHOCTD
amatoMoB. Ilom Bo3meiicTBMEM BHEIIHETO ITOJS JMa-
MarHuTHbIE U MapaMarHWTHBIE aTOMbI pa3HOHAIpPaB-
JICHHO MMTPHUPYIOT BIOJb €ro rpagueHTa. Mcronb3ys
JaHHbIN 3((eKT, MOXHO MoJyYaTb TOHKHWE MarHuUT-
HBIE TUIEHKH C HU3KUM COAepKaHMEM HexXeIaTeIbHBIX
npuMeceid, TAKUX Kak XJIOp, BOJOPOJ, YIJIEPO, aproH
U JIp., 00JIafaroIX BEICOKON JMaMarHUTHOM BOCIIPU-
MMYUBOCTHIO.

BHeliHee a7eKTpUYecKoe Mose, BKIOYEHHOE BO
BpeMsI OCaXICHUS TOHKOM IUJIEHKU, 4acTO BbI3bIBAET
u3MeHeHwus B ee cTpykType. Hompa K. JI. [21] ycraHo-
BWI, YTO TOA OEWCTBUEM DJIEKTPUYECKOrO MOJIisI Ha-
npsikeHHocThbio ~100 B - eM T u BBIIIE, TIPUITOXKEHHO-
To BIOJIb MOBEPXHOCTU TMOMJOXKHU, YAEIbHOE COIMPO-




TUBJICHUE PACTYIIei IIJIEHKM OKa3bIiBaeTCS MEHBIIIE,
yeMm 0e3 1oJjsi. DTo OOYCIOBIEHO M3MEHEHMEM CBO-
0OmHOI BHEPIUY B TIPUCYTCTBUU 3apsiia, YTO, B CBOIO
oyepeb, BIUSIET HA paBHOBECHYIO (popMy 3apojbliiie-
BOT'O OCTPOBKa (TP HAJIOXKEHUHU MOJISI OCTPOBOK OyAeT
BMECTO 1ApOBUIHON (OpMbI UMeTh (OPMY SJIIUI-
COMJIa, BBHITIHYTOrO BAOJIb HAMPaBJICHUS BEKTOpa I10-
Jis1). DdekT HabaIaeTCsl Ha HauaJlbHOW CTaauM Oca-
XKIEHUS 10 TeX IMop, TTOKa IUIEHKA He CTaHOBUTCS (pu-
3UYECKM CIUIOLIHOW (3TO HAcTymaeT NMPUMEPHO Tpu
BIBO€ MEHBIIMX TOJILIMHAX, YeM B YCIOBUSIX OTCYTCT-
Bus nosist). COOTBETCTBEHHO, YMEHbILIAETCSI YAEIbHOE
COMPOTUBJIEHUE METAJJIMYeCKUX TUICHOK; MMeEeTcs
BO3MOXHOCTb MOJIyUeHUS OPUEHTHPOBAHHBIX TIJIEHOK
MOJIyITPOBOAHUKOBBIX COEIMHEHUI HA HEOPUEHTUPO-
BaHHBIX TOAJIOXKax [22].

B [23] mpemnoxeH crmoco® KOHTPOJSI YAEIbHOTO
MOBEPXHOCTHOTO COIPOTUMBICHUSI MPU OCAKIEHUU
TOHKMX PE3UCTHUBHBIX TIJICHOK C TTOMOIIBIO 00pa3LoB —
CBUAETENEH, YYMThIBaIOWUA 3D@eKT BO3OEiiCTBUS
BJIEKTPUUECKOTr0 MOJIs UCTOUHMKA HAMPSIKEHUS U3-
MEPUTEJIBHOM aImnapaTypbl Ha YCJIOBUSI pOCTa Pe3u-
CTUBHOM TUIEHKM. DPEPEKTUBHOCTh TaKOIO CII0co0a
KOHTPOJISI TIOATBEPKAAETCS YMEHBIIEHUEM BIIUSIHUS
CJIyYallHOM COCTaBJISIOIIEH KOHTPOJIUPYEMOM BEJINYMU -
HEI [24].

Bo3aeiicTBUe HA MOBEPXHOCTb MOMJIOXKKH
3aPSKEHHbIX YACTHI M PA3JMYHOrO BUIA U3JIydeHHi

HeszaBrucnumyio BO3MOXHOCTb B YIIPaBICHUH TIPO-
1IECCOM pOCTa TUIEHKU CIIOCOOHO HaTh BO3ACHCTBUE
MTyYKOM MOHOB Ha €€ MOBEPXHOCTh B TIPOIIECCE OCaXK-
JeHus [25—31]; mpu 3TOM K yKe CYLIECTBYIOIIUM T1a-
paMeTpaM YIIpaBJIeHUs J00ABISIOTCS SHEPTUs HOHHO-
ro MyykKa, €ro rIoTHOCTb W JJIUTEJbHOCTb BO3ACHCT-
Bus1. MoHHOE BO3MEMCTBIE MOXET OCYIIECTBIISATHCS:

e Ha MPeapOCTOBOM CTAAUU 32 CYET MOHHO-CTUMYJIU-
pPOBaHHOM PEKOHCTPYKIIMHM TTOBEPXHOCTH ITOM-
JIOXKKMU;

e Ha CTaaUM 3aPOXICHUS;

e Ha CTaauu MeXCIoeBoil muddy3un U cpacTaHus
JIBYMEPHBIX OCTPOBKOB;

e Ha ctaguu (GOpMUPOBAHUS CILIOLIHOIO CJIOS.

i TpaIMIIMOHHOTO MOHHOTO JIETUPOBAHUS, KaK
MPaBUJIO, UCMOJB3YIOT PHEPIUM MOHHOTO ITyyKa OT
10 k3B 10 1 M3B, 4TO 00YCJIOBJIEHO HEOOXOAMMOCThIO
(opmupoBaHMsl obnacTeil CTPYKTYphl Ha OMNpeaesieH-
HBIX TJIyOMHax oT moBepxHocTU. IIpoGiaembl obpa-
30BaHUS MPHU TaKUX HEPTUSIX NeDEKTOB CTPYKTYPHI
pemrarorcst oTkuroM. OTHAKO TIPU BBICOKUX TEMTIE-
paTypax mpoucxoauT aAuddy3noHHOe pa3MbITHE KOH-
LEHTPAIMOHHBIX TIpodWIeii JIeTUPOBAaHUS, YTO SIB-
JigeTcs HexXeNaTeJbHbIM TMPU CO3JaHMU MPUOOPHBIX
CTPYKTYp IJISI MUKPO- M HaHO3JIEKTpoHNKHU. MoHHOE
JIETMpOBaHME, MTPOBOAMMOE HEIMOCPEACTBEHHO B MPO-

1ecce 3MUTAKCHATBbHOIO OCaXIeHMUS TUICHOK Si, Io-
3BOJISIET CHU3WTh SHEPIUI0 MOHOB A0 3HAYEHUs IO-
psinka 0,1 x3B. I110THOCTE TOKA IIPU 3TOM COCTaBJISIET
0,1...0,6 MKA - CM_2, a JJIATEIbHOCTh BO3IEHCTBUST —
0,25...0,6 c. Husxuwuit ripegen onpenesieTcsl MHEPLM-
OHHOCTBIO HaTeKaTe/sl MOHU3UPYEMOTO ra3a (KpUIITO-
Ha), a BEpXHUI — YCIOBUEM COXPaHEHMSI CBEPXBBICO-
KOro Bakyyma B KamMepe IocJjie UMITYJIbCHOTO BO3/Ieii-
ctBus [32].

ITokazaHo [33], 4TO MJIEHKMU, MTOJYyYEHHbIE JAHHbBIM
METOZOM, UMEIOT LIeJIbIi PSIA MOJIE3HbIX CBOMCTB: IMO-
BBIIICHHYIO OTPaXKaTeJIbHYI0 CIIOCOOHOCTH, aATre3ulio,
M3HOCOCTOMKOCTh. I103TOMY MOXHO 3aKJIIOUUTbH, YTO
BIMsSIHAE OOMOApIUPOBKM OJNHOMMEHHBIMA MOHAMU
Ha CTPYKTYpY IUJIEHOK (KaK 1 Ha COMPOTUBJIEHUE) HO-
CUT crieuM(PUUecKUil XxapakTep U He CBOIMUTCS K HO-
MOJIHUTEJIbHOMY HarpeBy, BbI3bIBAEMOMY TepMaJlM-
3alMell KWHETUYECKON PHEPIrud MOHOB MPU TOPMO-
KEHUU.

TepMorvOHHOE HaHECEHUE TMOKPBITUI IIMPOKO
TIPUMEHSIETCS TP M3TOTOBJICHUM MHTETPATbHBIX MUK-
pOCXeM, MarHUTHBIX IJIEHOK, ONTUYECKUX U W3HOCO-
cToiikux cioeB. OcaxmeHue TJICHOK B YCIOBUSIX, KO-
rjJa MaTepyall MOCTYIaeT Ha MOAJIOXKY B BUE aTOMOB
W MOHOB, TTO3BOJIICT B IIMPOKMUX TIpeiesiax N3MEHSITh
KOMITO3ULIMOHHBIM COCTaB MOKPBHITUSI U €r0 CTPYKTY-
py. TepMonoHHOe oOCaXXIeHHE OCYIIECTBIISIETCS TIPU
sHeprusix yactul 0,2...2000 3B nmyrem nogaun BY nnim
TIOCTOSTHHOTO CMEIIEHMS Ha MOIOXKY. Jlo mOHHOM
KOMIOHEHTHI B MOTOKE OCaXJaeMbIX YaCTHUIL] COCTaB-
aset 1...10 %, npuyeM MOHBI ABUXKYTCS 110 HOpMaIU
K MOBEPXHOCTU TOIOXKM, a HEUTpaJbHbIC YaCTULIbI
HAaIpaBJISIIOTCS MO0 3aKOHY KOocuHyca [34].

OnHuM K3 HarboJsiee pacrpoCTpaHEHHBIX METO/IOB
MOJYYeHUS] UHTEHCUBHOUM TEPMOMOHHOM TUIa3Mbl SIB-
JISIETCS BJIEKTPOHHO-JIyUeBOE MCIapeHue ¢ BHEUIHel
WHXEKIMe 3JIeKTpoHHOoro Imydka [35]. Ero Hegocrar-
KOM SIBJISIETCSI TO, UTO BJIEKTPOHHAS MYIIKA U TUTENb C
HCIapsieMbIM BellIECTBOM BO M30eXkaHUE 3JIeKTpuye-
CKOTO TIpO0OS MYIIKU BCSACTBUE TTOBBIIIIEHUS JaBJe-
HUSI TIPY MCTIApEHUH JOJKHBI ObITh pa3HECEHBI B IIPO-
cTpaHcTBe. boyiee MpoCTHIMM U HaIEXKHBIMU TIPU CPaAB-
HUMOH 3(PHEKTUBHOCTU OCaKACHUS SIBJSIIOTCS TL1a3-
MEHHbBIEC 2JIEKTPOHHO-JIyUEeBbIE CUCTEMBI, B KOTOPBIX
(hopMupoBaHuE 3JEKTPOHHOTO MyyKa IMPOUCXOIUT He-
MOCPEACTBEHHO Y TOBEPXHOCTU MCTAPSIEMOTO BEIIIECT-
Ba [36]. [IpenmylecTBOM IIa3MEHHBIX CUCTEM SIBJISI-
€TCS TO, YTO B HUX MPAKTMUYECKM HCKJIIOUEH IPOOOii
MYLIKK, TOCKOJIbKY (hOPMHUPOBaAHUE MTOTOKA MPOUCXO-
IWT B IYyIIKE C IJIa3MEHHBIM 3MUTTEPOM, T. €. B OT-
CYTCTBHE TBEPAOTEILHOTO OTPULIATEIbBHOTO 3JIEKTPO-
Jla, Ha KOTOPOM, KaK MpaBuiIo, U pa3BUBaeTCs MpoOoii.
Kpome Toro, yckopsiroluii IpoMeXXyTOK BCJEICTBUE
0OJIBLLION 2JIEKTPONPOBOIHOCTH IIJIa3Mbl aBTOMAaTHYE-
CKM YMEHbIIIAaeT CBOM pa3Mephl C POCTOM TOKa MPU 10~
BBILLIEHUWU AABJICHUSI, YTO obecrieunBaeT 3(pdeKTuB-
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HBIM TTPOXOJ Yepe3 Hero 3apssKeHHBIX YacTull. Bropas
BaXXHasi 0COOEHHOCTb — 3TO OTCYTCTBME MPOCTPAHCT-
Ba TPAHCIIOPTUPOBKU MEXIY MYIIKONH W TUTJIEM, UYTO
JieJlaeT CUCTEMY HEKPUTUYHOM K DHEPruU MydyKa 1 Mmo-
3BOJISIET B IIUPOKUX MpeesIax BapbUpoOBaTh €10, nejast
ee HauboJjiee ONTUMAJIBHOW C TOYKU 3PEHUs] MaKCH-
MaJbHOI 3(pPEeKTUBHOCTU NOHMU3ALIMU pabouero Iapa.

B [37, 38] moka3aHo, 4TO KMHETHUKA pocTa (TOop-
MOJIMMEPHBIX MOKPBITUN U3 Ta30BOM (ha3bl ompeacsi-
€TCS OCHOBHBIMU MEXaHW3MaMHU BTOPMYHOK TOJIMME-
pu3alu aacopOUpPOBaHHbBIX MOJIEKYI U (DParMeHTOB,
MOCTYIAIIIUX Ha IMOBEPXHOCTb, M pPAIMALIMOHHOM
MMOJIMMEPHU3AINN  PATUAIIMOHHO-TIPUBUATEIX MOJIEKY-
JIIPHBIX KOMITJIEKCOB, KOTOPbIE COENMHSIIOTCS B KPYII-
HbIE€ TPEXMEPHOCILUTBIE CTPYKTYPHbIE arperaThl TUIA
KJIacTepoOB U 00pa3yloT CTPYKTYypy Iojaumepa. Ilyrem
HarpaBJIEeHHON B3JIEKTPOHHOK 00pPabOTKM pacTyLIEro
cJ1051 PTOPIOTMMEPHON TJIEHKH BO3MOXKHO OCYIIECT-
BJISITh yNpaBjeHWE CBOMCTBAMM MOJUMEPHOro Mo-
KpbITUS. B 0671acTU ONTUMAaNbHBIX TeMIIEpaTyp KOH-
JNeHCAllMd BaKyyMHBIE TOKPBITUS MMEIOT Hambolee
COBEPIICHHYIO MOJIEKYJISIDHYIO M HaaMOJEKYJISIPHYIO
CTPYKTYpy. 3Iech B IIpoliecce aKTUBAIIUK SJIEKTPOH-
HO-MOHHOU 0OMOapaMpPOBKON 0OOpPa3ylOTCsl TPYIIIbI
YacTUI MaKpPOMOJIEKYJI, KOTOpble MUTPUPYIOT Ha II0-
BEPXHOCTU TMOUIOXKKUA M YYaCTBYIOT B MpoOLIECCE TMOJH-
MepHU3alMK ¢ 00pa3oBaHMEM PaTMAIIMOHHBIX MOIepey-
HBIX CIIMBOK MOJIEKYJl. BakyyMHbIe (hTOpIOIMMepHbIe
TUIEHKHU, nosydyaeMble B BU mia3me Bo BHELLIHEM 2JIE€K-
TpudeckoMm T1ojie ipu Temitepartype 340...385 K, dop-
MHPYIOTCS B 00Jiee TIJIOTHYIO YITOPSIIOYEHHYIO MOJIe-
KYJISIDHYIO CTPYKTYPY UM UMEIOT HaWIydlline 2JIeKTPO-
dusznueckre xapakrepuctuku. HaGmaiomaeTcss MoBbI-
LIEHWe ONTUYEeCKOro Koa(hGUUMEHTa IPOIYyCKAHUS
¢GTOpHONMMEPHBIX ITOKPBITUI, UTO OOYCJIOBIIEHO CHU-
KeHUEeM KPUCTAJUIMYHOCTU U CHEepPOTUTHOTO MOpPSaKa
B CTPYKTYp€ ILJICHOK.

O06paboTKa MOBEPXHOCTU IMOIJIOXKHU C pPaCTyLICH
TUIEHKOW MOXEeT OCYLIECTBISITbCS YJIbTpaduoaeTo-
BBIM U JIa3epHBIM U3JTYyYEeHUEM, KOTOPbIE yIOOHO CO-
yeTaloTcs ¢ APYTMMHU criocodaMu HeTepMUUYECKOM akK-
TUBALMU.

IIpu ocaxkneHWM METOIOM PEAKTUBHOIO HCIIape-
HUSI psilla COEAMHEHUI CTEXUOMETPUUYECKOTO COCTaBa
(CdS, ZnO, AIN u n1p.) BepOSITHOCTh B3aUMOJEUCTBUS
KOMIIOHEHTOB MOXET OBbITh yBeJIWYeHa 3a CUeT aKTH-
BallMK{ OAHOTO U3 HUX C TIOMOLIBIO YIBTPadUuOoJIeTOBO-
ro manydenus [39, 40]. Oopaszyromasicsi cMecbhb MoOJie-
KYyJ1 ¥ aTOMOB a30Ta 00JIafaeT MOBBILIEHHBIM 3aI1acOM
9HEPruyd M BCTYMaeT B XMMUUYECKYIO peakivio C ajto-
MMHHMEM B 30HE ITOMIOXKHU.

B [41] npennoxeHo NpuY BbIpalliMBaHUU aJIMa3HBIX
IUIEHOK M3 MOJIEKYJSIPHBIX MYYKOB OIHOBPEMEHHO
OCYILIECTBJISATh BO3ACHCTBYE HA UCXOIHbIE BEIlleCTBA U
MOJJIOXKKY CBETOBOTO M3JIy4YeHMs1 (JlazepHOE U3JTyye-
HUE C IJIMHOU BOJHBI 193 HM) Ha pacCTOSIHUM OT MO~
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JIOKKM, MEHBIIIEM JJIMHBI CBOOOAHOTO IIpodera MoJie-
KyJI ICXOAHBIX BELIECTB. DTUM obOecreurnBaeTCs Moy-
YeHME TUIEHOK M CTPYKTYP Ha MX OCHOBE C 3aJaHHBIMH
CBOIICTBAMMU IIyTEM KOHTPOJISI M YIIPABJICHUSI POCTO-
BBIM IIPOLIECCOM Ha YPOBHE aTOMHBIX MOHOCJIOEB,
CHIDKEHHE Pacxoja MCXOAHBIX BEIIECTB.

B criocobe HaHeceHusl MOKphITUS [42] GoMOapau-
pPOBKa IMOMIOXKH MOJIOXKUTEIbHBIMU MOHAMU Ta30BO-
To paspsima (Teldii, aproH, a30T W BO3AYX C SHEPTUEH
B mpenenax 1,5...3,5 k3B) uepenyercss ¢ mpoleccom
00yyeHUsT ynbTpadroIECTOBHIM M3JIy4YEHUEM U ITOTO-
KOM 3JIEKTPOHOB. [1p1 3TOM TOTIOTHUTETLHOE BO3/IEH-
CTBME Ha MTOBEPXHOCTb TUIJIEKTPUKA yAbTpaduoieTo-
BOTO M3JIy4YeHUS B 00JIacTH 4acToT 1 * 101...5- 10 'y
YCWIMBAET 3TU MPOIIECCHI, TaK KaK 3Heprus (OTOHOB,
COOTBETCTBYIOILIAs] 3TOMY JMamna3oHy 4YacTOT, paBHa
4...20 3B u coBnagaeT ¢ sHeprueit CBSI3U YIJIepOAHbBIX
COENMHEHUI U OKCHUIOB METAJIOB, COCTaBJISIOLINX
OCHOBY OOJIBIIMHCTBA TUIJIEKTPUKOB. JlaHHOE TEXHM-
YyecKoe TIpelIoXeHne 00ecTieunBacT yBeIMICHUE all-
re3MOHHOM MPOYHOCTU KOHTAKTa METALIM3UPOBAHHO-
T'O TIOKPBITUS ¥ TUJIEKTPUICCKOM TTOMJIOXKKHU, a TAKXKe
MpeIoTBpAlllaeT BOZMOXHOCTh TOSIBJICHUSI Opaka T1o-
KPBITUSI, SIBJISIIONIETOCS CAeACTBUEM (OPMUPOBAHUS
00BEMHOTO TTOJIOXKUTEIBHOTO 3apsia Ha TTOBEPXHOCTH
MOJIOXKKH, 332 CUeT KOMIIEHCAIIMK OOBEMHOTO TOJIO-
SKUTEJIBLHOTO 3apsiia, YCWICHUS TPOIECCOB OYMCTKHU
MMOBEPXHOCTH OT TUAPOKCHMIIBHBIX TPYIII, OpraHuYe-
CKUX 3arpsI3HEHUi, a TakkKe 3a cYeT XMMUUYECKOHN aK-
TUBAIIUM TTOBEPXHOCTH.

Bimsinue cocTaBa ra3oBoii cpeapl B padoueii Kamepe
NpPH OCAXKIECHHH ILICHOK

CocTaB ra30Boil cpejbl B IJIa3MEHHbBIX Tpolieccax
OoCaXkIIeHUsI TUIEHOK MOXET CYIIECTBEHHO BIUSTHL Ha
CTPYKTYPHBIC U 2JIEKTpO(PU3NYeCcCKue MmapaMeTpsl Ijie-
Hok. Hanpumep, aBTopsbl [43] ycTaHOBUJIN, YTO BBICO-
Koe mapiuaabHoe AaBieHne kuciopona (3...5 %) B ra-
30BoM cMecu Ar + O, IIpy peaKTUBHOM paclbUIEHUU
MulileHu 13 criaBa uHavs (90 %) u onosa (10 %) cro-
CcOo0OCTBOBaJIO (hOPMUPOBAHUIO HA CTEKISIHHON IOMI-
noxxke mpu Temneparype 350 °C miIeHOK ¢ TEKCTypoi
(111), B TO BpeMsl, KaK B YMUCTOM aproHe KPUCTALIUTHI
OpUEeHTHpOBaNIUCh BIoJb HanpaBaeHust (100). I[Tnenku
¢ Tekctypoii (100) uMenn MeHbllee COMPOTUBJIEHUE,
yeM ¢ (111), 4TO 0OBSICHSIETCS YMEHBILIEHUEM HCKaXe-
HUS pelIeTKN OKCUAA WHOWS BCIICICTBHE CHIKCHUS
JIOJIM BHEAPEHHOTO B Hee KUCIOpoaa.

Hanuyue B coctaBe pabouero raza Takux IpuMec-
HBIX 3JIEMEHTOB, KaK KHUCJIOPOJA WJIW a30T, BHI3BIBAET
BEPTUKAIBHBIM POCT 3¢peH B IUIEHKAX AIFOMUHUEBBIX
CILUIaBOB IIpM MAarHeTPOHHOM pacmbuieHUuUu [44].
CronibuaToii CTpyKTypOi 00YC/IOBJIEH TeMIlepaTypHbIi
ko3 puuueHT conportunieHus (TKC) ocaxxgaeMbix B
KUcJIopoocoaepxKallieii cMecu TIaTUHOBBIX TUJICHOK.




Jnsa meHok tomumHoM 1...3 mkm TKC cocrasnsn
0,00385 °C_1, yrto coBrnagaeT ¢ TKC nmiuatmHoBO# npo-
Bosioku I11-4 1 npeBblllIaeT yKa3aHHbIM ITapaMeTp IJIst
TUICHOK, MOJYYEHHBIX MPU paclbUIEHUN B YUCTOM ap-
roHe [45].

3akioueHue

ATOMHUCTHYECKUI XapaKTep MHpoliecca pocTa ILIe-
HOK M3 Ta30BOM (a3pl o0eCIeurMBaeT BO3MOXKHOCTH
MOJyYEHUS MHOXKECTBA CIUIABOB U COCIMHEHUI C HOP-
MaJIbHOM YU aHOMAJILHOW CTPYKTYpaMU U CBOMCTBaMU,
KOTOpbIE MMEIOT WMHBbIC 3HAYECHUS, YeM MAaCCUBHBIC
oOpasubl. B oTimume OT TpaaMIIMOHHBEIX CIIOCOOOB
VIIpABJIE€HUSI CBOMCTBAMM PacTylIMX IUIEHOK oOecIie-
YyeHUE OETEPMUHMPOBAHHOCTU MpPOLECCa OCAXIACHUS
BO3MOXHO 32 CUET BBEICHUS NOIOJHUTEIbHBIX BO3-
JNEUCTBAN C HETEPMUUYECKOW TIPUPOAON AKTUBALWAM,
MO3BOJISIIOLLIUX YIIPABJISATh (PU3NKO-XUMUYECKUMU TIPO-
HeccaMM Kak B IIPOJIETHOM IIPOCTPAHCTBE, TaK W Ha
TMOBEPXHOCTU ITOJIOXKKU.

B craTtbe maHbI 001IME TIPEeACTAaBIEHMS O IIPOoLieccax
aKTUBAllMK, OTHAKO HEOOXOIUMBI NaJIbHEHUIIIE Teo-
peTuyeckue pa3pabOTKM, ITO3BOJISIONIME YUYUTHIBAThH
BJIMSIHUE TIPUMECEN U 3arpsI3HEHUM, MaTEpPUAJIOB MO/ -
JIOKEK, COYeTaHMe KOHKPETHOro cIiocoda ¢ APYruMu
cnnoco0aMM HETEPMUYECKON aKTUMBALIMKU M APYTUX YC-
JIOBUI1, 00€CIIeYMBAIOIINX BOCIIPOM3BOAUMOCTh pe-
3yJbTATOB.

st peanu3aliii paCCMOTPEHHBIX IIPUEMOB, CO3-
JMAOIIMX MPEOINOChIKM ONTUMM3ALMUA TEXHOJOTUM
CO3HaHUS U3IEIUN HAaHO- U MUKPOCUCTEMHOMN TeX-
HUKHU, MOTYT OBITh MCMOJb30BaHbl 0a30BbIC TUIHI YC-
TaHOBOK C JOIOJHUTEIbHBIMU 0JI0OKAMU U BHYTPHUKA-
MEPHOM OCHACTKOI, He TpeOyIolIeil CIOXHBIX YCJIO-
BUI NPUMEHEHUS.
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Nonthermal Activation of the Processes on a Substrate Surface in PVD Methods

Control over the morphological and structural properties of the growing films obtained by the gas phase or molecular beam
deposition traditionally boils down to a change of the substrate temperature, energy of the deposited particles and material dep-
osition rate. However, for manufacture of the devices for micro- and nanoelectronics high temperatures are often undesirable.
The determinancy of the deposition process may be increased by introduction of the extra effects with a nonthermal activation
enabling us to control the physical-chemical processes both in the drift space and on the substrate surface. This paper analyzes
the nonthermal activation processes of the film deposition and growth, and demonstrates application conditions and the specified

process efficiency.

Keywords: nonthermal activation, gas phase physical deposition, thin-film technology, VLSI production

Introduction

Obtaining of high-quality thin-film Ilayers and
coatings from metals, alloys, dielectrics and semicon-
ductors is an important task for manufacture of the el-
ements and devices in electronics, optics and high-
precision mechanics. For example, in the technolog-
ical processes involving manufacture of the integrated
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microcircuits with substonanometer norms about
30...60 % of the works are operations connected with
obtaining of the thin-film layers for insulation and
metallization systems [1].

Deposition of layers of a material in thin-film tech-
nology represents a sequence of the following events
[2, 3]:

e generation of an atom-molecule state of substance;




e transportation (mass transfer) of the particles;
e interaction of particles with a substrate.

The last stage is often subdivided into two, separat-
ing the interaction of particles with a substrate and film
growth, i.e. interaction of the deposited particles with a
continuous layer of a film material. This separation of
the stages of deposition of coatings is of a principle
character both in case of a concrete synthesis, and of its
modeling. The way of generation of the atom-molecule
state of substance characterizes two classes of the proc-
esses of the physical vapor deposition (PVD): thermal
evaporation and ion-plasma sputtering. In the first case
the electric energy from the source is transformed into
the thermal energy and then into the mechanical energy
of particles due to the influence of such forces on the
initial material as Joule heat, induction heating, burn-
ing of an electric arch, electron-beam heating, heating
by a laser radiation in the visible light and near IR spec-
trum; in the second case — the electric energy of a
source is transformed into the mechanical energy of
particles.

Some researchers consider separately the class of the
mixed processes of PVD, in which deposition of films
is carried out by means of simultaneously evaporated
and/or sprayed in vacuum directly or in low pressure
plasma of the materials in the form of atomic and ion
beams on the surface of a substrate without a change of
their chemical compound.

In the given work the specific features of the non-
thermal methods of activation for formation of thin-
film coatings are considered.

The traditional method of control of the morpho-
logical and structural properties of the films obtained by
deposition from a gas phase or molecular beams con-
sists in a change of the temperature of a substrate, en-
ergy of the deposited particles and speed of deposition
[4—6]. During creation of structures for micro- and na-
noelectronics application of high temperatures is unde-
sirable. This causes a diffusive degradation of the con-
centration profiles of doping and can lead to strength-
ening of the uncontrollable factors, which cause non-
reproductivity of the parameters [7]. It is possible to
raise the determinancy of the deposition due to addi-
tional influences with a nonthermal character of acti-
vation, allowing us to control the physical-chemical
processes in the drift region and on the substrate sur-
face. Such actions can be:

e static deformation of a substrate by bending or ex-
citation of its bending vibrations;

o influence of the electric and magnetic fields (for ex-
ample, thermoionic deposition, field effect);

e irradiation of the surface of a substrate by impulses
of UV radiation, which ensures photodesorption of
the adsorbed gases.

Mechanical influences on a substrate

The most simple hardware method of activation of
a film deposition is a mechanical influence (first of all
bending) on a substrate.

Nig 75 — Feg o5 films were deposited in a plane fo-
cusing constant magnetic field on the glass substrates
strained by a bend (the deflection of the substrates with
size of 10 X 24 X 0,5 mm was ensured by a copper wire
placed along the short side between the substrate and
the holder, and was equal to 50 um). Depending on the
distribution of the elastic strains on the local sites of
samples there was strengthening of the monaxonic an-
isotropy induced by the magnetic field and its full com-
pensation with a simultaneous change of the direction
of the axis of light magnetization [8].

One of the tasks of the semi-conductor tensometry
is manufacture of the strain sensors with linear and
symmetric deformation characteristics. Depending on a
reason for nonlinearity it is compensated for by certain
methods. The asymmetric property of the deformation
characteristic of the film semi-conductor resistive-
strain sensors, is most likely connected with the insuf-
ficiently studied internal mechanical strains in the
films. In [9] the authors present a research of the static
deformation characteristics of the polycrystalline films
(Big 5Sby 5),Tes, in which the structural-technological
internal mechanical strains play a considerable role,
and also offer methods for linearization and symmetri-
zation of those characteristics. Preliminary deformation
of the substrates was carried out with the use of an in-
curved substrate holder. A constant bending moment
influenced the working site of a substrate, which caused
a uniform deformation of the unilateral compression of
the working site. When the substrate with the deposited
film was released from the substrate holder, they re-
turned to the initial non-deformed state, while the film
was already under deformation equal by the value, but
reversed by the sign, of the preliminary deformation of
the substrate.

In [10] there are results of deposition of coatings of
Cr(6...8 um)—Cu (40 nm) on the substrates from glass
C49-2 with inflection (the corresponding strains
measured after the deposition in a usual mode, but
with the reversed sign). The substrates with thickness
of 5 and 10 mm were bent up to the strains of accord-
ingly ~5,9-10° and ~1,96-10° N/m?2. The residual
strains in the substrates, which were deposited with the
use of an inflection, decreased 5...6 times in compar-
ison with those deposited without an inflection. The
inflection resulted practically in a triple increase of the
durability of the coupling of the coatings with the sub-
strates.

In the method for obtaining of an aluminum foil for
improvement of the quality and simplification of sepa-
ration of the aluminum film from the substrate material

HAHO- I MUKPOCUCTEMHAS TEXHHUKA, Ne 10, 2015 17



a condensation is carried out on the elastic-deformed
metal substrate from beryllium bronze with thickness
of 0,2 mm [11]. A degreased substrate is placed in the
installation chamber so, that its concave polished sur-
face is turned to the evaporator; the deflection arrow is
15 mm and the size of the substrate is 50 X 60 mm.
Separation of the condensate from the substrate oc-
curs spontaneously during the moment of devacuumi-
zation of the chamber. Here, on a redistribution of the
strains in the aluminum layer the natural oxide for-
mation affects the external surface. The ultimate ten-
sile strength of the foil with thickness of 6...10 pm is
(1..2)-10° N-m2,

The conditions of input of ultra sonic oscillations
from the oscillatory systems by means of metal work-
ing tools into the gas environments are inefficient. The
specific wave resistance of the liquid environments is
considerable (of water it is 3500 times more, than of
gases), therefore big power is radiated from the oscil-
latory system into a liquid at the identical amplitudes
of oscillations of the tool. Besides, in liquid environ-
ments a physical process appears and goes on — U3
cavitation, which ensures the maximal power impacts
on solid bodies, therefore, a substrate is subjected to
bend oscillations outside the working chamber of the
deposition installation. It is subjected to bend oscilla-
tions during electrochemical sedimentation; "scoring"
of the substrates can be carried out before and after
sedimentation of a film with a view to ensure a de-
crease of the value of the surface charge in the semi-
conductor-dielectric structures or consolidation and
decrease in deficiency, redistribution of the mechan-
ical fields [12—15].

Influence of the external magnetic and electric fields

During imposition of a static magnetic field within
the limits of ~50 Oe, oriented in parallel to the substrate
surfaces, the processes of formation of the magnetic
films are realized. The direction of the magnetic field
determines the direction of the vector of magnetization
and depending on this it is possible to receive aniso-
tropic or isotropic films [16—17].

In [18] during obtaining of magnetic nanoparticles
on a substrate, the deposition on the substrate surface
of nanoparticles and their magnetization in the set di-
rection are used, the substrates are moved to the gap of
the magnetic conductor, in which a magnetic field is
created by means of a constant magnet or an electro-
magnet. The above-mentioned cycle is repeated up to
obtaining of the required average size of the nanopar-
ticles. The accuracy of obtaining of this size is ensured
due to duration of the sedimentation and magnetiza-
tion. The average distance between the neighboring na-
noparticles on a substrate is controlled by means of
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force of the magnetic field, and the form of the nano-
particles — by means of its direction.

The granulated magnetic films, just like other struc-
tures with magnetoresistance, are investigated actively
with reference to the different-purpose sensors, com-
puter memory and high density data carriers [19]. As a
result of the research [20] the effect of magnetomigra-
tion of the basic and doped components was discovered
in Co—Cu granulated films, deposited by the ion-plas-
ma method under the influence of an external constant
magnetic field with a gradient, directed via a normal
to the substrate surface. A necessary condition for ap-
pearance of the effect is high mobility of the adatoms.
Under the influence of the external field the diamag-
netic and paramagnetic atoms migrate multidirection-
ally lengthways of its gradient. Using the effect it is pos-
sible to obtain thin magnetic films with a low content
of the undesirable impurities, such as chlorine, hydro-
gen, carbon, argon, etc., possessing high diamagnetic
susceptibility.

The external electric field turned on during the time
of deposition of a film, often causes changes in its struc-
ture. Chopra K. L. [21] established, that under the action
of the electric fields with intensity of ~100 V + cm” !and
over, applied along the substrate surface, the specific
resistance of the growing film is less, than without the
field. This is due to a change of the free energy in the
presence of a charge, which influences the equilibrium
form of a germinal islet (when the field is overlaid, in-
stead of the spherical form the islet acquires the form
of ellipsoid extended along the field vector). The effect
is observed at the initial stage of deposition, till the film
becomes physically continuous (it happens approxi-
mately at twice smaller thicknesses, than in the condi-
tions of absence of the field). Accordingly, the specific
resistance of the metal films decreases, and there is a
possibility of obtaining of oriented films of semi-con-
ductor compounds on non-oriented substrates [22].

In [23] the control of specific superficial resistance
is offered during deposition of thin resistive films by
means of samples-witnesses, taking into account the in-
fluence of the electric field of a voltage source of the
measuring equipment on the growth of the resistive
film. Efficiency of such a control is proved by the re-
duction of the influence of the random component of
the controlled quantity [24].

Influence of the charged particles and various
radiations on the surface of a substrate

An independent possibility of control over the film
growth can be provided by the influence by a beam of
ions on its surface during deposition [25—31]: to the al-
ready existing control parameters the energy of an ion
beam is added, its density and duration of influence.




The ion influence can be carried out at the following

stages:

e at the pre-growth stage due to the ion-stimulated re-
construction of the surface of a substrate;

e at the origin stage;

o at the stage of an inter-layer diffusion and accretion
of the two-dimensional islets;

o at the stage of formation of a continuous layer.

For a traditional ion doping the energy of an ion
beam from 10 keV up to 1 MeV is used, which is due
to the necessity of formation of the structure areas at
certain depths from the surface. The formation prob-
lems at such energy defects of the structure are solved
by annealing. However, at high temperatures a diffu-
sion degradation of the concentration profiles of dop-
ing occurs, which is undesirable for creation of the in-
strument structures for micro- and nano-electronics.
Ion doping done directly during an epitaxial deposi-
tion of Si films, allows us to lower the energy of ions
down to the value of about 0,1 keV. The current density
is 0,1...0,6 pA- cm_2, and duration of influence —
0,25...0,6 s. The bottom limit is determined by the lag
effect of the leak valve of the ionized gas (krypton), and
top one — by the condition of preservation of ultrahigh
vacuum in the chamber after the pulse action [32].

It was demonstrated [33], that the received films had
a number of useful properties: higher reflective ability,
adhesion, and wear resistance. Therefore it is possible
to conclude, that the influence of the bombardment by
similar ions on the structure of films (as well as on re-
sistance) has a specific character and is not reduced to
the additional heating caused by thermalization of the
kinetic energy of the ions during braking.

The thermoionic deposition of coatings is widely ap-
plied for manufacture of integrated microcircuits, mag-
netic films, optical and wearproof layers. Deposition of
films in the conditions, when a material arrives on a
substrate in the form of atoms and ions, allows us to
change the composition of a coating and its structure.
The thermoionic deposition is carried out at the en-
ergies of particles of 0,2...2000 eV by supplying high
frequency or constant displacement on a substrate.
The share of the ionic component in a flow of the de-
posited particles is 1...10 %, at that, the ions move
along the normal to the substrate surface, while the
neutral particles go under the law of cosine [34].

One of the most widespread methods for obtaining
of the intensive thermoionic plasma is electron-beam
evaporation with an external injection of an electronic
beam [35]. Its drawback is that an electronic gun and
a crucible with the substance should be separated in
space in order to avoid an electric breakdown of the gun
owing to the pressure increase during evaporation.
More simple and reliable ways with comparable effi-
ciency of deposition are offered by the plasma electron
beam systems, in which formation of an electronic

beam occurs at the surface of the evaporated substance
[36]. An advantage of the plasma systems is that a gun
breakdown is eliminated in them, because formation of
a flow occurs in a gun with a plasma emitter, i.e. in ab-
sence of a solid-state negative electrode, on which a
breakdown develops. Besides, the accelerating interval
owing to high electroconductivity of plasma automati-
cally reduces the sizes with a current growth in case of
a pressure increase, which ensures an effective passage
of the charged particles through it. The second impor-
tant feature is absence of the transportation space be-
tween the gun and crucible, which makes the system
noncritical to the energy of a beam and allows us to vary
it over in a wide range, making it optimal from the point
of view of the maximal efficiency of ionization of the
working steam.

In [37, 38] it is shown, that the kinetics of the
growth of polymericfluorine coatings from a gas phase
is determined by the basic mechanisms of the secondary
polymerization of the adsorbed molecules and frag-
ments arriving to the surface, and radiating polymeri-
zation of the radiation-imparted molecular complexes,
which incorporate into large 3D structural units of a
cluster type and form a polymer structure. By a directed
electronic processing of the growing layer of a polymer-
icfluorine film it is possible to control the properties of
the polymeric coating. In the field of the optimal tem-
peratures of condensation the vacuum coatings have
the most perfect structure. Here, during activation by
an electronic-ion bombardment the groups of particles
of macromolecules are formed, which migrate to the
surface of the substrate and participate in polymeriza-
tion with formation of radiating cross-section linkages
of molecules. The vacuum polymericfluorine films ob-
tained in HF plasma in the external electric field at
340...385 K are formed into a more dense ordered mo-
lecular structure and have the best electrophysical char-
acteristics. An increase of the optical coefficient of the
transmission of polymericfluorine coatings is observed,
which is due to a decrease of the crystallinity and spher-
ulitic order in the structure of the films.

Processing of the surface of a substrate with a grow-
ing film can be carried out by ultraviolet and laser ra-
diation, which can be conveniently combined with the
other ways of nonthermal activation.

During deposition by a jet evaporation of a number
of compounds of a stoichiometric composition (CdS,
Zn0O, AIN, etc.) the probability of interaction of the
components can be increased due to activation of one
of them by means of an ultra-violet radiation [39, 40].
The formed mix of the molecules and atoms of nitrogen
has a raised reserve of energy and enters into a chemical
reaction with aluminum in the substrate zone.

In [41] it is proposed that during the growth of the
diamond films from molecular beams a simultaneous
influence should be applied to the initial substances and
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the substrate of the light radiation (laser radiation with
the wavelength of 193 nm) at a distance from the sub-
strate smaller than the length of a free run of the mol-
ecules of the initial substances. This ensures obtaining
of films and structures on their basis with the set prop-
erties by means of control over the growth at the level
of the nuclear monolayers, and decrease of consump-
tion of the initial substances.

In the method of deposition of coating [42] the
bombardment of a substrate with positive ions of the gas
discharge (helium, argon, nitrogen and air with energy
of 1,5...3,5 keV) alternates with UV irradiation and a
flow of electrons. An additional influence on the sur-
face of the dielectric of UV radiation in the range of fre-
quencies from 1 - 1071 up to 5- 101> Hz encourages
these processes, since the energy of the photons corre-
sponding to this range of frequencies is equal to 4...20 eV
and coincides with the energy of the bonds of the car-
bon compounds and metal oxides, which make the ba-
sis of most dielectrics. The given offer ensures an in-
crease of the adhesive durability of the contact of the
metalized coating and a dielectric substrate, prevents
waste of the coating as a consequence of formation of
a volume positive charge on the surface of the substrate
due to compensation for the volume positive charge,
strengthening of cleaning of the surface from the hy-
droxyl groups, organic pollution, and also due to chem-
ical activation of the surface.

Influence of the composition of the gas environment
in the working chamber during deposition of films

The composition of the gas environment in the plas-
ma processes of deposition of films can influence their
structural and electrophysical parameters. For example,
in [43] it was established, that high partial pressure of
oxygen (3...5 %) in the mix of Ar + O, in case of a jet
dispersion of a target from an alloy of indium (90 %)
and tin (10 %) promoted formation of films with a
structure of (111) on a glass substrate at 350 °C, while
in pure argon the crystallites were oriented along direc-
tion of (100). The films with the structure of (100) had
smaller resistance, than with (111), which is explained
by a smaller distortion of the lattice from indium oxide,
owing to a decrease of the share of oxygen introduced
into it.

Presence in the working gas of such impurities as
oxygen or nitrogen causes a vertical growth of the
grains in the films of aluminum alloys during a mag-
netron dispersion [44]. A columnar structure deter-
mined the temperature coefficient of resistance (TCR)
of the platinum films deposited in the oxygen-con-
taining mixes. For the films with thickness of 1...3 um
TCR was 0,00385 °C_1, which coincided with TCR of
platinum wire P1-4 and exceeded the specified param-
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eter for the films received as a result of dispersion in
pure argon [45].

Thus, the use for formation of the physical and
chemical structure of films in PVD methods of the
processes of nonthermal activation can be effective and
be applied in the technology for creation of nano- and
microsystem products.

Conclusion

Atomistic character of the growth of films from a gas
phase ensures possibility of obtaining of numerous al-
loys and compounds with normal and abnormal struc-
tures and properties, which have other values, than the
massive samples. Unlike the traditional ways for control
of the properties of the growing films, the determinancy
of deposition is possible due to introduction of the ad-
ditional influences with a nonthermal nature of activa-
tion, allowing to control the processes both in the drift
space, and on the substrate surface.

The article gives a general idea about activation,
however, the further theoretical research is necessary,
which would allow us to consider the influence of im-
purities and pollution, materials of the substrates, com-
bination of the method with another nonthermal acti-
vation, and the other conditions ensuring reproducibil-
ity of the results.

For realization of the considered techniques, which
create preconditions for optimization of the technology
for development of nano- and microsystem products,
the basic types of installations can be used with addi-
tional units and intrachamber equipment, which do not
require complex conditions for their application.
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BBenenue

CoBpeMeHHbIE TEHACHLIMM Pa3BUTUS KOCMUYE-
ckoil orpaciau Poccuu, cBsI3aHHbBIE C TPUMEHEHUEM
co3naBaeMblXx kKocMuuyeckux arnmaparoB (KA), xapak-
TEPU3YIOTCSI HEOOXOIMMOCTbIO MOBBILLIEHUS UX PECYP-
Ca U COOTBETCTBEHHO HaJEeXHOCTU OOPTOBOW paauo-
ayieKTpoHHoM anmnapatypsl (BPA) u oGopynoBaHus.
OnHUM M3 OTPULIATEIbHBIX (PAKTOPOB, BIMSIOIIMX Ha
YCIIELIHOCTD PelleH!s JTaHHOM 3a1aui, IBIsIeTCS Tpo-
61ema snexktpusaiiiu KA B opOUTAIbHBIX YCIOBMSIX.
BozneiicTBue cratuyeckoro ajieKrpuyectBa Ha KA
MPUBOJUT K HAKOTUJIEHUIO 3apsiI0B, COOTBETCTBYIOLIUX
noTeHIManaM npuoausutesbHo 1...20 kB. Benencteue
9JIEKTPU3aLMM BO3HUKAIOT BJIEKTPUUECKUE Pa3PsIibl,
CO3/1AI0IIME UHTEHCUBHBIE 2JIEKTPOMArHUTHBIE TTOME-
XU, MPUBOJAIIME K TOBPEXIESHUIO 3JEMEHTOB aIlra-
patypbl. Kpome TOro, akTHBHOE UCIOJIb30BAaHUE B Ha-
crosuiee BpeMsl B co3nanun bPA moctrxkeHuit HaHO-
U MUKPOTEXHOJIOTHA, B TOM YMCJIE HAHO- U MTUKOCTYT-
HUKOB, CHUXAET CTENEHb YCTOWYMBOCTU MpPUMEHSIE-
MO amnmapaTypbl K BO3I€UCTBUIO 3JI€KTPOMAarHUTHBIX
nosieid (0COOEHHO B cllyyae MpHUMEHEeHUsT OeCKOpITyCc-
HbIX U MHOTOBBIBOJIHBIX MUKPOCXEM U IUBJIEKTpUYe-
CKUX CJIOEB B X COCTaBe C YMEHBIIEHHOW TOJIILIMHOI),
YTO OOYCJIOBIMBAET HEOOXOAUMOCTh PELICHUS 3ada4uu
orpeaesieHUs HAMPSKEHHOCTU JIEKTPUUECKUX TOJIEN
JUIS YCJIOBUIM KOCMUYECKOTO MPOCTPaHCTBa Majioraba-
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PUTHOU AaTYMKO-TIpeoOpasyroniei anmapatypsl. Ta-
KMM 00pa3oM, aKTyaJbHbIM SIBJSIETCSI KOHTPOJIb 3a
3JIEKTPOCTAaTUYECKOW 0OCTAHOBKOW Y TTOBBILLICHUE 3a-
IIUIIEHHOCTU PAANO3JIEKTPOHHBIX KOMIIOHEHTOB O0OP-
TOBOM amIaparypbl OT JEKTPUUECCKUX MOJIEN C TOMO-
LIbIO amnmnapaTypbl ¢ YMEHbIIEHHbIMU Maccoradapur-
HBIMU XapaKTepPUCTUKAMU.

Lenbio paboThl SIBJISIETCSI CO3MaHUE Majlorabapur-
HOTO BBICOKOUYBCTBUTEJILHOTO BUOpAIMOHHOTO TIpe-
oOpa3oBaTesl JIEKTPUYECKUX TOJIei, obecredynBaro-
1IeT0 KOHTPOJIb 3JIeKTpr3aliuu noepxHoctu KA B op-
OUTAJIbHBIX YCIIOBUSIX.

3agayaMu, MO3BOJISIIOIIMMU JOCTUYb MOCTaBJICH-
HYIO 11€Jib, SIBJISIOTCSl OTIpEAE/ICHUE U OLIEHKA pacyeT-
HO-3KCITIEPUMEHTAJIbHBIX XapaKTEPUCTUK U CTEIECHU
UX BJWSIHUS HA YYBCTBUTEJbHOCTb YCTPOMCTBA KOH-
TpoJisd (BUOpallMOHHOro Ipeodpa3oBaTesisi) dJAEKTPO-
craTuyeckoit ooctaHoBkU KA.

CoBpemMeHHbIe KOHCTPYKIIMH YCTPOACTB
H3MepPeHus moJiei

BoJbIIMHCTBO U3BECTHBIX IIPUOOPOB IJIST U3MEPE-
HUS HAMPSXKEHHOCTU 3JIEKTPUYECKOTO MOJIsi OCHOBA-
HBI Ha SIBJICHUM DJIEKTPOCTaTUYECKOM MHIYKIINU, KO-
TOPOE 3aKJII0YaeTCsl B TOM, UTO IPOBOAHUK, TOMEIIICH-
HBII B BJIEKTpUUYECKOe T0JIe, TprodpeTaeT MOTEHIIN-
aji, 3aBUCSIIMIA OT ero MoJIOKeHUST U KOHGMUTYpaLnu,




BEJIMUMHBI U TeOMETpUU ToJisd. B u3-
MEPUTENBHBIX CUCTEMAX PETUCTPHU-
pyeMol BEJIMYUHOW SIBJISIETCS pPa3-
HOCTb MTOTEHIIUAJIOB MEXIY TTPOBO/I-
HUKaMM, HaXOMSIIMMUCS B Pa3HBIX
TOYKax IMPOCTPAHCTBA, WJIMU TOK,
BO3HUKAWOIIMI HAa COMPOTUBICHUU
YTEUKM MEXIy TPOBOAHUKAMU. Me-
TOAbl W YCTPOWCTBA pErMCTpaluu
BJIEKTPUUYECKUX TOJIEN pa3inyaloTcs

nekTpog (2)
Electrode (2)

\/

Kpennenuwe
Mountin

Kartywka (1)

Solenoid (1) MiarHuT

Magnet

AN

*

~

crocobaMu BO30YXAEHUS ITOM pas-
HOCTH TTOTEHLUAJIOB.

B Hacrosiiiee Bpemst B PO us-
BECTHBI JBE BeAylllye IIKOJbI IO

CO3/IaHMIO U pa3paboTKe YCTPOMCTB v — — — — — — — — —

KOHTPOJIA 3JEKTPUUECKUX ITOJIeH
KA: OAO "HIIO UT" u HoBocu-
OMPCKMII TOCYIapCTBEHHBIA YHM-
BEPCUTET.

IMpuHiun pa6orsl garuyrka HoBocubupckoro ro-
cynapcTBeHHoro yHusepcuteTa [1] (puc. 1) yctpoeH
clienytolumM obdpa3oM. IlimacTHa U3 MarHUTOMSITKOTO
MaTepraja ¢ IMOMOIIBIO KaTYIIKA BO30YXICHUS, T0-
CTOSIHHOI'O MarHuTa M KaTylIKu oOpaTHOI cBs3u (1)
MPUBOIUTCS B KoJieOaTeIbHOE JBUXXEHUE Ha YacToTe
MEXaHW4YeCKOTo pe3oHaHca. Ha mpyrom KoHIe Tia-
CTHHBI YKPEIUIeH YYBCTBUTEJIbHBIN 2JIEKTPOJ 2, MOJI-
KJTIOYEHHBIN K BXOTHOMY YCUJIUTEJTIO.

IIpu KoneGaHUSIX YYBCTBUTENbHBIA JEKTPON YI-
JIyOJIsIeTCS BHYTPb 3KpaHUpYIolllero Kopmyca (J3) wiu
BBIABUTAaEeTCs U3 Hero. [1pu HaTuYuM 3JIeKTPUIECKO-
ro TIOJIS 3TO TIPUBOAUT K M3MEHEHWIO TOTEHIIMAJIA
YyBCTBUTEJILHOTO 2yiekTpoa. [loce ycuneHuns u cun-
XPOHHOTIO JETEKTUPOBAHUS Ha BBIXOJAE IMOJIyYyaeTcsl
HaIpsKeHUEe, MPONOPIMOHANBHOE HAIPSKEHHOCTH
9JIEKTPUYECKOTO T0JIsI, UMEIoIllee COOTBETCTBYIOLIMIA
3HaK. HemocTaTkoM TaKoro yCTpOWCTBA SIBIISIETCS Ma-
Jlasi aMIUIUTyJa MeXaHWYeCKUX KojiebaHWil, KoTopas
He mpeBocxoauT 1 MM. BenencTBie Masoit aMITTATYIBI
CKOPOCTh M3MEHEHUS TUIOLIAAN TOBEPXHOCTU YYBCT-
BUTEJIBLHOrO 3JieKTpoaa dS/dt mana, 4Tto, MO HalleMy
MHEHMIO, HEIOCTATOYHO TSI OTIpeaeIeHUS TTOTeHIINA -
JioB Ha KA menbuie 1 kB.

M3BeCTHBIN JaTYNK 3MEKTPUIECKOTO 0 "30HI-
3M" (OAO "HITO UT") [2, 3] uMeeT psia HEAOCTATKOB,
CBSI3aHHBIX C OOJBIIMMHU MaccorabapUTHBIMHU Tiapa-
MeTpaMM, TAKUMU KakK:

e TabapHUTHBIE pa3Mephl JaTyuka 56 X 30 X 27 mwM;
e Macca gatymka 0,3 kr;
e TOK mnotpebiaeHus 0,3 A.

ITpyuHUMIT eHACTBUS yCTPOMCTBA U3MEPEHMUST DJIEK-
TPUYECKUX TOJeli BUOpAlIMOHHOTO Mpeodpa3oBartesis,
cozmanHoro B OAO "Poccuiickne KOCMUYECKHE CHC-
TEeMbI", OCHOBAH, TaK Xe KaK U Y YCTPOIMCTBA, OMUCaH-
HOTO BBIIIIE, Ha BO3OYXKICHNN MEXaHMYECKUX KOJIe-
OaHuii (puc. 2), HO KOHCTPYKTHUBHO CYIIECTBEHHO
OTJIMYACTCSI.

Y

cHMAuTEeNDb :

Preamplifier

LnavHapHUYecKrin
ropnyc (3)
Cylindrical cover(3)

CoepuHUTEND
Conncctor

Puc. 1. Cxema 1aTyMKa HANPSKEHHOCTH JJIEKTPHIECKOTO TOJIS
Fig. 1. Diagram of the electric field sensor

Muxkpobanka,
3KpaHUpYOWKIA
anekTpog, (3)
Microbeam,

shield electrode(3)

Katywka (1)
Solenoid(1)

/
7

Yyscreu- 3
TenbHbIN
anektpog, (2)
lndfcatfng
electrode(2)

Puc. 2. O6bexTnl HccnenoBanust: a — 3D-Moaenb BUOPALlMOHHOTO
npeoOpa3oBaTeis NEKTPUUECKUX MOJIEH; b — MPUHLIMIT IBUXKESHUS
MMKPOOAJIKK BUOPAIIMOHHOTO Mpeodpa3oBatesi; /| — KaTylka; 2 —
YyBCTBUTEJbHBIN 3JIEKTPOA; 3 — SKPAHUPYIOUIUI JIEKTPO.

Fig. 2. Objects of research: a — 3D model of the electric fields of the
vibration transducer; b — the principle of the movement microbeam of
the vibration transducer: 1 — coil; 2 — sensitive electrode; 3 — shielding
electrode
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OT HU3KOYACTOTHOTO reHepaTopa Ha KaTYIIKKU WH-
NYKTUBHOCTH TIOJAETCSI MEPEMEHHOE HAIPSXEHUE C
OIpeleIeHHOI 4acTOTOM, IIpUBOIsIiee B KoleOaTeIb-
HOe NBMXEHUE 3a3eMJICHHYI0 MMKPOOaJiKy (3KpaHU-
pYIOILIMA 371eKTpoJ J) Ha 4aCTOTe MEXaHUYECKOIro pe-
30HaHca. Tak Kak OOMOTKM KaTyllleK BKJIIOUEHbI B
MpoTUBO(da3e U Co34al0T HEOJHOPOJAHbIE MATHUTHBIE
I10JIsI, BBI3BIBAIOIE MATHUTHOE B3aUMOACHCTBUE Me-
KOy KaTylllkaMM U 5KPAaHUPYIOIIUM 3JIEKTPOAOM, TO
co3/laBaeMble UMM MAarHWUTHBIE MOTOKU CKJIaJbIBAIOT-
cd, Onaromapsi YeMy BIOJb OCHM MEXIY KaTyllIKamu
CO3/1aeTCSd MAarHUTHOE MoJie, aMIUIMTYAa KOTOPOIo
HU3MEHSeTCs 10 CUHYCOMIAaIbHOMY 3aKOHY. DTO MoJie
B3aMMOJIEMCTBYET C BKPAHUPYIOLIUM 3JEKTPOIOM,
BBIMOJIHEHHBIM U3 (heppOMarHUTHOIO MaTepuaa, 3a-
CTaBJissl TMepeMellaTbCsl 2JIEKTPOA B HaIpaBJIeHUU
MakcuMyMa MarHuTHoro noJjis. Ilpu konebaHusIx 3K-
paHUpYIOLIMI 371eKTpo 3 yIiIyOJIsieTcs o0 OCU YyBCT-
BUTEJIbHOTO 3JIEKTpoJa (3KCIOHUPOBAHUE) WM BbI-
JIBUTAETCS HaJ HUM (9KpaHupoBaHue). [1pu sKcrnoHu-
pOBaHMU 3apSKEHHBIE YACTHUIIBl OYAYT CKAIlJIMBaTbCS
Ha YYBCTBUTEJIIbHOM B3JIEKTPOJE, UYTO MPUBOAUT K W3-
MEHEHMIO MOTeHIIMala YYBCTBUTEIbHOIO 3JIeKTpoaa 2.
TokK yTeuku ¢ YyBCTBUTEJBHOTO 3JIEKTPOAA Yepe3 pe-
3UCTOP MOCTYIAeT Ha BXOJ YCUJIUTENsd. 3HAYeHUE U3-
MepseMO HANpPSIXKEHHOCTU 3JEKTPUUYECKOTO MOJs Y
TMOBEPXHOCTU 3KPAaHUPYIOLIETO 3JEKTPOJA IMPOMOP-
LIMOHAJILHO U3MEPSIEMOI HAMPs)KEHHOCTU T10J1s, T. €.
uHdopMaleii 0 ero BeJIMYMHE CIYXXUT W3MEHEHHE
MO/ BO3JAEWCTBUEM M3MEPSIEMOTO TMOJISI HaIpsSKEHUS
MEXIy SKPaHUPYIOLIUM DBJIEKTPOAOM U 3JIeKTpuye-
ckuM nosieM. KoHCTpyK1IMsl OMMCAaHHOTO YCTPOMCTBa
umeeT rabaputHble pasmepnl 10 X 10 X 5 MM, maccy
40 1, ToK notpebneHus 30 MA.

VBenuueHre IMepeMEHHOM IUIO- F--—— - - -

Takum o00pa3oM, YYBCTBUTEJIHLHOCTb TE€M BBHIIIIE,
YeM BBIIIE CKOPOCTh M3MEeHEeHUS Tutomaau. Ilapamerp
S(7)/d(f) 3aBUCHUT OT aMILIUTYAbI KOJIEOAHUIA U 4aCTO-
TBI IPX TAPMOHMYECKUX KOJECOAHMSIX.

JBrKeHre 3KpaHMPYIOLIETO 2JIEKTpoAa ¢ MaKCH-
MaJIbHOM aMIUJIMTYAOM IJIS1 TPUIAHUS BBICOKOM YyBCT-
BUTEJIbHOCTU YCTPOUCTB NETEKTUPOBAHUS DJIEKTPU-
YeCKHUX IMoJieii BbI3bIBA€T HaMOOJbIINE TEXHUUECKUE
TPYAHOCTU U SIBJISIETCS MpPeaMETOM MCCIeI0BaHUs
JaHHOM pabOTHI.

IToaroroBka K NMPOBECACHUIO IKCNICPUMEHTA

Hdns nonydyeHUs1 00pa3lioB 9KPAHUPYIOUIUX JICK-
TpoJOB U3 (OJIbrM MarHUTOMsrkoi craau 79HM
(tonuHo#t 20 u 50 MKM) OBbUIM BBITTOJHEHBI 3aro-
TOBKH, a 3aTeéM METOJaMU IBYXCTOPOHHEN (hOTOJIUTO-
rpaduy M 3IEKTPOXMMHMYECKOTO TPABJICHMS W3 HMX
M3TOTOBJIEHBI 00PA3LIBl — AECSATh BAPMAHTOB ITOIBIIX-
HBIX TTACTWH Pa3IMYHBIX TEOMETPUIECKUX KOHDUTY-
pauuii (puc. 3). Ha atux obpasuax ObUIM MPOBEASHBI
WCCIIENOBAaHNST aMIUTUTYIBI TTIePEMEIICHUST XBOCTOBH -
KOB 3KPaHUPYIOLIUX 3JEKTPOAOB, UX PE30HAHCHBIX
YacTOT U U3TMOHON XECTKOCTH.

MeTtoauka NpOBECIACHHSA IKCICPUMECHTA

B ocHOBe METOAMKMU HU3MEPEHUST XKECTKOCTHBIX
XapaKTePUCTUK 3KPaHUPYIOIIETO 3JIEKTpoaa BUOpa-
LIMOHHOTrO Mpeobpa3oBaTessl JAEKTPUYECKOTO MOJs
(BMOII) nexut npuMeHeHne UUQPPOBBIX BLICOKOTOY-
HBIX MPELUU3UOHHBIX BECOB, a TaKXe 2JIeMEHTapHOM
KMHEMaTUYEeCKOM CHUCTEMBbI, CBS3bIBalOILUE oOpaszelr
BMOII u npeaMeTHBIN CTOJMK BecoB. biiaromaps Bbi-

IIAAN YyBCTBUTEJILHOTO 3JIEKTPOA,
"OCBellIeHHOr0" TOJIeM, IOBBIIIAET
BEPOATHOCTh OOHAPYXKEHUS 3apsiia.
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B nosne ¢ HanpsxkeHHOCTBIO E Haxo-
JIUTCSI YYBCTBUTEJBHBINA 3JEKTPOI

TUIOLLABIO S, HOpMaJbHOU K MO0,
WHIYLUPOBAHHBIA HA HEW 3apsi OIl-
penensieTcsl CIEOYIONIMM BBIpAaXe-
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a IMOTeHUMaJ 3JeKTpoaa, oOyCIoB-
JICHHBIN 3TUM 3apsiioM, OyaeT

o) = keES(?), ?2)

rae S — IIolanb YyBCTBUTEIILHOTO
BJIEKTpoAa, "OCBellleHHas" II0JIeM;
k — xoadduumreHT (HOpMbI, 3aBU-
CAILMII OT FEOMETPUU DJIEKTPO.IA.
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Puc. 3. 'eomerpuueckue (opmbl 00pa3ioB IKPAHUPYIOLWIETO IJIEKTPOIA
Fig. 3. The geometric shape of the shield electrode patterns




COKOW TOYHOCTH M3MEPUTENbHOTO MHCTPYMEHTA, KO-
TOPBIM SIBJISIIOTCS BECHI, BO3BMOXHO U3MEPEHUE OYEHD
MaJIbIX Harpy3ok. MakcuMaJabHbIM YIJIOM OTKJIOHE-
HUSI XBOCTOBMKA MUKPOOAJIKU [JIs1 JaHHON KOHCTPYK-
LUK SBjsgeTcs yroja 27° (COOTBETCTBYET IlepeMellie-
HU1O 3,3 MM), 4TO yIOBJIETBOPSIET 3a1aue Mo obecre-
YEHUIO YCTPOMCTBA HEOOXOAMMOM aMILIUTYAON mepe-
MeEIlEHUsI XBOCTOBMKA 3KPaHUPYIOLLIEro 3JeKTpoaa B
LIeJIsIX 00ecreYeHUs: BHICOKOM UYyBCTBUTEbHOCTH J1aT-
yuKa 2JIeKTpUuecKux mnoJjeii. Ha MakcumanbHOM yrie
OTKJIOHEHMSI XBOCTOBMKA JMAIa30H XECTKOCTH CO-
crapsin ot 1,63 mo 33,94 MH nmiis 06pasnos ¢ pasiaiy-
HOI TeOMeTprUYeCKOl (hOpMOIA.

ITpy n3MepeHnr pe30HAHCHBIX YAaCTOT MTPUMEHSLI-
Csl TOHUOMETP U CUHYCOMJAJIbHBIA F€HEepaTop CUTHa-
JioB. TTyrem BapbUpoOBaHUs YaCTOTHI KOJieOaHUSI MUK~
pobajkyu C TOMOIIBI0O TOHHMOMETPA OCYIIECTBIISIICS
MOUCK HauOOJbIIENW aMIIUTYIbl TepeMelleH XBO-
CTOBMKa MUKpoOasku. YacTtora, npu KOTOPO JOCTH-
rajacb HauOoJIblllasl aMIUIMTYAAa MepeMelleHuit XBOo-
CTOBMKA B JAHHOM KOHCTPYKIIUU, CYUTAIACH PE3OHAHC-
HOI I Kaxaoro u3d oo6pasuoB. [Ipu Haubombliei
aMIUIMTYe, paBHOM 3,5 MM KoJie0aHU1 XBOCTOBUKA,
JIara3oH 4acToT cocTasisaia oT 208 mo 752 I'm.

Pe3yabTaThl

st Bapualimy reoMeTpuu o0pas3lioB 9KpaHUPYIO-
LIEro 2JeKTpojaa ObLIO CO3MaHO AECSATh BapHMaHTOB
MOJBUKHBIX TIJIACTUH Pa3IMUHbIX KOH(UTrypauuit (CMm.
puc. 3). B xone akcnepuMeHTa MOATBEPAUIOCH, YTO Y
00pa3loB, UMEIOIIMX HAMMEHbIIIYI0 U3TUOHYIO XKeCT-
KOCTb MpU (UKCUPOBAHHON aMILIUTYIE MepeMelle-
HUsI, OKa3blBajlaCh HAMMEHbIIIasl pe30HAHCHAs YacToTa
COOCTBEHHBIX KOJIEOaHUI MUKPOOAJIKH.

DKCIMEePUMEHT IO OINpPEAEIeHUI0 3aBUCUMOCTU CU-
JIOBBIX XapaKTePUCTUK DKPAHUPYIOLIUX DJIEKTPOIOB OT
TOJIIIIMHBI 00pa3iia BRISIBIII CIIEIyIoIIee.

Harpy3ka Ha XBOCTOBMKE SKPaHUPYIOLIMX DJIEK-
TPOAOB JUHEWHO 3aBUCHUT OT TOJILIMHBI. Takum 00-
pa3oM, MpU YBEJIWMYESHUU TOJIIMHBI odpasua ¢ 20 mo
50 MKM TIpOMCXOAMUT YBEJIUYEHUE M3TMOHON XKeCT-
KOCTU 3KPaHUPYIOUIEro 3JeKTpojJa BUOPALIMOHHOTO
npeoOpa3oBaresisi, YTO MPUBOIUT K YBEJIMUYECHUIO pe-
30HAHCHOM YacTOTHI B cpeaHeM B 2,4 pas3a misl Teo-
METpUUYEeCKU OJUHAKOBBIX 00pa3uoB. Ha puc. 4 npen-
cTaBJIeHa ToJydeHHasl CUJIOBasl XapaKTepUCTUKa B BU-
JIe 3aBUCMMOCTH HArpy3Ku, BO3IECWCTBYIOIIEH Ha 3K-
pPaHUPYIOLIMI 3JIEKTPO/I, OT U3TMOHOM XKEeCTKOCTH.

Hapsny ¢ ucnbiTaHMsIMU OBLIM IPOBEAECHBI pacye-
Thl KoadduiimeHTa ¢hopMbl, YTOOBI ONIPEACTIUTD 3aBU -
CUMOCTb PE30HAHCHOM YaCTOThI OT I'€OMETPUUYECKOM
(opmbl sKpaHupytolero anekrpona [4]. Ilpu Bapbu-
pOBaHUN TEOMETPUYECKO (OpMBI IKpPaHUPYIOLLIETO
BJIEKTPO/a MCMOJIb30BAIUCH JBa OCHOBHBIX TOAXOA.
B nepBom noaxone BapbMpoBaIoCh PACCTOSIHUE MEXTY
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Puc. 4. CunoBas xapakTepucTHKA NAPAMETPOB IKPAHUPYIOMINX dJIE€K-
TpoaoB TouHoi 20 u 50 MkM: / — oOpa3ubl ToarHON 50 MKM;
2 — o0pasibl TOMIUHON 20 MKM

Fig. 4. Power characteristic parameters of the screening electrode
thickness of 20 uym and 50 um: 1 — samples with thickness of 50 um;
2 — samples with thickness of 20 um

3JUTMTICOBUIHBIM YTOJIIIEHUEM UM OCHOBAaHUEM Kperl-
JICHUSI 3JIeKTPOjJa, BO-BTOPOM — BepTUKaJbHas IO-
JIyOCh DJITUTICOBUAHOIO YTOJILIEHUS 3KPAHUPYIOIIETO
anekTponaa. Pacuer koadduimenTta ¢GopMbl 3JEKTPO-
Jla TIPOBOIMJICS TTyTeM pa30MEeHUsT CJIOXHON (OpMBbI
BJIEKTPO/Ia Ha IPOCTelilline reoMeTpruieckre (QUrypbl
(IpsSIMOYTOJIBHUKM, TPEYroJbHUK M 1p.). Huke mpu-
BelleHbl (hOopMyJibl pacueta Ko UIUEHTOB reoMeT-
puyeckoit opMbl MPSMOYTOJILHOIO TPEYTroJbHUKA U
MIPSIMOYTOJTbHUKA

- 2(a Y) = 1 4+ ol +ctga/2
Ky = 2ctg?($)ote(3) = 1 2————(—1)1_tg(a/2), 3)

rac€ o Uy — YIJibl IPAMOYTOJIbHOI'O TPEYIroJbHUKA,

Ky = 2(g+ g) = 4K+ llc) 4)
TIe a 1 b — CTOPOHBI NPSIMOYTOJIBHUKA, kK = a/b.

Metoauka pacuera KoadduiimeHta ¢hopMbl Tpo-
CTEHIIIMX TeOMETPUUYECKUX DUTYp U3JIOKEHA B pado-
Te [5].

B GonblIMHCTBE BUOPALIMOHHBIX YCTPOUCTB HUMe-
I0TCSI BCTPOEHHBIE TeHEPATOPhI AJIsI BO3OYKIEHUST Me-
XaHUYECKUX KOJIeOaHUI 3JIeKTpoJa, YTO OOYCIOBIM-
BaeT HEOOXOMMMOCTh HAJIMYMST DKPAHUPYIOLIETO dJIeK-
TPOJA C PE30HAHCHOM 4YacTOTOM, COOTBETCTBYIOLLEH
4yacToTe reHepaTopa, B HallleM ciiydyae reHepaTop BO3-
OyXOeHMsT MEeXaHMYEeCKMX KojiebaHMii paboTaeTr Ha
yactrore 300 I'. PaccuuranHbiit KoahhULMEHT Gop-
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Puc. 5. 3aBucHMOCTb PEe30HAHCHO# YACTOTHI 00PA3LOB IKPAHUPYIO-
HIEr0 JIEKTPOJA OT reoMeTpHuecKoii ¢hopmbl

Fig. 5. Dependence of the resonant frequency samples shielding electrode
from the geometrical shape

Puc. 6. Dxpanupyomuii 3JIeKTPO ¢ HAHECEHHO# KaIieid TOKONmpo-
BOJAIIETO Kiles

Fig. 6. The shield electrode with applying a drop of conductive adhesive

Vibration amplitude microbeams, mm

148 15’3 1'58 15l3 1‘68
Pe3oHaHCcHan vacTora, Iy

Resonance frequency, Hz

Puc. 7. IIpumMep aMIIMTYJHO-YACTOTHOI XapaKTEPHCTHKH 00pa3na
3KPAHHUPYIOLIETo 3JIeKTPoAa

Fig. 7. Example of the amplitude-frequency characteristic of the sample
of the shielding electrode
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MBI 00pa31I0B SKPAHUPYIOLINX 3JIEKTPOIOB, COTJIACHO
dopmynam (3), (4) ompeaeaua Auana3oH 3HAYCHUI
Koa(dduumeHTa ¢hopMbl, KOTOPBIA cocTaBuil oT 48,15
1o 62,39. PacyeT 06pa3iioB SKpaHUPYIOLINX 3JIEKTPO-
JIOB BBISIBIJT JIMHEITHYIO 3aBUCUMOCTD 3HAYeHUS KO3 (-
(ueHTa Gopmbl OT 3HaUEHUSI UBTMOHOM KECTKOCTH.
3aBUCUMOCTh PE30HAHCHOM YacTOThI OT KO3((ULIM-
€HTa reoMeTpUYECKOi (popMBbI MpeACcTaBlIeHa Ha pucC. 5.
Pacuer nmoka3zan, 4To npu omnpeneIeHHOM M3MEHEHUU
reOMeTpUUYECKOM (POPMBI SKPAHUPYIOIINX 3JIEKTPOIOB
B MeCTe KpeIJIeHUSI BO3MOXHO MOIEIMPOBaTh Pe30-
HaAHCHYIO YacTOTy 3KPaHUPYIOLIKUX JIEKTPOAOB C TOU-
HocThbio 5...10 I

15T MOTIOTHUTETLHBIX UCCIIEIOBAHMIA IO YBEIMYe-
HUIO aMIUTUTYAbl MEXaHUYECKMX KOJieOaHWil MCIOJb-
30BaHa TEXHOJIOTHS MO HapalllMBaHUIO MacChl XBOCTO-
BMKa 9KPaHUPYIOLIEro ajekTpoaa (puc. 6).

YBenuueHue Macchl ObLIO JOCTUTHYTO HAHECEHUEM
KallJIi TOKOIIPOBOISIIIETO KJles Ha Kpail SKpaHUPYIO-
1ero saekTpona. Kamst mo macce noabupanach paB-
HO# Macce 2JIeKTpoja M (paKTUUEeCKH yBeJIMYMBaja
Maccy KoJseoJolerocst aJeMeHTa B Ba pa3a. B 3aBu-
CHMOCTH OT TeOMETPUUYECKOI (hOpPMBI Macca 3IEKTPO-
JIOB HaxoAujaach B AuanasoHe 3...7 MI, Macca 3J1eKTpo-
I0B ¢ KjeeM 6...14 Mr. B cooTBeTCTBUM ¢ U3MEHEHUEM
TaKUX (PUBMICCKUX XapaKTepUCTUK, KaK IIeY0 U MO-
MEHT CWIbI, TIEPEHOC LIEHTpPa Macc Ha Kpail JoJIKeH
OBbIT YBEIMUUTH TIepeMeIllcHe XBOCTOBHUKA U, CIIEIO-
BaTeJIbHO, aMILUIUTYAY KoJeOaHUI 3JIeKTpoaa. YBEIU-
YyeHHe Macchl XBOCTOBMKA JECSITU OOPa3lOB 3KpaHU-
PYIOIIMX 3JIEKTPOAOB IPUBEJIO K ABYXKPATHOMY CHU-
JKeHUIO PE30OHAHCHOM YacTOThl U COBCEM HE U3MEHUJIO
aMIUIMTYIy MeXaHUYeCKMX KoJeOaHui. DKCIepUMEHT
oKaszajl, YTO OomnpeaesieHHOe YBeJIMUeHe MAacChl XBO-
CTOBHKA BJIEKTPOJa MPUBOIUT K YIIPaBJIsIEMOMY U3Me-
HEHMIO pe30HAHCHOM YaCTOTHI M HE BIVSICT Ha aMIIIN-
Tydy MepeMelIeHUs IeKTPoaa.

B xome aKcIepruMeHTOB BEISICHUJIOCH, YTO BCE 00-
pasibl UMEIOT JOCTATOYHO IIMPOKYIO TIOJIOCY pe3o-
HaHCHBIX YacToT. lLllmpmHa MmMoJIoCcHl COCTaBIISIET MO-
psanka 5...6 'l mpy MakcUMaJIbHON aMIUIUTYIe KOJe-
0aHUsI BKpaHuUpyolIero 3jekTpona (puc. 7). Haauuue
IIMPOKOM TOJIOCH PE30HAHCHBIX YAacTOT ITO3BOJISET
JIOTTYCKATh HEKYIO IMMOTPEITHOCTb B TOYHOCTH TTPOEKTH-
pOBaHUSI TeOMETPUUYECKON (OPMBI IKPaHUPYIOIIETO
3JIeKTpoa BUOPALIMOHHOTO Mpeodpa3oBaTesl.

3akiouyeHue

IIpoBeneHHbIE MCHOBITAHUS W pPacyeT MO3BOJISIOT
OLICHMTh AMana3oH Bo3MoxHocteii BMBOII, akueHTH-
pys IIpM 3TOM BHMMAaHHE Ha BBICOKOU CTaOMJIBHOCTHU
CUJIOBBIX XapaKTEPUCTUK MOABUXXKHBIX 3KPaHUPYIOLIUX
BJIEKTPOAOB U BO3MOXKHOCTU M3MEHEHMST CUJIOBBIX Xa-
PaKTepUCTUK MHUKPOAKTIOATOPOB T'€OMETPUUYECKUMU
METOJIAMMU.




M3MepeHust CUIIOBBIX XapaKTepucTUK 0anmok BMOIT
MO3BOJIWJIM DKCIEPUMEHTATIBHO MOJYYUTh 3aBUCUMO-
CTM Harpy3o0K, BO3HUKAIOIIMX HAa XBOCTOBUKE OaJIKU
npeobpaszoBaTensi, OT yrjia aedopMalyd 3TOi OaIKM.
ITonyyeHHbIe pe3yabTaThl TTO3BOJISIIOT CYINUTDb O JIMHEH-
HOCTHU CHUJIOBOM XapaKTepUCTUKU OTHOCHUTEJIBbHO yrjia
repeMeleHrs 0aaKu JMeKTPUUIECKOTO aKTIoaTopa.

Takum obGpa3zoM, TpenioKeHa U peaii30BaHa Me-
TOAWKA U3MEPEHUSI CUJIOBBIX XapaKTePUCTUK IKpPaHU-
PYIOLLMX BJIEKTPOAOB BUOPALIMOHHBIX Peodpa3oBare-
JIEW DJIEKTPUYECKHUX MOJIEN, TTOABEPTHYTHIX BO3AEUCT-
BUIO KOHTPOJMPYEMOI HArpy3KH.

[TomyyeHHbIE HaHHbIE MPUHUUMUAIBHO BaXKHbI U
HEO0O0XOAUMBI [IJIsI IIPOEKTUPOBAHMST YCTPOMCTB BUOpa-
LIMOHHOIO THWMAa, TaK KakK Jal0T BO3MOXHOCTb CO3/a-
BaThb MUKPOAKTIOATOPHI ¢ 3apaHee 3aJaHHBIMU TOYHO-
CTSIMM aMILIUTYIbl M YaCTOThI KOJIeOaHUI, YTO KpOMe
TOT'O MOXET MO3BOJISATh PACIIMPUTD CIIEKTP TPUMEHe-
HUSI TaKUX YCTPOMCTB.
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Computational and Experimental Evaluation of Characteristics Microbeam

Vibrating Electrostatic Field Transducer

The results of system researches the characteristics of the vibration transducer of the electric field. Experimentally obtained de-
pending loads arising on the shield electrode mikrobeams vibratory transducer electric field, depending on the thickness of the elec-
trode. The dependence of the thickness of the electrode mikrobeams showed a linear relationship is also the dependence on the angle
bending stiffness deformation of the electrode. Spend the estimate depending mikrobeams force characteristics with different geometry
of the oscillation frequency performance options electrodes vibration transducer electrical fields. Experiment capacity mass end of
the electrode showed no increase in the amplitude fluctuations of the electrode, but steady decrease in the resonant frequency. De-
termined bandwidth resonant frequencies at a fixed vibration amplitude, the range of 5...6 Hz bandwidth will allow to have an error
in the selection and design geometry mikrobeams vibration transducer electrical fields.

Keywords: vibration transducer of the electric field, microbeam, shielding electrode, flexural stiffness, resonant frequency, the
amplitude of the oscillation

Introduction and reliability of the onboard equipment (ORE). One

Development of the space branch in Russia, con- of the negative factors influencing the problem is elec-

nected with application of space vehicles (SV) is char-
acterized by the necessity to increase of their life time

trization of SV in the orbital conditions. Influence of
the static electricity leads to accumulation of the charg-
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es corresponding approximately to the potentials of
1...20 kV. As a result electric discharges appear creating
intensive electromagnetic hindrances, leading to dam-
age of the elements of equipment. Besides, a wide ap-
plication of nano- and microtechnologies for develop-
ment of ORE, including nano- and pico-satellites re-
duces resistance of equipment to the influence of the
electromagnetic fields (especially in case of application
of unpackaged and multi-output microcircuits and di-
electric layers in their composition with reduced thick-
ness), which presents a problem of determination of the
intensity of the electric fields for the space small-sized
sensor-transforming equipment. Thus, the control
over the electrostatic conditions and higher protection
of the radio-electronic components of the onboard
equipment from the electric fields by means of equip-
ment with reduced weight-dimension characteristics is
very important.

The aim of the work is development of a small-sized
highly sensitive vibration modulator of the electric
fields ensuring control of electrization on the surface of
SV in the orbital conditions.

The tasks allowing us to reach the set target are de-
termination and estimation of the settlement-experi-
mental characteristics and the degree of their influence
on the sensitivity of the control unit (vibration modu-
lator) in the electrostatic conditions of SV.

Modern design devices for measuring fields

Most of the known devices for measurement of the
intensity of the electric field are based on an electro-
static induction, which means that a conductor in the
electric field acquires a potential depending on its po-
sition and configuration, size and field geometry. In the
measuring systems the recorded value is the difference
of the potentials between the conductors in different
points of space, or the current arising through resist-
ance of leak between them, while the methods and de-
vices for recording of the electric fields differ by ways
of excitation of this potential difference.

In Russian Federation there are two leading schools
for development of control units for the electric fields
of SV: NPO IT Co. and Novosibirsk State University.

The principle of operation of the transducer from
Novosibirsk State University [1] (fig. 1) is the following.
A plate from a soft magnetic material by means of a coil
of excitation, constant magnet and feedback coil (/) is
set in an oscillatory motion on the frequency of a me-
chanical resonance. On the other end of the plate a sen-
sitive electrode 2 is fixed, connected to the input am-
plifier.

During fluctuations the sensitive electrode goes deep
into the shielding case (3) or out of it. In the presence
of the electric field this leads to a change of the poten-
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tial of the sensitive electrode. After strengthening and
synchronous detection at the output we get the voltage,
proportional to the intensity of the electric field with a
corresponding sign. The drawback of the device is a
small amplitude of the mechanical oscillations, not ex-
ceeding 1 mm. Owing to the small amplitude the speed
of change of the area of the surface of the sensitive elec-
trode dS/dt is also small, and is not enough in SV for
determination of the potentials less than 1 kV.

Zond-3M electric field sensor (NPO IT Co.) [2, 3]
has certain drawbacks connected with big weight-di-
mension parameters, such as:

e dimensions 56 X 30 x 27 mm;
e weight 0,3 kg;
e current consumption 0,3 A.

The principle of operation of the device for meas-
urement of the electric fields of the vibration modulator
developed by Russian Space Systems Co. is based, just
like the one of the device described above, on the ex-
citation of the mechanical oscillations (fig. 2), but dif-
fers essentially in its design.

Alternating voltage of certain frequency is supplied
from the low-frequency generator to the inductance
coils resulting in an oscillatory movement of the
earthed microbeam (shielding electrode 3) on the fre-
quency of a mechanical resonance. Since the windings
of the coils are switched on in an antiphase and create
non-uniform magnetic fields causing magnetic interac-
tion between the coils and the shielding electrode, the
created magnetic flows are summed up, thanks to
which a magnetic field is created along the axis between
the coils, the amplitude of which changes under the si-
nusoidal law. This field interacts with the shielding
electrode made from a ferromagnetic material, forcing
the electrode to move in the direction of the maximal
magnetic field. During fluctuations the shielding elec-
trode 3 goes deep along the axis of the sensitive elec-
trode (exhibiting) or is put forward over it (shielding).
During exhibiting the charged particles will accumulate
on the sensitive electrode, which results in a change of
the potential of the sensitive electrode 2. The leakage
current arrives from it through the resistor to the am-
plifier input. The value of the measured intensity of the
electric field at the surface of the shielding electrode is
proportional to the measured field intensity, i.e. the in-
formation on its size is the change under the influence
of the measured field of the voltage between the shield-
ing electrode and the electric field. The device has di-
mensions of 10 X 10 X 5 mm, weight of 40 g, current
consumption of 30 mA.

An increase of the variable area of the sensitive
electrode "illuminated" by the field raises the proba-
bility of detection of a charge. In a field with normal
to field E intensity there is such an electrode with




area S and the induced charge is determined by the
following expression:

_ekES (1)

4n’

and the potential of the electrode determined by this
charge is

o) = ke ES(9), 2

where S — the area of the sensitive electrode "illumi-
nated" with the field.

Thus, the higher is the speed of change of the area,
the higher is the sensitivity. S(#)/d(r) parameter depends
on the amplitude of oscillations and frequency during
the harmonious fluctuations.

Movement of the shielding electrode with the max-
imal amplitude intended to ensure high sensitivity to
the devices for detection of the electric fields causes the
greatest technical difficulties and is an object of re-
search of the given work.

In order to obtain samples of the shielding elec-
trodes intermediates were manufactured from the foil
of 79 HM soft magnetic steel (with thickness of 20 and
50 um), and then the samples were made by the meth-
od of double-sided photolithography and electro-
chemical etching — ten versions of the movable plates
of various geometrical configurations (fig. 3). These
samples present the research of the amplitude of move-
ment of the wiring tails of the shielding electrodes, their
resonant frequencies and winding rigidity.

Method of the experiment

At the heart of measurement of the rigid character-
istics of the shielding electrode of the vibration modu-
lator of the electric field (VTEF) is application of digital
high-precision scales and elementary kinematic system,
connecting the VTEF sample and a little table of the
scales. Thanks to high accuracy of the measuring tool,
which the scales are, measurement of very small loads
is possible. The maximal deviation angle of the wiring
tails of the microbeam for the given design is 27° (cor-
responds to movement of 3,3 mm), which satisfies the
device with the necessary amplitude of movement of
the wiring tail of the shielding electrode in order to en-
sure high sensitivity of the sensor of the electric fields.
At the maximal angle of deviation of the wiring tail the
rigidity range was from 1,63 up to 33,94 mH for the
samples with varied geometry.

During measurement of the resonant frequencies a
goniometer and a sinusoidal generator of signals were
applied. By varying the frequency of oscillation of the
microbeam with the help of the goniometer a search
was done of the greatest amplitude of movement of the
wiring tail of the microbeam. The frequency, at which
the greatest amplitude of movements of the wiring tail

was achieved in the given design, was considered reso-
nant for each of the samples. At the greatest amplitude
equal to 3,5 mm of the oscillations of the wiring tail the
range of frequencies was from 208 up to 752 Hz.

Results

For variation of the geometry of the samples of the
shielding electrode ten variants of the movable plates
of various configurations were created (fig. 3). It was
proved that the samples with the least flexural stiffness
at the fixed amplitude of movement had the least res-
onant frequency of the own oscillations of the mi-
crobeam.

The experiment for determination of the depend-
ence of the power characteristics of the shielding elec-
trodes on thickness of a sample revealed the following
facts.

The load on the wiring tail of the shielding elec-
trodes linearly depends on the thickness of a sample.
Thus, if it is increased from 20 up to 50 um, there is
an increase of the flexural stiffness of the shielding
electrode of the vibration modulator, which leads, on
average, to 2,4 times increase of the resonant frequen-
cy for the geometrically identical samples. Fig. 4
presents a power characteristic in the form of the load
influencing the shielding electrode on the flexural
stiffness.

Alongside with the tests, calculations were done of
the form factor, in order to determine the dependence
of the resonant frequency on the geometrical form of
the shielding electrode [4]. During its variation two ba-
sic approaches were used. In the first one the distance
between the ellipse thickening and the basis of fastening
of the electrode varied, in the second one the vertical
semiaxis of the ellipse thickening of the shielding elec-
trode varied. Calculation of the form factor of the elec-
trode was done by breaking of the complex form of the
electrode into elementary geometrical figures (rectan-
gles, triangles, etc.). Below are the formulas for calcu-
lation of the geometrical form factors of a rectangular
triangle and a rectangle:

Ky = 2ctg2(%) ctg@ =142

where o and y — angles of a rectangular triangle;

1 + ctg(a/2) (3)
1-tg(a/2)’

I(fn=2(;—)l+(l-;) =4(k+ll€), @)
where a and b — the rectangle sides, kK = a/b.

The method for calculation of the form factor of the
elementary geometrical figures is described in [5].

In most vibration devices there are embedded gen-
erators for excitation of the mechanical oscillations of
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an electrode, which causes necessity of presence of a
shielding electrode with the resonant frequency corre-
sponding to the frequency of the generator. In our case
the generator for excitation of the mechanical oscilla-
tions works on frequency of 300 Hz. The calculated
form factor of the samples of the shielding electrodes
according to formulas (3), (4) determined the range of
the values of the form factor, which was from 48,15 up
to 62,39. Calculation of the samples of the shielding
electrodes revealed a linear dependence of the form
factor on the flexural stiffness. Dependence of the res-
onant frequency on the geometrical form factor is pre-
sented in fig. 5. Calculation demonstrated that in case
of a certain change of the geometrical form of the
shielding electrodes in the attaching point it is possible
to simulate their resonant frequency with accuracy of
5...10 Hz.

For additional research concerning the increase of
the amplitude of the mechanical oscillations the tech-
nology of the weight growth of the wiring tail of the
shielding electrode was used (fig. 6). It was reached by
deposition of a drop of a current-conductive adhesive
on the edge of the shielding electrode. The drop was
equal to the weight of the electrode, and actually dou-
bled the weight of the oscillating element. Depending
on the geometrical form, the weight of the electrodes
was within the range of 3...7 mg, the weight of the elec-
trodes with glue — 6...14 mg. In accordance with the
change of such physical characteristics as the shoulder
and moment of force, the transfer of the centre of
weight to the edge was to increase the movement of the
wiring tail and, hence, the amplitude of oscillations of
the electrode. The increase of the weight of the wiring
tail of ten samples of the shielding electrodes led to a
double decrease of the resonant frequency and did not
change the amplitude of the mechanical oscillations.
The experiment demonstrated that a certain increase
of the weight of the wiring tail of the electrode lead to
a controllable change of the resonant frequency, and
did not influence the amplitude of movement of the
electrode.

During the experiments it was found out, that all the
samples had a wide enough band of the resonant fre-
quencies. The width of the band was 5...6 Hz at the
maximal amplitude of oscillation of the shielding elec-
trode (fig. 7). Presence of a wide band of the resonant
frequencies allows us to admit an error in the accuracy
of designing of the geometrical form of the shielding
electrode of the vibration modulator.

Conclusion

The conducted tests and calculations allow us to
estimate the range of opportunities of VTEF, focusing
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attention on high stability of the power characteristics
of the movable shielding electrodes and possibility to
change the power characteristics of the micro-actua-
tors by geometrical methods. Measurements of the
power characteristics of beams of VTEF allowed us to
receive experimentally the dependences of the loads on
the wiring tail of a beam of the transducer on the angle
of its deformation. The results allow us to judge linear-
ity the power characteristics concerning the angle of
movement of the beam of the electric actuator.

Thus, the technique for measurement of the power
characteristics of the shielding electrodes of the vibra-
tion modulators of the electric fields subjected to the
influence of the controllable loads was proposed and
realized.

The obtained data are important and necessary for
designing of the devices of the vibrating type, because
they provide opportunities for development of the mi-
cro-actuators with a preset accuracy of the amplitude
and frequency of oscillations, which can expand the
spectrum of applications of such devices.
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HAYAAbHbIE YCAOBUA U AMHAMUYECKUM PULL-IN-D®®EKT B MOMC
C USMEHAIOWMNMCA MEXIAEKTPOAHBIM 3A30POM

Ilocmynuna é pedaxyuro 20.05.2015

Ilpu pazpabomxe MOIMC eo3nukaem Heobxo00uMocms 8 oueHke OUANA30HA YNPABASIEMbIX NepemMeuleHutl ux no08UNCHbIX
2NeMEHMO8 U 0ONYCMUMbBIX 3HAUEHUT YNPABAAIOUUX HANPAICEHULl, NPeGblUeHUe KOMOPbIX NPUBOOUM K HEKOHMPOAUPYEMOMY
nepemeuweHuI0 NOOBUINCHbIX d1eMeHmos (pull-in phenomenon). B dannou pabome npedcmagaenvl pe3yabmamol Uccae008aHull
ocobenrnocmetl ynkyuornuposarus MIOMC ¢ usmeHAOUWUMCS MeHCINeKMPOOHBIM 3A30POM U epebeHUamoll KOHCMpYKUuuell 31eK-
mpo0ooeé npu NPOU38OALHBIX HAUANALHBIX YCAOBUAX C YUEMOM INEKMPOMEXAHUHECKUX 63AUMO0eUCMBULl U UHEPUUOHHBIX CEOUCME
cucmembl. AHAAU3 NPOBOOUAU @ AUHEUHOM U HeAUHeUHOM O0as gosepaujarouleli cuavl npubaudxcenusx. Ilokasano, umo 6 nepe-
XOOHOM pexcume 3pghekm cxaonvieanus moxcHo Habaodams 6 danHblx MOMC u npu HanpsaiceHUAX UCMOYHUKA NUMAHUS MeHb-
WUX KpUumu4ecko2o, KOmopbsle Onpedessiomest U3 ycaosus cmamuueckoeo pagnogecus. Iloayuenst evipajicenus, no3eonsiouue
onpeodeaums 0064ACMb HAYAAbHBIX YCA0GULL (CMEeUleHULl U CKOpOCMell), nPU KOMopbix Ihgexm cXa0nbleanus 31eKmpooog eue He
nposeasemcs. Iloayueno yciosue pazduenus cenapampuco. Ha dée obaacmu, oeparHuvuearuue obaacmu nepuoousecKux Ko-
Ae0anUll, y KOMopbvlX cMeujeHue no08uicHo2o s1ekmpooa He MeHsem 3HaK. Paccuumanvl 3asucumocmu docmuicumoi eayouHsl
MOOYAAYUU eMKOCIU OM NPUAOICEHHO20 HANPANCCHUSL.

Karoueeuvie caosa: NeKmpocmamu4eckKads cuaa, cenapampuca, 2./[_)/61#1(1 Mody/tﬂuuu emMKocmu, cmamu4ecKkoe paeHoeecue, Ha-

YanvbHble ycaosus, asosas duaspamma

BBenenne

Pa3BuTne MUKpPOCUCTEMHON TEXHUKU IPUBEIO K
CO3IaHMIO 1IEJIOTO Psiia MUKPORJIEKTPOMEXaHUMUECKIX
YCTPOMCTB, HAlEAIIMX IIMPOKOE NMPUMEHEHUE B pas3-
JIMYHBIX OTPaCiIsAX HAyKW U TeXHUKH. [1pm pazpaboTke
MUKpO3JeKTpoMexaHnyeckux cucrem (MOMC) Bo3-
HUKaeT HeOOXOIUMOCTD B OIIEHKE Auarna3oHa yIpaB-
JIIEMBIX TMEepEeMEeILEeHU UX TOIBUXKHBIX 2JIEMEHTOB U
JOITYCTUMBIX 3HAYEHHWI YIPaBJISIONINX HaIIPSDKeHUH,
MIpEeBBIIIEHNE KOTOPBIX MPUBOAUT K HEKOHTPOJIUPYE-
MOMY MEpPEeMEILIEHUIO MOABUXKHBIX 3JIEMEeHTOB (pull-in
phenomenon).

B HacTosiliee BpeMsl OLIEHKY 3TUX MapaMeTpoB B
OOJIBIIMHCTBE CIIy4aeB MPOBOISIT MCXOAS M3 YCIOBUS
CTaTUYECKOTO PaBHOBECHUS, a B TeX CJydyasix, Kormaa
VUYWATHIBAIOT ¥ TMHAMHWYECKHNE CBOMCTBA CUCTEMBI, T10-
JlaraloT, 4TO B HayaJbHbIi MOMEHT BPEMEHU CUCTeMa
HaXOIWJIACh IIPU HYJIEBBIX HAYaJIBHBIX YCIIOBHSIX, T. €.
CMeEILIEHME U CKOPOCTh MOABUKHOIO JIEKTPOIA K MO-
MEHTY ITOJAYM 3JIEKTPUICCKOTO HATIPSKEHMS PaBHSI-
Jmch Hymo [1—8].

B pa6ote [9] ObL1 ITpOBeieH aHAJIM3 OCOOCHHOCTEM
(YHKIMOHMPOBAHUS TIPHU TTPOM3BOJIIBHBIX HAYaTIbHBIX
YCIIOBMSIX IBYX3J1eKTpOAHBIX MOMC ¢ U3MEHSIOIIUM-
CsI MEXAJIEKTPOIHBIM 3a30poM. B maHHoi#1 paboTe T1po-
BOJUTCSI aHAJIU3 OCOOEHHOCTE (YHKUMOHUPOBAHUS
MBMC ¢ U3MEHSIOMMMCS MEX3JEeKTPOIHBIM 3a30-
pPOM U TpedeHYaTOll KOHCTPYKIIMEN 3JEKTPOAOB MPU

IIPOU3BOJIBHBIX HAaYaJbHBIX YCIOBHUAX C YYETOM 3JICK-
TPOMEXaHNYCCKUX B3aUMOJICVICTBUM.

Mounens anamuznpyemoid MOMC

ITpoananusupyem noseseHue MOMC Ha nipume-
pE SJIEKTPOMEXAHUYECKOW CUCTEMBbI, MOKA3aHHOMU Ha
puc. 1, rne I U1 2 — HENOABMXHBIE 3JIEKTPOIbL;, 3 —
TIOJABWKHBIN 3/1€KTPOA; 4 — ynpyrue rnouasechl; Vy —
NPUWIOKEHHOE HaNPsKEHUE; dy — PaCCTOAHUE MEXIY
BJIEKTPOJAaMU B COCTOSIHUHM IOKOSI; X — CMElleHue
MOJBUXXHOTO 3JIEKTPOA OT MOJOXEHUSI B COCTOSIHUU
TOKOSI.

ITpu rpebeHyaTOll KOHCTPYKLIMM IJIEKTPOIOB MO~
BVKHBIN 3J7IeKTpo] 3 IepeMelaeTcsl MeXIy IByMs He-
HOABVXKHBIMU 3JIeKTpogaMu I v 2, 3JIeKTPUUECKU CO-
eIMHEeHHBIMU MexXnay coboii [10, 11].
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Puc. 1. Mogeas npocreiineii 3JeKTPOMEXaHHIECKOH CHCTEMbI
Fig. 1. The model of the simplest electromechanical system
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Bynem monaraTh, 4TO Ha TOABWIXKHBIN BIIEKTPOJ
MOBDMC aeiicTBYIOT TOJIBKO JBE CUJIbL: CUja YIIPYTOCTH
MPYXUH U 3JIEKTPOCTaTUYECKasl CUJa.

JIuneiiHoe npudIMKeHue

[Ipu caenaHHBIX TOMYILIEHUSIX YpaBHEHUE PaBHO-
Becus (OajaHC CUjI) B IMHEWHOM JJISI CUJIBL YIIPYTOCTU
MPYXXUH OPUOIMKEHUM JJI TaKOW CUCTEMbl MOXET
OBITH TIPEACTABICHO B BUJIEC

2 2

2 S v, v,

meE = o+ L ( Oj_( 0] . ()
dt 2 dy-x dy+x

IJe m — Macca IIOJBMXHOIO 2JIEKTpoaa; kK — Koag-
(ULIMEHT KBa3UyNpyroil CUJbl; g, — 3SJIEKTPUYECKasd
MOCTOSIHHAS, € — OTHOCHUTEJIbHAs AM3JIEKTpUYECKas
MPOHMUIIAEMOCTb Cpelbl MeXAy 3JeKTpoaaMu; S —
IUTOIIAAb JEKTPOoa.
BBogsi  Ge3pasmepHbie

NepeMeHHbIE  Z = X/d),

A= CoVg /(2kd]) n 1= gt (31ech, w0y = Jk/m, a
Cy = ggeS/d,)), Beipaxenue (1) MOXHO IPEACTaBUTH B
BUIIE

d—§+z=—4kz22. 2)
dr (1-29)

B aTux 0003HaUeHUSX TOBEAEHUE CUCTEMBI OIpe-
JIeJIIETCS OMHUM TapaMeTPOM A, a YpaBHEHUE, CBSI3bI-
BaIONIEE A C KOOPAWHATOM TTOJIOXKEHUS PABHOBECUS Z,
MPUHUMAET BUJ

oz, 1) = z(1 — 2)’ — 4z =0. 3)

AHanu3 ypaBHeHUs (3) moKa3biBaeT, YTO paBHOBE-
CcHe B CHUCTeMe BO3MOXKHO TOJIbKO eciu A < 1/4. Ecnu
JKe 3HaUCHME A TIPEBBICUT 1/4, TO TIpM JIFOOBIX HAYaJb-
HBIX YCJIOBUSIX MOIBUXKHBIN 3JIEKTPO.I B KOHIIE KOHIIOB
MPUOJU3UTCS K HETIOABUXKHOMY, TTPOU30MIET COMpU-
KOCHOBEHHUE DBJIEKTpoAoB (cTtaTuueckuii pull-in-sd-
¢eKT) 1 cucTeMa CTaHeT HeyIpaBJIsieMOiA.

JlaHHOEe KpUTMYECKOE 3HAYEHHE A COOTBETCTBYET
YCITOBHIO CTaTHYeCKoro paBHoBecHs. [1pn aToM ocra-
€TCd HESICHBIM, OYIET JIM CUCTEMa YCTOMUYMBOW B M-
HAMWYECKOM peXXUMe MPU TTPOU3BOIBHBIX HAYaTbHBIX
YCIIOBMSIX, €CIM MCIOJab30BaTh A < 1/4.

Bynem nosarathk, 4To B HaYaJbHBIIA MOMEHT BpeMe-
HU f; = (0 cMelleHre MOABUXHOIO 3JIEKTPosa T = %, A
CKOPOCTb CMELIEHUS MTOABMKHOIO 3JIEKTPOIA I = V).

YuuTeiBasi HEJMHEHHBIM XapakTep 3JeKTpoMexa-
HUYECKNX B3aMMOICHCTBHI, aHAJIN3 TIOBEICHUST DJIEK-
TPOMEXaHMYECKOM CUCTEMbI, ONMUCHLIBAEMOIl YypaBHe-
HueM (2), mpoBeJeM C MOMOILIbIO UccaeaoBaHus da-
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Puc. 2. Nnrerpansubie Kpusble — cemaparpucsi MOMC ¢ rpeden-
9aToii KOHCTPYKIHEil 3JIeKTPO/IOB, PACCYNTAHHBIE C HCHOIb30BAHHEM
ypaBuenus (5) mpu A = 0,15 — (xpuBas 1), A = 0,2 (kxpuBas 2),
A = 1/4 (xpuBas 3)

Fig. 2. Integral curves — MEMS separatrices with comb electrodes
structure, calculated using equation (5) at 2 = 0,15 — (curve 1),
A= 0,2 (curve 2), A = 1/4 (curve 3)

’

30BbIX Tpaektopuii [12]. Hns saToro BBeaeM (ha3oBbie
KOOPAMHATHI

—dz dv _ _4rz
v dt " dt 2.2 & @)
(I-27)

B o0603HaueHusx (4) ¢ yueToM CUMMETPUM 3a1a4uu
ypaBHEHME cerapaTpUChl MOXHO IPEICTaBUTh B BUJIE

= 24k (5)
-2

Ha puc. 2 npuBeneHbl MHTETpaIbHbIE KPUBBIE —
cernapaTpuchl, pacCCUMTaHHbBIE C UCTOJIb30BAHUEM YPaB-
HeHus (5) 11k HECKOJIbKMX 3HaYeHui A. Eciau nzobpa-
>Kampllasi Touka B HauyajabHbIA MOMEHT BpeMEHHU Haxo-
JUTCSI BHYTPU 00J1acTH, OTPAaHUYEHHOM IIeT/Iell cema-
paTpuchl, TO TOABMXKHBINM 3JIEKTPOJ B AajbHeHlleM
OyIeT coBepllaTh IepuoandYecKue KouebaHus (CUcTe-
Ma ocTaHeTcsl ympabisieMoil). Ecin xe uzobpaxato-
111asi TOYKa B HAYaJIbHBIIT MOMEHT BPEMEHM OKaxKeTCsI
BHE 00J1aCTH, OTpaHUYEHHON TMeTJIei cernapaTpuchl, TO
TMOJBIIKHBIN 3I€KTpOaA OyAeT IBUTaThCs IO HaIlpaBJlie-
HUIO K HEMOJABUXXHOMY, MOKa He MPOM30MAET CONpu-
KOCHOBEHHUE 3JIEKTPOJOB M CUCTEMa CTaHET HeyIpaB-
JIsieMoi (muHaMudecKuil pull-in-s3dexr).

Takum o0Opa3oM, KCIOJB3Yys ypaBHeHUe (5), mpu
3aJJaHHOM A MOXHO YCTaHOBUTb, KaKue HayajbHble
yCJIOBHMS MOMNAagalT B 00J1aCTh, OIPAHUYEHHYIO COOT-
BETCTBYIOILIE! cenapaTpucoi, u, cieaoBaTeabHO, ra-
PaHTUPYIOT OTCYyTCTBUE 3(pdekTa cxonbiBaHus. Tak,
HaIpUMED, COITIACHO ypaBHEHUIO (5) mpu vy = 0 a¢-

(bCKT CXJIOITbIBAHU A 6YZ[CT OTCYTCTBOBATb, €CJIM Ha-

1-2./n.

YalbHOE CMEIIEeHHE 2| < Zmayx =




W3 puc. 2 BUAHO, YTO MpU YBEIMYEHUU A OCOOBIE
Touku (UeHTp a u cemio b ¢ koopauHatamu (0, 0) u

(£/1-2./1, 0), COOTBETCTBEHHO) COMIKAIOTCS, 00-
JIaCTb HayaJbHBIX YCJIOBUI, COOTBETCTBYIOIIAS TIEPUO-
JUYECKUM KoJiebaHUsIM, coKpallaeTcs, u mpu A = 0,25
ocTraeTcs ofHa ocobas Touka (cemno). OHa COOTBETCT-
BYET COCTOSIHUIO HEYCTOMUMBOTO paBHOBecHUs. B aToMm
cJIyJae Ipu JIFOOBIX HAYaJTbHBIX YCIOBUSIX TTOXBVKHBINA
BJIEKTPOA OyIeT IBUTAThCSI K HEMOABUXKHOMY IO CO-
MIPUKOCHOBEHMS DJIEKTPOMIOB.

IMomuepkHeM, 4TO corjacHo puc. 2, 3PEPEKT CXJI0-
IMbIBAHUS B TAKOUM CUCTEME MOXET UMETh MECTO U TIPU
A < 0,25, ecau KOOpAMHATHI NTPEACTABIISIONICH TOUKH,
COOTBETCTBYIOLIME HAYAIbHBIM YCIOBUSAM (g, V), Oy-
JIyT HaXOAUThCS BHE OO0JACTU, OrPaHMYEHHON COOT-
BETCTBYIOILLIECH CerapaTprucoOu.

Ha puc. 3 (cruiolliHble JUHUW) NMPUBEIEHBI 3aBU-
CUMOCTU CMEILeHUS MOABUKHOTO 3JeKTPOoJa OT HOp-
MHMPOBAHHOTO BPEMEHU, PACCUYUTAHHBIE C MCITOIB30-
BaHMeM BhIpaxeHus1 (2) npu A = 0,15, HyneBoli Ha-
YaJbHOM CKOPOCTH v = 0, HO HE HYJIEBOM HayaJIbLHOM
cMmeleHuu (g # 0).

BunHo, 4TO KoJieGaTeabHBIN PexKUM CUCTEMBI Ha-
OrogaeTcsl Wb TOTAA, KOrJa KoopauHaTa u3obpa-
Kalollei TOYKHM, COOTBETCTBYIOIIASI HAYalbHBIM YC-
J0BUAM (Zy), 0), HaxonuTcss B 00J1aCTU, OrpaHUYEH-
HOI cermapaTpucoii, cooTBeTcTBy0OMIeH A = 0,15 (kpu-
Beie 21 3). Eciin XXe HayaJabHOE CMEILeHNE TTPEBHIIIAeT
Zmax B CHCTEME HaOmogaercsa 3PGEKT CXIONMbIBAHUA
(kpuBas ).

0,0 |---

0,6 |
0,8
1,0

0

Puc. 3. 3aBHCHMOCTH CMemIeHHsI MOJABHKHOIO 3JE€KTPOJa OT Bpe-
MeHH, paccyuTanubie mpu A = 0,15 u clieAylomuX HAYAJIbHBIX yC-
aosusix: (1,05z,,.., 0) — xpuBasa 7; (0,999z,,.,, 0) — kpusag 2,
(0,920x, 0) — KpuBas 3. 3xech z,,,, = 0,4747666 — MakcUMaIbHO
JIOTTYCTUMOE 3HAaYeHKMe HAuYaJIbHOTO CMEILIEHHUSI Z, COOTBETCTBYIOLIEE
A =0,15

Fig. 3. Displacement dependencies of the movable electrode on time,
calculated at A = 0,15 and at the initial conditions: (1,052, 0) —
curve 1; (0,999,040 0) — curve 2; (0,92,,., 0) — curve 3. Here
Znax = 0,4747666 — the maximum allowable value of the initial
displacement z, corresponding to 2 = 0,15

IIpu poBeneHNM aHAIM3a MBI HE YIUTHIBAIN BO3-
MOXHBbIE ITOTePU SHEPTUU. [IJ1s1 OLIeHKU BIMSIHUS TUC-
CUITIaTUBHOI COCTaBJIsIIOLIEl BBeaeM B ypaBHeHMe (1)
cjaraeMoe, y4YuThIBalolllee MOTEPU IHEPIUU MEXaHU-
yeckoit cuctemsl. I1peamnonoxus, 4To 3aTyxaHue mpo-
MOPLIMOHATIBHO MEPBOW CTEMEHU CKOPOCTU CMellle-
HUS TTOABUKHOIO 2JIeKTpoAa (BsI3KOe TpeHMUeE), BbIpa-
kKeHUe (2) MOXHO TMPEACTaBUTh B CJIEIAYIOIIEM BUIE:

2
dz |

4rz
< - ©)
dr

(1-2

+ z=

Ql=
S
a ey

raie Q — noOpOTHOCTh MEXaHUYECKOM CUCTEMBIL.

Ha puc. 3 (myHKTUpPHbIE KPUBbIE) MPUBEIECHBI 3a-
BUCUMOCTH CMEILIEHUsT ITOABMKHOIO 3JIeKTpoma OT
BpPEMEHM, pacCUYUTaAaHHbIE C UCIIOJb30BAaHWEM BbIpa-
xeHus (6) mpu Q =5, A = 0,15, vy = 0, HO He Hy-
JIEBOM HavyaJIbHOM CMellleHUuU. BuaHo, 4To Ha HaYajlb-
HOM 3Talle Aaxe Mpu TaKoW HU3KOW JOOPOTHOCTHU
CHCTEMBI YYeT IOTeph SHEPIUU B IEPBYIO OYepElb
MPOSIBJISIETCSl HA 3aBUCUMOCTSIX CMEILEHUS MOJBUXK-
HOTO 3JICKTPOJA OT BPEMEHM, PACCUYMTAHHBIX IS Z,
MEHBILUUX Z. = 0,4747666. B To Xe BpeMsl 3aBUCH-
MOCTb, paccunTanHas aias z = 1,05z, (T. €. peBbI-
[IafoIero KpUTUYECKOe 3HaueHWe Bcero Ha 5 %),
MpaKTUYECKU He U3MeHWIach. Takum oOpa3oM, MOX-
HO TIPEAIOJI0XUTb, UTO 1151 Q > 5 BbIpakeHUsl, MoJy-
YeHHbIE paHee Oe3 ydeTa MOTepb, OyAyT HOCTATOYHO
aJIeKBaTHO YYUTBHIBATh BIUSIHUE HAYaJIbHBIX YCJIOBUI
Ha 3P deKT cXJIONbIBaHUS B IMHEHHOM JIJISI CUJIBI YII-
PYroCTH MPYKUH NPUOIUKEHUH.

Ha sTane npeaaputebHOro MPOSKTUPOBAHUS ST
aHanuza noseneHuss MOMC yacTto ObIBaeT 10CTATOU-
HO 3HaTh JIMIIb 3KCTPeMaJIbHbIE XapaKTepPUCTUKU Ce-
MapaTpyChl: MaKCUMAaJIbHBIE JIEBYIO M TIPABYI0 TOUKHU
cemaparpucel ¢ koopauHaramu (z;, 0) u (zg, 0), xa-
paKkTepu3yIolIe MUana3oH KOHTPOJUPYEMBIX Iiepe-
MEIIEHU TOABUXXHOTO B3JIEKTPOJa, a TakKe MaKCH-
MaJIbHBIE BEPXHIOIO M HUKHIOIO TOUKU CerapaTPUCh C
koopanHatamu (0, v ,..), XapaKTepu3yroL1e AAamna-
30H IOMYCTUMBIX HayaJbHBIX CKOPOCTEl MepeMelie-
HUS TIOABUKHOIO 3JIEKTpoAa. AHalU3 TMOKa3bIBAET,
YTO JJII pacCMaTpUBAEMON CHUCTEMBI

ozl = lzgl = |zl = ¥1-2J1; (7)

lomax] = AL -4+ 1.

M3 cuctemsl (7), B YaCTHOCTH, CJIEIyeT, YTO MpPU 3a-
JaHHOM A MakcumajbHoe oTHowenue Cp../Co.. = n
(rmyOrHa MOOYJISILUMKU €MKOCTH) AJISI JaHHOM KOHCT-
pyKuuu He mipeBbicut 0,5/ /A .

Ha puc. 4 npuBeaeHbl COOTBETCTBYIOLIE 3aBUCH-
MOCTH 1, [z| ¥ |vp,,,] OT A. VI3 pcyHKa BUIHO, YTO J10-
MyCTUMbIE 3HAaUYE€HUS] HAYaJIbHOTO CMEUIEHMS U Mak-
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Puc. 4. 3aBucumoctH 1, 7| 1 Jop,,| oT A

Fig. 4. Dependencies of n, |z| and |v,,,,| from 2

CUMAJILHOM CKOPOCTH IOABUKHOTO 3JIEKTPOJA, a TaK-
Xe TITyOMHBI MOIYJISILIIMKA €eMKOCTH CYILECTBEHHO 3aBU-
CST OT A.

Hemmneiinoe npuomKkenne

B cinydyae OonbliMXx MepeMelleHWil MOABMXKHBIX
asiemeHTOB MOMC yripyrue mnoasechl HauMHAIOT pa-
b6oTtaTh B HeluHeitHOM pexume [13]. B atom ciyuae
ypaBHEHUE PAaBHOBECUSI B HEJTMHEMHOM ISl CUJIbI YII-
pyroctd mpyxuH npubakeHuu [14, 15] Bo MHOrux
clyyasix MOXET ObITh MPEACTaBIeHO B BUIIE

méc = —kx — k3x3 +
dr
G GEl w

rae k u k3 — COOTBETCTBEHHO JIMHEMHBIA ¥ HEJIMHE-
HbI KO HULIMEHTHI KBA3UYIIPYTOil CUIIBI.

B 6e3pa3mepHbIX mepeMeHHbIX ypaBHeHue (8) mpu-
HUMAaeT BUI

2
L2 4 zvpr= AL, ©)
dt (1-29

31ech B = k3 dé /k.

B 31X 0003HaYeHUSIX ITOBEAEHUE CUCTEMBI OIIpe-
JessieTcss ABYyMsSl MapaMmeTpamMu A U B, a ypaBHEHUE,
CBSI3bIBAlOLLIEE A C KOOPAMHATON MOJOXEHUS CTaTU4e-
CKOTO PaBHOBECHUS Z, MMEET CJICAYIOIINIA BUI;

O(z, 4, B) =1 +pH)1 -2 —a=0. (10)

Ha puc. 5 npuBeneHbsl 3aBUCUMOCTU Z OT A, pac-
CUMTAHHBIE C Hcnoib3oBaHueM ypaBHeHus (10) mpu
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HECKOJbKUX 3HaueHusIx PB. Cayuyait B = 0 cooTBeTCT-
BYET JIMHEIHOMY MPUOIUKEHMUIO.

BuaHo, yto npu yBenuuyeHuu B ot 0 1o 2 u3MeHe-
HUS HOCST JIMIIb KOJMYECTBEHHBIM XapakTep, a TMpHU
B > 2 MOSIBASIIOTCSI U KauyeCTBEHHble M3MeHeHus1. U3
ycaoBUs cTaThudeckoro paBHoBecus (10) ciemyer, 4yTo
npu B > 2 cucremMa OCTaHETCSl YIpaBIsIieMOU, eciu
3Ha4YeHUE A OyIdeT MEHBbIIE

H _ 1 2
ey = — B+ DB — D7,
P 7p?

a NPWIOXKEHHOE HaIpsKeHUe V) He IPEBBICUT

2
v |2kd, 12
VO,Kp = 27_6'0(13-'-1)(1_6)

CornacHo ypaBHeHuto (10) mpu mpuaoxeHUU Ta-
KOro HaIlpsLKeHHUsI B CTaTMUECKOM Cllyyae CMeEIleHUe
MOJBUKHOTO 3JIEKTPOIa JOCTUTHET

2l = (B2,
p 3[3
Ecnu mot ieiicTBUEM TPUIOXEHHOTO HAMPSIKEHUS
(cTaTryecKuii ciTydail) CMEIIEHUE TIOIBIXHOTO DJIEK-
TPOJIa MPEBBICHT |Z,, |, TO MPH JIOGBIX HAYANBHBIX YC-
JIOBUSIX TIOABMXKHBIA 3JIEKTPOI B KOHIIE KOHIIOB He-
YIPaBJISIEMO MIPUOIU3UTCS K HETOABMKHOMY M TIPO-
M30MIET COMPUKOCHOBEHME BIEKTPOOB. [Ipu yBeum-
YEHUH P 3HAYEHHE |7, | - 1/.3.
Ha puc. 6 npuBesieHbl 3aBUCUMOCTH |Z,, | U k];p oT
BEJMYMHBI B, PACCYUTAHHBIE C MCIIONB30BAHUEM YCIIO-
BUSI CTATUYECKOTO PABHOBECHSI.

Puc. 5. 3aBUCHMOCTH Z OT A, PaCCYNTAHHBbIE MPH CJIEAYIOMAX 3HA-
yenusx PB: B = 0 (kpuBas /), B = 2 (kpuBas 2), B = 5 (kpuBas 3),
B = 10 (kpuBas 4)

Fig. 5. Dependencies of 7 from A calculated at B: = 0 (curve 1), B = 2
(curve 2), g =5 (curve 3), p = 10 (curve 4)




Puc. 6. 3asucumoctH |z, | u xﬁp OT 3HAYEHHS BEJIHYHMHBI B

Fig. 6. Dependencis of |2,,| and i:p from 8

Yto0bI onpenennuTb OymeT AU CUCTeMa YCTOMYM-
BOI B JMHAMWYECKOM PEXMME MpPU MPOU3BOJIBHBIX
HayaJIbHBIX YCJIIOBUSX, €CJIM 3HAYEHUE A MEHbILE kzp ,
HEOOXOAUMO TOCTPOUTH COOTBETCTBYIOIIYIO cCeMna-
parpucy.

B nanHom ciyuae ¢ yueroMm (9), (10) u cummeTpuu
3a/1a4¥ YPAaBHEHUE CEMapaTpUChl MOXHO MPENCTABUTh

B BUIIE

2 2

02— {(l—b )(12+Bb )_l_g(zzwz)} y
(1-2%)

x (22— b, (11)

rne b — KoopavHarta z KpaltHeil mpaBoii (MU JI€BOM)
TOYKM 00J1aCTH, OTPAaHUUEHHON MeTJIel cernapaTpuchl.
OtMeTnM, 4TO |b| OIIpenensaeT 3HaYeHe MAKCUMAIHHO
JIOMyCTUMOTO CMEILEHUsI TOIBUXKHOIO dJEKTpoaa K
HETIONBIDKHBIM (a 3HAYUT, W TJIYOUHY KOHTPOJIMpPYE-
MO MOAYJISILMU €MKOCTH) MPU 3aTaHHOM .

3Had B W 3adgaBasgch 3HAUEHUEM HEOOXOIMMOIO
MaKCHMaJbHOIO CMelleHUs1 (3HauyeHueMm b), ¢ moMo-
b0 ypaBHeHUs (11) MOXHO IMOCTPOUTH COOTBETCT-
BYIOLYIO CEMapaTpucy U ONpeAeUuTh 00JacTh AOMYC-
TUMBIX HayaJbHBIX YCJIOBUM, MPU KOTOPBIX CHCTEMa
OCTaHeTcs ynpasisieMoi. [JonyctumMoe 3HaueHUe A B
9TOM CJIlydae MOXHO HalTH, MOACTaBUB b (BMECTO Z)
B ypaBHeHue (10).

Ecnu ke uzHavyaibHO 3HAUYeHUE b HEW3BECTHO, a
MU3BECTHO HEOOXOAMMOE A, TO MOIMYyCTUMOE b MOXHO
HAlTHU, MCMOJIb3YS Cenyiollee BblpakeHHeE:

_)
|,,|:Jzﬁ_—_1__4_si+_z@_+_1_
35 6B 6p4

%

1, pre2pad
zzﬁB(A - ) (12)

rue

_)

A=3-p3_3p2-3p+54pPa—1+
%

£ 6830 +3p2+3p-27p2A+ ).

Ha puc. 7 npuBeneHbl cenapaTpuchl, pacCUMTaH-
HBI€ C UCIT0JIb30BaHUEM ypaBHeHMs (11) 1St HECKOJb-
KMX 3HavyeHuii B pu A = 0,23.

BunHo, uto B 3TOM ciiydae (B < 2) u3MeHEHUs HO-
CAT JMIIb KOJWYECTBEHHBIN Xapakrtep. IIpu 3Tom ¢
yBeJIMUueHHeM [ TUIolIalb, OXBaTbiBaeMas TeTjeil ce-
napaTpychl MPU 33JaHHOM A, U MAaKCUMAaJIbHbIE OpAU-
HaTbl CernapaTpuchl yBeJIUUNBaIOTCS.

Ha puc. 8 mpuBeneHsl cemapaTpUChl, pacCUMTaH-
HbI€ C UCIOJb30BaHUeM ypaBHeHus (11) mpu B =S5 u
HECKOJIbKUX 3HAYCHUSIX A.

BunHo, yto npu B > 2 U3MEHEHUS HOCST YXe U Ka-
yeCTBeHHbIN XxapakTep. C yBeJIMYEHUEM A TUIOLIAIb,
oxBaTbIBaeMas IeTJell cemapaTprchl, U1 OpaMHaTa, CO-
OTBETCTBYIOIIAs1 HYJIEBOMY CMEILIEHUIO, YMEHbILIAT-
cs, a 3aTeM celaparpuca pa3ouBaeTcs Ha 1BE CUMMET-
PUUYHBIE OJHOCBSI3HBIE 00JACTU B 00JIACTSIX TMOJOXM-
TEJbHBIX U OTPULIATEJIbHBIX CMEIIEHUI TOABMKHOTO
ajiekTpoaa. Takue OqHOCBSI3HbIE cenapaTpUChl orpa-
HUYMBAIOT O0JACTH NMEPUOIUYECKUX KOJeOaHUid, y
KOTOPBIX CMeElIeHUEe TMOJBUXKHOIO 3JEKTpoJa He Me-
HSIET 3HaK.

Pazbuenue Ha nBe 00JacTU MPOUCXOAUT, €CIIN MPU
3aaHHOM [ > 2 MCIOJIb30BaTh

A= F=0,03125(B + 2)%/B. (13)

Ha puc. 9 npuBeneHbl 3aBUCUMOCTH CMEILEHMS
MOJIBUKHOTO 3JIEKTPOJa OT BpEMEHU, PACCUUTAHHBIE C

Puc. 7. Cemapatpucsl 111 MOMC ¢ rpedeHYaTHIMH 3JIEKTPOIAMH,
paccudTaHHble ¢ Mcnoab3oBandeM ypapHenus (11) mpu A = 0,23 n
npy CJeAYIOIMX 3HAYeHusax B, paHoro: 3 = 2 (kpusas ), p = 1,3
(kpuBas 2), B = 0 (xpuBas 3)

Fig. 7. Separatrices for MEMS with interdigital electrodes, calculated
using equation (11) at 2 = 0,23 and at the following values f equal to:
B =2 (curve 1), p = 1,3 (curve 2), = 0 (curve 3)
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UCIojb30oBaHueM (9) Mpu B = 5 U HECKOJIBKUX 3Have-
HUSX A. PacueTsl IpoBOAWIN MPY HYJIEBOM HaYyaJIbHOMI
ckopocTu (v = 0), HO He HyJIEBOM HAa4yaJbHOM CMe-
weHuu (zy # 0). Ilpu 3TO0M U4 KaXno0i napsl U A
JUUISI COXpaHEHUsI KoJie0aTeIbHOTO pexkuMa HayalbHOe
CMELIEHUE Zj) BBIONPAIOCh HECKOJIBKO MEHBLIMM 3Ha-
YyeHus b, pacCYMTAaHHOTO C HUcIoab3oBaHueM (12). U3
puc. 9 BUOHO, YTO MPH YBEIWYCHUM A KOJIEOAHUS TIO
¢dopme Bce Oojiee OTIUYAIOTCS OT TapMOHUYECKUX (OC-

2 00/

_\:“_‘3_1..;..;.-;‘.—3------...:.________w
s H
i

e e . g

Puc. 8. Cenaparpucsi 1js MOMC ¢ rpedeHYaATHIME IJIEKTPOAAMH,
paccYMTAHHbIE C HCNOJb30BanueM ypaBHenus (11) mpu p = 5 u npun
ciaeaywoummx 3Hagenusx A: A = 0,275 (kpusas 1); L = 0,287 (kpu-
Bas 2); L = 0,305 (kpuBas 3); L = 0,3062 — (xpusas 4), L. = 0,312
(kpuBas 5)

Fig. 8. Separatrices for MEMS with interdigital electrodes calculated
by the equation (11) at p = 5 and A: 2 = 0,275 (curve 1); A = 0,287
(curve 2); 2 = 0,305 (curve 3); A = 0,3062 — (curve 4), 2 = 0,312
(curve 5)

Puc. 9. 3aBHCHMOCTH CMeIIEeHHs MOABHKHOIO 3JIEKTPOAA OT Bpe-
MEHH, PACCUNTAHHbIE C HCNOJb30BaAHHEM ypaBHeHus (9) npu f = 5
u A, pasHoii: A = 0,275 (zy = 0,623) — (xpuBas 1); 1 = 0,305
(zy = 0,551) (xpuBasg 2); 1 = 0,31 (z5 = 0,533) (xkpuBas 3); L = 0,31
(zg = —0,533) (xpuBas 4)

Fig. 9. Displacement dependencies of the movable electrode from time
calculated by using the equation (9) at f = 5 and A equal to: 2 = 0,275
(zg = 0,623) — (curve 1); 2 = 0,305 (zp = 0,551) (curve 2); 2 = 0,31
(zg = 0,533) (curve 3); A = 0,31 (zy = —0,533) (curve 4)
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Puc. 10. 3aBucHMOCTH AOCTHXKHUMO# TTyOMHbI MOXYJISIIIAA €MKOCTH 1)
OT A, pAaCCYMTAHHBIE NPH cJeAyomuX 3Havennsx B: f = 0 (kpusas /);
B = 1,5 (xkpuBast 2); p = 2,1 (kpuBas 3); B = 4 (kpuBas 4); p =6
(xpuBast 5); B = 8 (kpuBas 06)

Fig. 10. Dependencies of the achievable depth of capacity modulation n
from A calculated at B: = 0 (curve 1); B = 1,5 (curve 2); B = 2,1
(curve 3); =4 (curve 4); B = 6 (curve 5); p =& (curve 6)

TaBasiChb MEPUOJNYECKUMU), B OKPECTHOCTU HYJIEBOTO
CMEIIEHUSI CKOPOCTh CMEIIEHUS TMOABUXXHOIO 3JICK-
TPOJa YMEHBIIAETCS, a TIPA A > A* B 3aBUCMMOCTH OT
HAYaJbHOIO CMEIIEHUS KOJIeOaHUsI TIOKATIU3YIOTCS JIU -
00 B 00JIaCTH MOJIOXUTEIbHBIX (KpuBas 3), 1Moo B 00-
JIACTU OTpULATEJbHBIX (KpUBasi 4) CMELIECHUIA.

AHanIM3 MOKa3bIBaEeT, YTO IMPHU A > A* MakKcUMaJlb-
HOE CMELIECHUE TTOABIKHOTO JIEKTPOA |2y ,,] IO MO-
Aymo He TpeBbicuT 1/./2, a ry6rHA KOHTPOIMpYe-
MO MOAYJISILIMY €MKOCTH 1, COOTBETCTBEHHO, He TIpe-
BBICUT 2.

B Tex ciydasix, Korma mapamMeTphl CUCTEMbI COOT-
BETCTBYIOT cerapaTpucaM ¢ OJHONM OJIHOCBSI3HOI 00-
JIACTBIO, C YBEJIMYEHUEM [ HpPU 3aJaHHOM A MAaKCHU-
MaJIbHO JTOCTMXKUMAs TJIyOMHA MOAYJISIUM EMKOCTH 1|
(ompenensieMass MakKCUMaJbHO JOIMYCTUMbBIM CMellle-
HUeM TIOABUXKHOTO 3JIEKTPOAa) BO3pacTaeT.

Ha puc. 10 npuBeneHbl 3aBUCUMOCTHU JOCTHXXKUMOM
IIyOMHBI MOAYJISILIMU €MKOCTH 1 OT A, paCCUYMTaHHBIC
UL HECKOJIBKUX 3HAYEHUIA f3.

BunHo, 4TO B 3aBUCMMOCTH OT B U A JOCTHKAMBIC
3HAUCHUSI KOHTPOJIUPYEMOI TTyOMHBI MOAYJISILIMUA €M-
KOCTH 1| CYIIECTBEHHO M3MEHSIOTCS.

3akmoueHune

ITpoBeaeH aHaaM3 BAMSHUSI HAaYalbHBIX YCJIOBUI
Ha TToBeJIeH1e ABYX3JIeKTPOIHBEIX MOMC ¢ u3MeHs10-
IIMMCSI MEXD3JEKTPOAHBIM 3a30pOM U TI'pedeHYaTOM
KOHCTPYKILIMEN 3J1EKTPOAOB. AHAJIU3 MPOBOIMICS C
YUETOM DBJIEKTPOMEXAHUYECKUX B3aMMOICHACTBUU B
JIMHETHOM Y HEJIMHEHMHOM U1 BO3BPAILAIOILEN CUJIbI
OpUOIMKEHUSIX.

ITpoBeaeHo onucaHe 0cOOeHHOCTEH (hYHKIIMOHM -
poBaHuss MOMC naHHOUN KOHCTPYKIMU C UCIIOIb30-




BaHMEM MaTeMaTMYeCKUX MOJeseil, IT03BOJIMBIINX
HaWTW aHAJIUTUYECKHUE COOTHOIICHUS.

ITokazaHo, 4yTO B MepexogHOM pexume 3PdeKT
CXJIOMBIBaHMUSI MOXeT HaOmonaTbcsa B Takux MOMC
U TIpU HATIPSKEHUSIX UCTOUYHUKA MMUTAHUSI, MEHBIIINX
VO’ xp> KOTOPbIC OMPEAENSIOTCSI U3 YCJIOBUS CTaTHYe-
CKOT'0 paBHOBECHS.

ITonydyeHbl BBIpaXKeHMsI, MO3BOJISIOIINE B JIMHEH-
HOM U HEJIMHEWHOM ISl CUJIbI YIIPYTOCTU MPUOIMKe-
HUU OIpeaeanuTh 00JacTh HauyaJIbHBIX YCIOBUM (CMe-
LIEHUI U CKOPOCTeit), TpU KOTOPHIX 3(DDEKT CXIIOIbI-
BaHUS BJICKTPOJOB €Il¢ HE IPOSIBIISICTCSI.

YCTaHOBIEHO, YTO TIpH B > 2 BO3MOXHO pa3bue-
HHUE cenapaTpuchl HA JBE OTHOCBSI3HBLIE 00JIACTH, OT-
paHUUYMBaOLIAE 001aCTH MePUOANYECKUX KOJICOaHUIA,
Y KOTOPBIX CMEIIeHNE MOABMXKHOTIO 3JIEKTPOJa HEe Me-
HSIET 3HAK.

ITonyuyeHo ycimoBue pa30MeHMsI cemapaTpUCHl Ha
JBe 00JIaCTH.

PaccuutaHbl 3aBUCMMOCTU JOCTUXKUMOM TIyOMHBI
MOIYJISIIUU eMKOCTU OT MPUJIOXKEHHOTO HAIIPSIKEHUS.
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The Initial Conditions and Dynamic Pull-In Effect in Gap-Closing MEMS

During development of MEMS it is necessary to estimate the range of the controllable displacements of the moving elements
and the allowable values of the control voltages, above which the system becomes uncontrollable (pull-in phenomenon). This paper
presents the results of investigation of the specific features of functioning of MEMS with a comb electrode gap-closing structure
under arbitrary initial conditions with the electromechanical interactions and inertial properties of the system. The analysis was
conducted in the linear and nonlinear approximations for the elastic force. It was demonstrated that in a transient mode a pull-
in phenomenon may occur, when the power supply voltage is less than the critical value, which is determined by the condition
of the static equilibrium. Analytical expressions were obtained allowing us to determine the sphere of the initial conditions (dis-
placement and velocity), at which the collapse effect of the electrodes is not yet manifested. The condition of the separatrix splitting
into two simply connected regions, limiting the field of periodic oscillations, in which the displacement of the movable electrode
does not change sign, was determined. The dependences of the achievable depth of the capacitance modulation on the applied

voltage were calculated.

Keywords: electrostatic force, separatrix, depth of capacitance modulation, static equilibrium, initial conditions, phase diagram
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Introduction

Development of the microsystems technology led
to the creation of a number of microelectromechanical
devices have found application in science and technol-
ogy. In the development of microelectromechanical
systems (MEMS), a need arises to assess the range of
controlled movements of their movable elements and
allowable values of the control voltages, the excess of
which leads to uncontrolled movement of the movable
elements (pull-in phenomenon). The evaluation of
these parameters is given in most cases on the basis of
the conditions of static equilibrium, and taking into
account the dynamic properties of a system, it is be-
lieved that initially it was in zero initial conditions,
i.e., the displacement and the velocity of the movable
electrode at the time of voltage application was equal
to zero [1—8].

In [9], the analyze of operation of the two-electrode
MEMS under the arbitrary initial conditions with
changing interelectrode gap is given. In this study, an
analysis of the features of functioning of MEMS with
such a gap, and a comb electrode structure under the
arbitrary initial conditions taking into account the elec-
tromechanical interactions is given.

The model of the analyzed MEMS

Let’s analyze the behavior of MEMS on the exam-
ple of the electromechanical system (fig. 1), where [
and 2 — the fixed electrodes; 3 — movable electrode;
4 — elastic suspensions; ¥, — applied voltage; d, — the
distance between the electrodes at a standstill; x — dis-
placement of the movable electrode from a standstill.

At the comb-structure, the movable electrode 3 is
moved between two fixed electrodes 7/ and 2, which are
electrically connected with each other [10, 11].

We assume that at the movable electrode are only
affected by two forces: the elasticity of springs and elec-
trostatic.

The linear approximation

Under these assumptions, the equation of equilibri-
um (balance of forces) in the linear approximation for
elastic force of the springs can be written as

D) 2 2
md_;C = —kx + SOSSK d j _( d ] } (1)

where m — the mass of the movable electrode; kK — the
coefficient of quasi-elastic force; gy — the dielectric
constant; ¢ — the relative dielectric permittivity of the
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medium between the electrodes; S — the area of the
electrode.
Introducing the dimensionless variables z = x/d,

= CVy/Qkdy) and 1=y (0p= Jk/m, a
Cy = gpeS/d,), the expression (1) can be written as

2
dz |

4rz
24 o= BT 2)
dt

7= .
2.2
(1-2)
The behavior of the system is determined by the pa-
rameter A and the equation relating A to the position co-
ordinate of the equilibrium z takes the form:

oz, =z(1-2) -0z =0. 3)

The analysis of the equation (3) shows that the bal-
ance in the system is possible if A < 1/4. If A exceeds
1/4, the movable electrode will come closer to the fixed
electrode at any initial conditions, their contact will oc-
cur (static pull-in-effect), and the system will become
unmanageable.

This critical value of A corresponds to the static
equilibrium. It remains unclear whether the system is
stable in the dynamic mode at arbitrary initial condi-
tions if use A < 0,25.

Let’s assume that at the initial moment £, = 0 the
displacement of the movable electrode is z = 7z, and
the speed of its displacement is = v,. Taking into ac-
count the non-linear nature of the electromechanical
interactions, analysis of the behavior of the electrome-
chanical system, described by equation (2), let’s con-
duct it with the help of research of the phase trajectories
[12]. For this we introduce the phase coordinates

v=9T gpg o = 4z _ (4)
dt dt 2.2
(1-27)
In the notation (4), the equation of the separatrix
taking into account the symmetry can be written as
follows

= 24 (5)
1-z

Fig. 2 shows integral curves — separatrices calcu-
lated using equation (5) for several A. If the represen-
tation point at the initial time is located within the ar-
ea bounded by a separatrix loop, the movable elec-
trode will continue to make periodic oscillations (the
system will stay controlled). If the representation point
at the initial time will be located outside of the area
bounded by a separatrix loop, the movable electrode




will move toward the fixed electrode until a contact
and the system will become unmanageable (dynamic
pull-in-effect).

As can be seen from the above, using equation (5),
with a given A, you can determine what the initial
conditions fall within the area bounded by the separ-
atrix, and therefore guarantee the absence of collapse.
Thus, according to equation (5) at vy = 0 the collapse

will be absent if the initial displacement is |zg| < Z0x =

= J1-2Jx.

It can be seen that at increase of A, the specific
points (the center (@) and the saddle (b) with coordi-

nates (0, 0) and (£+1-2./A, 0), respectively) con-
verge. The area of initial conditions, corresponding to
the periodic fluctuations, reduces. At A = 0,25, the sin-
gular point (saddle) remains. It corresponds to an un-
stable equilibrium. At any initial conditions, the mov-
able electrode moves to the fixed electrode until their
contact.

Let’s emphasize that the collapse in such a system
can occur also at A < 0,25, if the coordinates of the
points corresponding to the initial conditions (z, vg)
are located outside the region bounded by a separatrix.

Fig. 3 (solid lines) shows the dependencies of the
displacement of the movable electrode from the normal-
ized time, calculated using expression (2) at A = 0,15,
zero initial velocity v, = 0, nonzero initial displace-
ment (zy = 0).

It is seen that the oscillation mode of the system oc-
curs when the coordinate of the representative point
corresponding to the initial conditions (z,, 0) is located
in the region bounded by the separatrix, corresponding
A = 0,15 (curves 2 and 3). If the initial displacement is
greater than z,,., a collapse is observed in a system
(curve ).

We did not take into account the possible losses of
energy. To assess the effect of the dissipative compo-
nent, let’s introduce a term into the equation (1), taking
into account the losses of energy of the mechanical sys-
tem. Assuming that the damping is proportional to the
first-order velocity of displacement of the movable
electrode (viscous friction), the expression (2) can be
written as:

2
dz 4

dz 4o, = 40z
= +t7= —=— (6)
d‘E d‘l?

1
0 (1-2

\S]

where Q — quality factor of the mechanical system.

Fig. 3 (dashed curves) shows the dependences of
the displacement of the movable electrode from time

to time, calculated using the expression (6) at Q = 5,
L = 0,15, vy = 0, but at nonzero initial displacement.
It is evident that in the initial stage, even at such a low
Q factor of the system, the accounting of the energy
losses is primarily occurs in the time dependences of
the displacements of the movable electrode, calculated
for z smaller than z,,,, = 0,4747666. At the same time,
the dependence for z = 1,05z, exceeding the critical
value for only 5 % became virtually unchanged. It can
be assumed that for Q > 5 the expressions without loss-
es adequately take into account the influence of the in-
itial conditions on the collapsing in the linear approx-
imation for the elastic force of the springs.

At the stage of the preliminary design for analysis of
the behavior of MEMS, it is often enough to know only
the extreme characteristics of the separatrix: maximum
left and right points with the coordinates (z;, 0) and
(zg, 0), describing the range of the controlled move-
ments of the movable electrode, the maximum upper
and lower points of the separatrix with the coordinates
(0, £v,,,x), describing the range of the admissible ini-
tial velocities of its movement. The analysis shows that
for the examined it is

2l = lzgl = ol = ¥ 1-24/4; 7

Omad = A4k —4/A+1.

From the system (7), in particular, it follows that at
a given A, the maximum ratio Cp,,/C,i, = n (depth of
capacity modulation) will not exceed 0,5/ /A .

Fig. 4 shows the dependences n, [z] and |u,,,,| on A.
It is seen that the allowable values of the initial dis-
placement and the maximum speed of the movable
electrode, as well as the depth of the depth of capacity
modulation significantly depends on A.

Nonlinear approximation

In the case of large displacements of the MEMS
moving parts, the elastic suspensions begin to work in
a nonlinear regime [13]. The equilibrium equation in
a nonlinear approximation for elastic force of springs
[14, 15] may be represented as

d2
m—;C = —kx — k3x3 +
dt

FER-GRT @
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where k and k; — linear and non-linear coefficients of
the quasi-elastic force. In dimensionless variables, the
equation (8) takes the form

2
T2 4 o+pd= 2L, ©)
dt (1_12)

where B = ks dg /k.

In this notation, the behavior of the system is de-
termined by two parameters A and B. The equation, re-
lating A with a position’s coordinate of the static equi-
librium z, has a form as follows:

o(z, 4, B) =1 +pP)A— )2 —4=0(10)

Fig. 5 shows the dependencies z from A, calculated
with (10) at several B. The case p = 0 corresponds to a
linear approximation.

With an increase of B from 0 to 2, the changes have
the quantitative in nature, but at B > 2, the qualitative
changes are also occur there. From the condition of
static equilibrium (10) it follows that the system will re-
main manageable, if A less than

H _ 1 2
Aep = — B+ DB — 17,
P o7p?

and the applied voltage V|, not exceeds

2
VO,Kp - \/m(ﬁ+l)( —B) .

According to equation (10) at the same voltage in
the static case, the displacement of the movable elec-

trode reaches
7| = B-=2
Kp 3[3

If under the influence of the applied voltage (static
case), the displacement of the movable electrode ex-
ceeds [z, |, the movable electrode uncontrollable ap-

proaches to a fixed electrode at any initial conditions
and the contact between them happens. By increasing

B, it follows that |z,,| — 1/4/3. Fig. 6 shows the de-

pendences |z, | and kﬁp on B calculated using the con-

ditions of the static equilibrium.

To determine whether the system is sustainable in
the dynamic mode at an arbitrary initial conditions,
if A is less than kgp , it is necessary to construct the cor-
responding separatrix. Using (9), (10) and the symme-
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try equation, the problem of separatrix can be repre-
sented as

2 2

J2 = {(l—b )(12+Bb )_l_g(zz”)z)} y
(1-27)

x (22— b, (11)

where b — coordinate z of the far right (left) point of
a region bounded by a separatrix loop. Let’s note, that
|b| defines the maximum allowable displacement of the
movable electrode to the fixed one (a depth of the con-
trolled modulation of capacity) at a given .

Knowing B and setting the required maximum dis-
placement (b), using the equation (11) we can construct
a separatrix and define the scope of the admissible in-
itial conditions under which the system is controllable.
The allowable X can be found substituting b (instead z)
to (10).

If originally b is not known, but we know the need-
ed A, the allowable b can be found using the expression

ﬁ
|b|=J2M A _pPe2prl

3B 6B 6BA

1 B2+ 2B+ 1
o A— + + , 12
ILBJ A ) (12)

where

%

A=3p_3p2_3p+5apia_1+
%

£ 6B =308+ 382 +3B-27p2A+ ).

Fig. 7 shows the separatrices, calculated using equa-
tion (11) for a number B at A = 0,23.

It is seen that in the case of (B < 2), the changes have
quantitative character. With increase of B, the area cov-
ered by a separatrix loop at a given A and the maximum
ordinates of the separatrix increase.

Fig. 8 shows the separatrices calculated using equa-
tion (11) at B = 5 and multiple A. At § > 2, the changes
have qualitative character. With the increase of A, the
area covered by a separatrix loop, and the ordinate cor-
responding to zero displacement, reduce, and then the
separatrix becomes divided into two symmetrical sim-
ply connected regions in the areas of positive and neg-
ative displacements of the movable electrode. Such sep-
aratrices limit the scope of periodic fluctuations, where
the displacement of the movable electrode does not
change sign.




Splitting into two regions occurs if at a given g > 2
to use

A== 0,03125( + 2)%/p. (13)

Fig. 9 shows the dependencies of the displacement
of the movable electrode depending on the time calcu-
lated using (9) at p = 5 and several L. The calculations
were carried out with zero initial velocity (v, = 0) and
nonzero initial displacement (z; # 0). For each pair of
B and A, the starting displacement z, was chosen some-
what smaller than b for prevention of the oscillation
mode, calculated using (12). It is seen that with increas-
ing A, the fluctuations more different from the harmon-
ic by form (remaining periodically). In the vicinity of
the zero displacement, the displacement speed of the
movable electrode decreases, while at A > A%, the fluc-
tuations localize in the positive displacement area
(curve 3) or in the negative displacement area (curve 4),
depending on the initial displacement.

The analysis shows that at A > A* the maximum dis-
placement of the movable electrode |z,,,,] by modulo
does not exceed 1/./2, and the capacity of the control-
led modulation depth 1 accordingly not higher than 2.

When the parameters of the system correspond to
separatrices with a simply connected region, at increase
of B with the given A, the maximum achievable depth
of capacity modulation n, determined by the maximum
displacement of the movable electrode, increases.

Fig. 10 shows the dependences of the achievable
depth of capacity modulation n on A, the calculated for
several B. It can be seen that, depending on  and A, the
controlled depth of capacity modulation n changes sub-
stantially.

Conclusion

The influence of initial conditions on behavior of
the two-electrode MEMS with variable interelectrode
gap and a comb electrode structure was studied. The
analysis was performed taking into account the electro-
mechanical interactions in the linear and nonlinear ap-
proximations for the restoring force.

A description of the features of MEMS of such
structure was made using the models that help to find
the analytical relationships. It was shown that in such
MEMS in the transitional regime, the collapse may oc-
cur when the power supply voltage is less than VO, Xp>
which determined from the static equilibrium.

The expressions were obtained, allowing in the lin-
ear and nonlinear approximations for elastic force to
determine the area of initial conditions (displacements
and velocities) at which the collapse of the electrodes
have not yet appeared.

It was found that at B > 2, the splitting of the sep-
aratrix into two simply connected regions, limiting the
field of periodic oscillations, in which the displacement
of the movable electrode does not change sign, is pos-
sible. The condition of the separatrix splitting into two
areas was obtained. The dependences of the achievable
depth of capacity modulation of the applied voltage
were calculated.
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MOCTOSAHHbIE 3ANTOMUHAIOLLME YCTPOMCTBA

HA OCHOBE XPAHEHUA 3APAAA

Ilocmynuna 6 pedaxyuro 02.06.2015

IIpedcmasnen 0630p noaynpo8oOHUK 080U IHEPLOHE3ABUCUMOLL NAMAMU HA OCHOBe XPAHeHUs 3aps0a U meHOeHYUul ee pa3eumus.
Paccmompennvl nepedosvie mexnonocuueckue peuleHus 6 cgepe 0peaHu3ayuy U mexaHuamoe pabomul aueex flash-namamu. Ilpo-
6eden aHanu3 Cyujlecmeyrouux u nepcnekmuenvix munoeg aueex flash-namamu. Hccaedosanvl ocobennocmu u npednodicena Kaac-
cupuKayua 31eMeHmo8 NOCMOAHHBIX 3aNOMUHAIOWUX YCMPOTUICME HA OCHO8e XPAHEHUs 3apAoa.

Karoueevie caosa: n/zaeafouguﬁ 3ameop, myHHeaupoearue,

TANOS, 3D HAND

BBenenne

OgHuM u3 Haubosiee aKTMBHO pPa3BUBAIOLIMXCS
CETMEHTOB PbIHKA MUKPO3JEKTPOHUKU SIBJISIIOTCS T1O-
JIyIIPOBOJHUKOBBIE 3alIOMUHAIOLIME yCTPOHCTBA (Ia-
MsTb). COBEpILEHCTBOBAHWE TEXHOJIOTUUYECKUX TIPO-
1IECCOB M pacTyllyMe MacluTaObl MPOM3BOACTBA IMOJY-
MPOBOJIHMWKOBON MaMsITH MPUBEJIM K €€ YAellIeBIEHUIO
U JTOCTYMTHOCTU Ha MUPOBOM pbiHKe. KOMITaKTHOCTB,
BBICOKAsI MHTETPUPYEMOCTh M HMU3KOE SHEPronoTpeod-
JICHUE JIeJIal0T €€ He3aMEeHUMOI MPaKTUYECKH BO BCEX
COBPEMEHHBIX BHICOKOTEXHOJOTMUHBIX M3ICITHIX.

Ha naHHBIIT MOMEHT CO3IAaHBI IECSITKU TUIIOB 2JIe-
MEHTOB XpaHeHusI 3apsiaa. [IpakTruuecku Kaxaast KoM-
MaHus pa3padaTbiBaeT COOCTBEHHYIO STYEMKY MaMSITU
HUCXOJs U3 TPeOOBAHUI K SHEPTONOTPEOICHNIO, TOIIO-
JIOTUYECKMM HOpMaM M (PYHKIIMOHAJBbHBIM BO3MOX-
HOCTSIM uzaenus. s DOoCTUXKEeHUs] HAWJTydllel uH-
Terpaluy MaccuBa IaMsITH B YCTPONCTBO pa3pabaThl-
BaeTCsl apXUTEKTypa IOCTPOEHUSI U OMpeaessieTcs
MEXaHW3M 3aluCU/CTUpaHus sSYeeK maMsTu. MHoro-
o0pa3ue MexaHU3MOB 3aluCU/CTUPAHUSI, apXUTEKTYp
MOCTPOCHUS U TUIIOB STYeeK IMaMsITH MPUBEIO K HEOO0-
XOJAUMOCTH O0OOILIUTh U KJaccu@uiMpoBaTh MOCTO-
SIHHBIe 3anmomMuHarouue ycrpoiicta (I13Y) Ha ocHoBe
XpaHeHUs 3apsifa.

Kinaccudukamua 113y
HA OCHOBE XpaHeHMd 3apsaaa

[MonynpoBomHMKOBAsI SHEProHe3aBUCUMasI IIaMsITh
3aHMMaeT ocoboe mecTo B obysactu 3Y. Ecim sHep-
rozaBrucrMasi IaMsaTh CIIOCOOHA YBEJIUYUTH CKOPOCTb
00paboTKu MH(pOpPMALIMKU, TO MOJIYNPOBOIHUKOBAS
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uHcekyus, aueuxa flash-namamu, SST, Charge-Trap, SONOS,

SHEProHe3aBHCUMas TaMsTh CIIOCOOHA IeCATUIICTHS
XpaHUTh NaHHBIC U 00JagaeT OrPOMHBIM ITOTEHIIMA-
JioM MaciutabupoBaHusi U uHTerpauuu. Ha puc. 1
MpeUioxkeHa KiacCu@uKalus CyIIeCTBYIOIIUX BUIOB
SHEPTOHE3aBUCUMOM TTaMSITH.

Yempoiicmea,  npoepammupyemvie  pomouwiabaorom
113Y (ROM). TunoBeie mukpocxeMbl [13Y (ROM)
TaKXe HAa3BIBAIOT IMPOTrpaMMUpPYeMBIMH (POTOIIA0IIO-
HaMU WJIM MaCOYHO-ITPOrPaMMUPYEMBIMU, TTOCKOJIBKY
JMo0BIe cofepKalrecsT B HUX JaHHBIE SKECTKO TIPOIIT-
BalOT B Ipoliecce MPOM3BOIACTBA C MOMOIIbIO (POTO-
ma6ioHa. POTONMIA0IOHBI UCIIOIB3YIOT IS CO3MAHUS
TPaH3MCTOPOB U COCIUHSIOLIMX WX HAa KPEMHHUEBOM
KpUCTaJUIe METaUIMIECKNX ITPOBOTHUKOB, KOTOPBIC
Ha3bIBAIOT TaKXe CAOSIMU METALTU3ALMM.

OHeproHesasncumas
namsaTb
Nonvolatile Memory

EEPROM FLASH

Puc. 1. Knaccudukamus sHepronezasucumoii (nonvolatile memory)
naMsATH

Fig. 1. Classification of nonvolatile memory




Y@ u snexmpuuecku cmupaemoie npoepammupyemoie
I13Y (EPROM, EEPROM). Ilporpammupyemoe I13Y
(ITI13Y) — 5710 TpaH3UCTOP, UMEIOLINI TIABAIOIINIA
3aTBOpP. DTOT 3aTBOP OKPYKEH OUeHb TOHKUM M30JIH-
pylouM ciaoeM okcuaa kpeMHus. CyliecTBEHHbBIM
OTIMYMEeM B QYHKIIMOHUPOBAHUU 3JIEMEHTOB XpaHe-
Hust EPROM (Erasable Programmable Read Only
Memory) u EEPROM (Electrically Erasable Pro-
grammable Read Only Memory) SIBisIeTCI MeXaHU3M
CTHpaHUs AaHHBIX. MUKPOCXeMbl MaMSITH C sueiiKkamu
tuna EPROM o6opynoBaHbl crieliMajbHbIM KBapliie-
BBIM CTEKJIOM, 4Yepe3 KOTOpOe IOCPEICTBOM YJIbTpa-
(broneToBOro M3NMyYyeHUs: OCYILIECTBISICTCS yaaJleHUe
3JIEKTPOHOB ¢ TIIaBatolliero 3aTtBopa. s a1eMeHTOB
EEPROM mnpouecc cTupaHusi OpraHM30BaH TOCpe-
CTBOM CHEIUATBHBIX JIEKTPUYECKUX CUTHAJIOB U He
TpeOyeT TOMOJIHUTEIBLHBIX N3MEHEHWI KOpITyca MUK-
POCXEMBI.

Flash-mexnonoeus. TexHoyorusi, M3BeCTHas Kak
Flash, BemeT CBOIO POMOCIOBHYIO OT TEXHOJIOTMH
WU3TOTOBJICHMUST  BIIEKTpUUecKn ctupaembix [1I13Y
(OCIIIT3Y). IlepBoHauanbHO Ha3BaHue flash ObLIO
MIPUCBOEHO YCTPOMCTBAM, BBITIOJIHEHHBIM MO 3TOU
TEXHOJIOTMU, YTOObI OTPa3UTh XapakTepHOEe IS HUX
Yype3BblYAiHO MaJioe BpeMsl CTHUpaHUsl MO CpaBHe-
HUIO ¢ ycTporictBamu ctupaembix I1I13Y (CIIII3Y).
KoMnoHeHTbI, BblMOJHEHHbIE MO flash-TeXHOJIOTUH,
MOTYT ObITh PeaJIM30BaHbl BO MHOXECTBE apXUTEKTYD.
Takue ycTpoiicTBa MOTYT UMETh STYEUKU MaMSITH, BbI-
MOJIHEHHbIE Ha TPaH3UCTOPE C IUIABAIOIIMM 3aTBO-
poM Takoii xe 1oianu, kKak B sueiikax CIITI3Y, Ho
¢ ropaszno 06ojiee TOHKUMU HU3OJUPYIOIIUMU CIOSIMU
okcuaa kpemHusi. MH@popmalimio B TaKUX yCTPOMCT-
BaX CTHUPAIOT DJIEKTPUYECKHMM CIIOCOOOM, HO TIpHU

Puc. 2. Kpoccekuus stueiiku flash-namsiru
Fig. 2. Cross-section of flash-memory cell

STOM TOJILKO TYTE€M OYUCTKU OOJIBIINX CEKTOPOB IMa-
MATU (puc. 2).

Flash-naMsITh Ha CETOAHSIIHUMN A€Hb SIBISIETCS ca-
MBIM PACIIPOCTPAHEHHBIM M OBICTPO Pa3BHBAIOIINM-
CSsl TUTIOM 9HEPTrOHEe3aBUCUMOI TTOJYITPOBOAHUKOBO
TMaMsITH.

Knaccudukanus flash-namaru
10 BHAAM OPraHM3aNNHN SYeeK

CyllecTByeT HECKOJIBKO BapMaHTOB OpraHU3alliu
sueek flash-naMsT, paCCMOTPUM CaMble PacpOCTpa-
HEHHBIC.

1. B apxurextype NOR ucnonb3yercst Kiaccuue-
cKas JABYMEpHas MaTpulia NPOBOAHUKOB, B KOTOPOW
Ha MepeceyeHUu CTPOK U CTOJOLOB YCTAHOBJIEHO MO
ofHOI sueiike. B Takoil KOHCTPYKIIUM JIETrKO CUMTATh
COCTOSIHUE KOHKPETHOrO TpaH3UCTOPa, MoJaB OIpe/e-
JICHHYI0O KOMOMHALIMIO CUTHAJIOB Ha OJWMH CTOJOEL 1
OJIHY CTPOKY.

2. Apxutektypa NAND npeacraBiseT coboit Tpex-
MEpPHBI MaccuB. B ocHOBE Ta Xe camasi MaTpulia, YTo
u B NOR, HO BMeCTO OJHOrO TpaH3UCTOPa B KaxJI0M
TepeceyeHMr YCTAaHOBJIEH CTOOEL U3 TTOCIeA0BATEb-
HO BKJIFOUEHHBIX slueek. B Takoil KOHCTpYKLIMU TI0JTY-
YaeTcs MHOTO 3aTBOPHBIX LIETIE B OJHOM Mepeceye-
HUM. [1IOTHOCTP KOMIIOHOBKM MOXHO PE3KO YBEIU-
YUTb, OJHAKO AJITOPUTM JIOCTYyNA K SYEKaM JJIs uTe-
HUS Y 3alIUCU 3aMETHO YCJIOXHSIETCS.

3. B apxurektype DINOR wncnonn3yrorcs cyoouT-
HbI€ CTPOKM B MOJUKPEMHUU. DTa apXUTEKTypa OTyac-
™ saBiasiercss KomOouHauueir NAND u NOR. ITpeumy-
1LIECTBAMU €€ SBJISIIOTCS HU3KMIT YPOBEHb paccerBae-
MOI MOIITHOCTH U TIPOM3BOJIBLHBIN TOCTYII.

4. B apxutektype AND OutoBble JUHUU U3 Me-
Tajgjga 3aMeHeHbl Ha UG Gy3MOHHBIE JIMHUU. DTO
obecrneunBaeT yMeHbllleHWe padMepa sueiiku. B pe-
KM€ MPOU3BOJBHOIO JOCTYIa YCTPONCTBO paboTaeT
MmemneHHee, yeM NOR, HO MoXeT HOpMaJIbHO (PYyHK-
LIMOHUPOBAaTh MpPU CKOpocTU omnepauuit B 50 Hc. Ha
puc. 3 TIpeAcCTaBIeHbBl OCHOBHBIE THITHI apXUTEKTYP
flash-tiamatu [1].

Knaccudukauus flash-namsatu
N0 MeXaHM3MaM 3aNUCH/CTUPAHUS

Bce cymectBytolue sueiiku flash-namsitu padbo-
TalOT Ha KBAHTOBBIX U MHXXEKIIMOHHBIX MEeXaHU3Max
3aIMCH/CTUpPaHNs. B 3aBHCUMOCTH OT apXUTEKTYpPHI
U TUIA TPUMEHSIEMON STYEHKU TPOU3BOAUTEIN MC-
MTOJIB3YIOT pa3IWYHble MEXaHU3MBI 3aIlliCHU/CTHpaA-
HUS JUISI HaXOXIEHWSI HaWJIy4dllMX XapaKTepUCTUK
MO0 3HEPrornoTpedseHUI0, CKOPOCTU (PYHKIIMOHUPO-
BaHu4A [2].

HAHO- I MUKPOCUCTEMHAS TEXHHUKA, Ne 10, 2015 43



: DINOR NOR NAND AND :
| |
I 1 ] l I
T
| 'tanwesa o Gur |.| Tpgd‘:f‘}g" H H p-'S;l:rG;'ga :
B G e U] Y] M - |
I . [
| H —— —— Jlimns cios |
| o hie| ] 1|[1'l e T
Herok MHHR CNOB -

 SoreLs s Woiine AE—HE- TR ?
| ty |
: 3 i) Yic] b - |
| 3‘ Word Line |_| IE| "ﬁ Y |
| 2 1 1 I
| 4 i el b ] |
I 3_ H Tp-p euwibopa H - - - |
: Hetox Select Tr. n J_L :
| |
! Tp-p suibopa !
| i T
| |
Puc. 3. Tunsl apxutektyp flash-namsaru

Fig. 3. Types of flash-memory architectures
o i
: Knaccuduxanud mo MeTogan 3aIHCH/CTHPAHHS :
| Classification method of writing / erasing |
I : l . l
| |
: IMpoussonsbubi gocTyn Crpasnunsii goctyn :
: Random Access Page Access i
| [ l
[ | | ] [
: 3amuace(Write)-SSHEI 3amuce(Write)-FN 3anucs(Write)-CHEI 3ammce(Write)-FN 3amucy(Write)-CHEI :
' | Crupanue(Erase)-FN | |Crupanue(Erase)-FN Crupanue(Erase)-FN| |Crapanue(Erase)-FN] Crupanue(Erase)-FN |
| | |
| |
| |

NAND. BepruxansHli 3aTs0p

: DINO. NO. A \
| . NROM AND Vertical Gate (VG) | '
| |

Puc. 4. Knaccudukamust naMaTi M0 MEXaHU3MAM MOMENIEHHUs/CHATHS 3apsAia B COOTBETCTBHH C OPraHM3ANMEN J0CTYNA K JAHHBIM
Fig. 4. Classification of memory by the mechanisms of charge insertion/elimination in accordance with the organization of the data access

1. KBaHTOBHBII 3(pPpekT TyHHenupoBaHus Dayne-
pa—Hopaxeiima (Fowler— Nordheim — FN).

2. Topsiuast mHKeK1usl 3JeKTpoHOB (channel hot-
electron injection — CHEI).

3. KBaHTOBBII 3()heKT TYHHETMPOBAHMS Yepe3 MO~
okcun (Enhanced tunneling through polyoxides — ETP).

4. Topsiuasi MHXEKIMS B3JEKTPOHOB B MOIJIOXKY
(substrate hot — electron Injection — SHEI).
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5. Topsiyast MHKEKIMS 3JIEKTPOHOB CO CTOPOHBI UC-
ToKa (source — side hot — electron injection SSTI).

6. BropumuyHast ymapHass WMOHM3allWsl, BbI3BaHHAsS
ropsiyeil MHXeKUUEH 3JIeKTPOHOB (secondary impact
ionization — SII) [15].

Ha puc. 4 npennoxeHa kinaccudukarusi naMsiTi Mo
MeXaHM3MaM TIOMEIIeHUs/CHITHUS 3apsina B COOTBET-
CTBMU C OpraHM3alyeil JocTymna K JaHHBIM [1].




Knaccnpukamusa flash-namsara
10 THNAM STYeeK

Onupasicb Ha MMeIOIIMeCs] JaHHbIe, PaCCMOTPUM
CYLLIECTBYIOIIME BUIBL S4eeK MmaMsITu (puc. 5).

Kak BugHO u3 pucC. 5, CyLIECTBYIOT I€CATKA TUIIOB
siyeek flash-niamsatu. Bce oHM cXx0XU MO CBOMM (byH-
JaMEHTaJIbHBIM MPUHIIMIIAM pabOThI, HO TIO CTPYKTYpE,
TEXHOJIOTUIECKOMY TIPOLIECCY TTPOU3BOICTBA U TIpUMe-
HSEMBIM MarepuajgaM CYIIECTBEHHO pa3jinyaroTcs.
IIpennoxeHO pa3geNnTh BCE PACCMOTPEHHBIC BUIBI
sg4eeK MaMsITU Ha JIBa Kjacca: sSTYEWKM C TMOJMKPEM-
HueBbIM IaBatoiuM 3aTBopoM (Floating Gate — FG)
U siueiiku ¢ JoBylukoi 3apsina (Charge-Trap — CT).

AYeiiku NaMATH C MIABAIOIIHAM 3aTBOpPOM

B ocHoBe sueiiku ¢ IIaBaolIMM 3aTBOPOM JIEXKUT
MOJIEBON TPaH3MCTOp, UMEIOIIMI, BIPOUYEM, HEKOTO-
poe OTJIMYMEe OT KJIACCUYECKOro aHajora B BUJE €llie
OJIHOTO, TaK HAa3bIBAEMOTO IJIABAIOIIETO 3aTBOPa. DTOT
3aTBOP SIBJISIETCSI HEOTHEMJIEMOI YacThblO BCEX MOMAM-
uxanuii flash-namMsiTU: OH UTpaeT Ty Xe Pojb, YTO U
KoHaeHcatop B DRAM, T. e. XpaHUT 3alporpaMMupo-
BaHHO€ 3HauyeHue. Ha mnaBawoouuii 3atBop mnyTeM
KBaHTOBOTO Ipollecca TYHHEJIUPOBAHUS JTUOO MHKEK-

LIMU TIOMEIIAIOT 3apsii, KOTOPHIM BAUSIET Ha T0JIe OC-
HOBHOTO, WM YIPaBJISIIOILIETO 3aTBopa. TakuMm obpa-
30M, COCTOSIHME TpaH3ucTOpa (MpOBOIsIee MU He-
MPOBOAIIEe) 3aBUCUT B JAaHHOM CJIy4ae OT HaJTMIUS
00 OTCYTCTBUS JIEKTPOHOB Ha TIJIaBaloIleM 3aTBO-
pe. [LaBaronuii 3aTBOP M30JIMPOBAH OT CTOKA, NUCTOKA
1 YIIpaBJISIONIErO 3aTBOpPa TOHYAKIIIMM CJIOEM OKCHIA
KPEMHMSI.

Bo MHOrom BpeMsi XpaHeHus 3apsiaa, a Takxke Kop-
pekTHas paborta sueriku flash-riaMsaTu OINpeaessiroTCs
COCTOSIHMEM Y CBOMCTBaAMU AUdJeKTpUKa. BenencTeue
IeheKTOB B CJIO€ OKCHIA, 00pa30BaBIUIMXCS IIPU IIPO-
M3BOJICTBE WJIU B MPOLIECCe IKCITyaTallMu, BOZHUKA-
10T 3(PdeKThl M30BITOUHOTO yaajneHus (overerase) 1
MeIJICHHOro cTekaHus 3apsiaa (slow leaking bits), BbI-
3BIBAOIIIE€ CHUKEHNE CKOPOCTHU UYTEHHUS M Jaxke Ou-
TOBbIE OIIMOKU. [erpaganus cjiost oKCuaa B HEKOTO-
PBIX CITydasix BIeYeT 3a OO0 MOSIBIICHNE "3aJIMITAI0-
wux" 6uToB (stuck bits) — sueex, OBICTPO TEPSIOLINIX
3aps.

Suetika ATW (Asymmetrical Tunnel Window). Oco-
OCHHOCTh JAHHOTO THUIA SYeeK 3aKII0YaeTCsl B aCUM-
METPUYHOM TOJIIWHE TYHHEJILHOTO OKCHIA BIOJb Ka-
HaJla. DTO MO3BOJISIET YAYYIIUTh MTPOLIECC TPOTpaMMMU--
pPOBaHUSA METOIOM WHXKEKIIUHM TOPSYUX 3JIEKTPOHOB,
YMEHBILIWTh HEPronoTpedJeHrue U TMOBBICUTh KO3G-

Puc. 5. Knaccnpukanusa syeek namaTu
Fig. 5. Classification of memory cells
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GUIMEeHT MHXEKUNM K IUIaBawlleMy 3aTBopy flash-
SIYEUKMU.

Huetika TDI-LOCOS ¢ donoanumenvuoli mecmHou
uzonsayuel. Takue g4eiKr, KaK MPaBUIO, U3TOTABIIN-
BalOT [JI1 KOCMMUYECKOW OTpaciu IO TEeXHOJIOTUHU
KpeMHUI Ha usojaTtope. Mx xapakrepHoii 0COOEHHO-
CTBIO SIBJISIETCSI HAJIMYUE OOTIOJHUTEIIBHOW MECTHOU
n3onsiun (LOCOS), cnocoOCTBYIOLIET MUHUMM3ALN
TOKOB YTEUKHU TIPU YBEIUYEHUM OOILEH 103bl HOHU3M-
pytwoiuero uznydyenHus: (TDI).

HAuetika Two Transistor Thin Oxide Cell (0syxmpan-
3UCMOPHAA A4elKa ¢ MOHKUM caoem okcuda). Bropoit

Vnpasnsmonmii sateop (Control Gate
ITnagaronwi 3ateop (Floating Gatd

Puc. 6. Kpoccekuusi qBYyXTpaH3MCTOPHON SAYEHKH NaMATH
Fig. 6. Cross-section of the two-transistor memory cells

TPaH3UCTOpP (TPAH3UCTOP AOCTYIIA) B TaKUX sSYEHMKax
WCIIOJB3YeTCsl AJIs1 U30JSILUU STYEHKU OT OMTOBOI JI-
HUU W TIO3BOJISIET U30aBUTHCS OT MHOTMX HEIOCTAaT-
KOB, TIPUCYILIMX OJAHOTPAH3UCTOPHBIM siueiikam. Ha-
MIPSDKEHUS] CTUPAHMS U TTPOTPaMMUPOBAHUST HECKOJIb-
KO CHMXKEHBI 32 cueT (popMUpOBaHUST HEOOJIBIIION 30-
HBbI 00Jiee TOHKOTO CJIOS OKCUIA KpeMHHUs (8,5 HM).
Tox mporpamMmupoBaHusi mocturaer Bcero 10 mA —
3HAYUTENIBHBIN 11ar BIepe 1Mo CpaBHEHUIO C OITUCaH-
HBIM BblIllle TUNOM siueiiku (1 MA). B nByxTpaH3u-
CTOPHOI stuelike (puc. 6) Bce olepaiuu ¢ IIaBaloM
3aTBOPOM OCHOBaHbI Ha 3(pdeKkTe TYHHEIUPOBAHUS.
YrtoO0Bbl 3amporpaMMHUpPOBaTh STYEHKY,
OTpULIATEILHOE BBICOKOE HaIpsiKe-
HUE MOJAETCs Ha YMpaBJSIOIMI 3a-
TBOp (2JIEKTPOHBI TYHHEJIMPYIOT Ha
MJIaBaloLIMi 3aTBOP), a YTOOBI CTe-
PeTb SIUeMKYy, MOJOXUTEbHOE HATIPSI -
JKEHUE TOaeTCsl Ha CTOK (3JIEKTPOHbI
TYHHEJIMPYIOT C TIIaBaOIIeTO 3aTBOpa
Ha CTOK).

Huetika SCSG (The source-coupled
split — gate) — ucCmovHuUK, CONPSIICEH-
Hbll ¢ pacujenieHHviM 3ameopoM.
SCSG-suelika co3maHa JIsl  OITU-
MaJIbHOI MHTETpaluy B CYIIECTBYIO-
1IMe TEXHOJOTMYECKUE PEILICHUST KOM-
nanuu Motorola. Ctpykrypa SCSG-
ssyeiiku (puc. 7) COCTOUT U3 MOJU-
KPEMHUEBOTO TIJIaBaIOIIETO 3aTBOpa
CO CTOPOHBI CTOKA 1 YIPaBJSIOLIETO
MOJIMKPEMHUEBOTO 3aTBOpa CO CTO-
POHBI MCTOKa, O0pa3yloIuX CTPYK-
Typy C pacllieruieHHbIM 3aTBOPOM.
ITporpammupoBaHue siYeRKU OCylle-
CTBJISIETCS TOPSTYEN UHKEKIIUEN DIIEK-
TPOHOB B CTOKOBOIt obyiactu. Ctupa-

Tpammcrop matop

Puc. 7. Sgeiika mamara SCSG
Fig. 7. SCSG memory cell
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KOH(UTYpAIUIO STYeeK MaMsITH IS YBeIMUEHUS TUIOT-
HOCTH KOMITOHOBKHM SI9€€K M CKOPOCTH UTeHUs. B oc-
HOBE TaHHOMW pa3pabOTKU JIEKUT TIPEAbIAYIIAS TEXHO-
norust FETMOS (floating-gate electron tunneling MOS).
3anmuch U CTUpaHUE MPOMCXOIST 32 CYET KBAHTOBOTO
addekTa tyHHeMpoBaHus Paynepa—Hopnxeitma [4].

SAuetika SuperFlash 1-20 nokosenus. DAEMEHT Xpa-
HeHust SuperFlash Obi1 peasinzoBaH komnanueir SST
(Silicon Storage Technology). B cpaBHeHUM ¢ OIMCaH-
HbIMU Boille ycTpoiictBaMu SuperFlash Cell BoITiIsS-
IUT HEMHOro mHaude (puc. 9). fueiiku oObeAMHEHBI
BIOJIb IMHUM CJIOB (CTpaHULIbI) U JAHUIA OUT (CEKTO-
pa). fAdeitku, coemMHEHHbBIE YIIPABJSIONIIMU Oa3aMM,
00pa3yloT cjioBa, S4eiKU, COeNMHEHHbIE CTOKAMU —
OuTOBbIE MTUHUU. YeTHbIE U HEYETHbIE OUTHI, CBSI3aH-
HbIe OOILIMM HMCTOKOM, Ha3bIBalOT CTPAHUILIEH, KOTO-
pas ymanseTcs Kak emguHBIN 371eMeHT. CTpaHW4YHas
OpraHu3alusi YaCTUYHO CHUMAET BOIPOC MEPEKPeCT-
HOTO BIIMSTHUS OTepalviii yIaJleHus W MpOrpaMMHUPO-
BaHUsI, OrpaHUYUBAsI 3TOT 3 dEKT MpeaesamMu OgHOK
CTpPaHMIIbI.

IIporiecc ynaneHust 3aKI04aeTcsl B CHSTUM C TLIa-
BaIOIIIETO 3aTBOPa OTPUILIATEILHOIO 3apsiua 3a cueT (-
dekra TyaHenupoBaHusa Paynepa—Hopoxeitma Mex-
Iy yIpaBisiiollei 1 TaBatolleil 6azamu. Bo Bpemst
yIajJeHus K ynpasisiolleil 6aze (JIMHUS ClI0Ba) MpU-
KJIaabIBaeTcs BhIcoKoe HampsixkeHue (15 B), B To Bpe-
Ms KaK MCTOK M CTOK STYEHKHM 3a3eMJISTIOTCS. 3a cuer
BBITHYTOI 00J1aCTH y Kpasl IjIaBalolleil 0a3el oopa3y-
I0TCS1 BeCbMa OJIArONPUSITHBIE YCOBUS 11 TYHHEIU -
poBaHus. Ilom BO3AENCTBUMEM CUJIBHOIO BJIEKTpUYE-
CKOTO MOJIs 3JIEKTPOHbBI, COCTABJISIBIINE OTPULIATEb-
HBII 3apsiy TJIaBaOIIEeTo 3aTBOPA, TIEPEHOCSTCS Yepes
TOHKUM CJION NUBJIEKTPUKA — OKCHUIA Ha YIPaBJISIO-
myto 0a3y. B KoHIIe KOHIIOB, Ha "MCTOIIEHHOM" TIj1a-
BaolIeM 3aTBOpe DOPMUPYETCS MOJOXKMUTEIbHBIN 3a-
pan. Ilpu mporpaMMuMpoBaHUM HEOOXOAMMO COO0-
IIUTDH TIJIaBalolleil 6aze oTpuLaTEIbHBIN 3apsia, CBOUM
MOJIeM Mperpaxiaalolinii MyTh 3JeKTPOHAM OT MCTOKA
K CTOKY. 31ech puMeHsieTcsl 3(PeKT ropssunx 3JeK-
TpoHOB. CTOK 3a3eMJISIETCsI, a K MCTOKY TMPUKJIAIbI-
BalOT HarmpsikeHue 12 B; Ha ynpaBisioliuii 3aTBOp
MoaaeTcsl HaNpsiKeHUe, KOTOPOe OTKPbIBAET YacThb Ka-
Hajla COCTaBHOTO TpaH3UCTOpa BIUIOTh IO O0JACTH,
KOHTpOJIMPYEMOI IaBarolneil 6azoii. Bricokoe Ha-
MpsDKeHWE M MOIIHOE 3JIeKTPUYECKOe T10JIe, BO3HU-
Kalolllee MeXIYy MCTOKOM M CTOKOM, TEHepHPYIOT TaK
Ha3bIBa€Mbl€ TOPSIUME TEIJIOBbIE 3JEKTPOHBI, 00Ja-
Jalolie BHICOKOM 3SHEpPrueil, JOCTATOYHOM, YTOOBI
npeojoaeTb 6apbep 3,2 5B, co3maBaeMblii OKCUIHBIM
W30JIMPYIOIIM CJIOEM, M TIPUCOEAMHUTBCS K 3apsimy
ruiaBatolieit 6a3bl. [Tpolecc ocTaHaBIMBAETCS €CTECT-
BEHHBIM IyTeM, KOI/a eMKOCThb IlJ1aBalollieit 6a3bl uc-
YepIbIBAETC.
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Puc. 8. fueiika namsatu MoneT
Fig. 8. MoneT memory cell
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Puc. 9. Kpoccekuus sueiiku SuperFlash 1-ro mokonenus: ¥3 —
ynpasisiiomuii 3aTBop (CG — control gate), I13 — naapaompmii 3a-
TBop (FG — floating gate)

Fig. 9. Cross-section of SuperFlash-cell of the I*' generation: CG —
control gate, FG — floating gate)

Texnonorust SuperFlash sBnsiercs aGCOMIOTHBIM
JINIEPOM TI0 COBOKYITHOCTH MOJIOXUTEIbHBIX KaueCTB.
IIpouecc mpousBoacTBa ee MPOCcT — 14 MaCOYHBIX
cioeB TNpotuB 19 unm 21, TpeOyeMbiX ISl OMHO- U
JIBYXTPAH3UCTOPHBIX siyeeK. TOJICTBIA CIoi oKcuaa
(40 HM) CHMXXAET BEPOSITHOCTb BOBHUKHOBEHUS yTeu-
K4 2JIeKTpoHOB. CTpaHWYHAasi OpraHu3alusl yMeHbla-
eT 3¢ (heKT B3aMMOBIMSIHUS TIPU TPOrpaMMUPOBaHUN
u ctupaHuu. IlockonbKy KaHan ympabiisieTcsl Iia-
BalOIIMM 3aTBOPOM JIMIIb YACTUYHO, O TaAKOW HEMpu-
SITHOW BelW, KaK Ype3MepHOe CTUpaHUe, MOXHO 3a-
obITh. bonee Toro, ocobast hopma miaBaloIero 3aTBo-
pa CHUXKaeT TpeOOBaHUs K HAMPSIXKEHUIO MPOrpaMMu-
pOBaHMSI U CTUPAHUS, a TaKXKe TOBBILIAET CKOPOCThb
BBINIOJTHEHUSI JAHHBIX orepanuii [5].

IMpeumyecreamu SuperFlash 1-ro nokoneHus sB-
JISIIOTCSl YIIPOLLEHHAs KOHCTPYKIIMSI, HU3KOE DHEPro-
norpebjieHre, Xopolllasi MacllTabUupyeMOCTh TEXHO-
joruu ot 1 MKM 10 65 HM ¥ HU3Kasi UHTEHCUBHOCTh
OTKazoB [3].
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HAuetika SuperFlash 2-20 nokoaenus. DIeMEHTHI
xpaneHus SuperFlash 2-ro moxkosieHUsI IPUMEHSIOT
Kak B aBTOHOMHbIX MC mamsTu, TaKk 1 BO BCTPOEH-
Hoit flash-tiamsiTit ¢ 2006 T. DTH STYSHKKM TaKKe WC-
MOJIBL3YIOT apXUTEKTYpy pacCLIEIUIEHHOIO 3aTBopa WU
AMEIOT TIJIaBAOIINIA 3aTBOP B Ka4eCTBE 3JIEMEHTA Xpa-
HEHUS.

Vayuwienue SuperFlash 2-ro nokosieHusi 3aKito-
yaeTcs B IPoCcToTe (POpMUPOBAHUS TUYEHKHU TTAMSITH B
TEXHOJIOTMYECKOM TIpoIecce. YMEHBIIEHO YHCIIO Ma-
COK, HEOOXOAUMBIX IS CO3MaHMSI SIYEMKHU TaMSITH.
Augeiika 1-ro moxkojeHus1 Obl1a yMeHblIeHa ¢ 180 mo
110 um. Ha puc. 10 (cM. TpeTbiO CTOPOHY OOJIOXKH)
npejacraBieHa kpoccekiusi SuperFlash 2-ro moko-
JIeHUS.

SAuetika SuperFlash 3-20 nokonenus. 1o cocTossHUIO
Ha cepeauny 2012 r. SST u ee mapTHepbl TPOU3BEIU
6onee 400 MuTH MHTErpaJIbHBIX CXEM, OCHOBAaHHBIX Ha
9TOM apXUTEKType. DTU sSUYEeMKU TakKe MCIOJb3YIOT
apXUTEKTYPY PacIleIIEHHOTO 3aTBOpa M MMEIOT TIjia-
BaIOLIMIA 3aTBOP B KAUECTBE dJIEMEHTa XpaHEHMSI C TIsI-
TBIO y3JIaMU IJISI YTEHUSI, CTUPAHUS M TIPOTpaMMMPO-
BaHMsI (puc. 11, cM. TPETbIO CTOPOHY OOJIOXKM).

ITpouecc popmupoBaHus gueiiku 3-ro TOKOJEHMUS
SIBJISIETCSl OoJiee MPOCThIM, YeM (hOPMUPOBAHUE STUEHA-
KW 2-TO TIOKOJICHWSI, HECMOTPS Ha HAJW4YME JTOTOJ-
HUTEJIbHBIX Y3JI0B, IOBBILIAIOIIMX TPOU3BOIUTEb-
HOCTh U MaciutabupoBanue. fyeiiku SuperFlash 3-ro
MOKOJICHUSI COXPAHSIIOT apXUTEKTYPY 1-T0 MOKOJEHMUSI.
Bo BpeMms orepanu cTupaHusi, HAIIPSDKEHUE TTOAAeT-
cs1 Ha ctupatownit 3aTBop (EG), KOTOpPHBIi CTUpaeT Bce
SIYeKU 3a OOUH UMITYJbC. SI4eiiKku MOTYT OBIThH 3a-
MIPOTPaAMMMPOBAHEI ¢ TIOMOIIBI0 OMTOBBIX JIMHUI WITH
CTpaHMII OTHOCUTEbHO HU3KMM HATIPSKEHUEM OT JIM -
HuM uctouHuka (SL).

Ageiikn NaMATH, BBINIOJHCHHbIEC N0 TEXHOJOIMH
Charge-Trap

Slyeiiky JAHHOTO THUIIA OTJIMYAIOTCS OT STUYeeK C
IUIaBalOIIMM 3aTBOPOM UCIMOJb30BAaHMEM HUTPHUIA
kpeMHus (SizNy) BMECTO MOJMKPUCTATIIMYECKOTO
KpeMHUS 11 MaTepuasia HaKOIUIEHUST 3apsigoB, UTO
obOecreuyuBaeT 60J1ee BBICOKOE KaYeCTBO XpaHEeHUSI 3a-
psna. DToO MPOMCXOAUT BCJIEACTBHE MCIIOJIb30BAHUS
IJIaIKOM ONHOPOAHOW TuIeHKHM SisN4 BMECTO MOJH-
KPUCTaJUIMYECKO, KOTOpasi UMeeT HEpOBHOCTU. Yuc-
JIO TapaHTUPOBAHHBIX [IUKJIOB TIepe3aIiCy TIpEeBHIIIa-
eT 10 MaH. B n1aHHO# TexHoJIOIMU pellieHa MpodjeMa
3JIEKTPOCTATUIECKUX TTOMEX B YIBTpaMasbIX sSTYEHKAX
namsaTu [5].

Auetixka SONOS  (noaynpoodHuk—okcud—Hnum-
pud—okcud—noaynposoonuk). Slueitka SONOS saBnsi-
eTcsl pa3HOBUIHOCTHIO flash-TIaMsITH, BBITIOJTHEHHOM
no texHojiorun Charge-Trap. DieMeHT XpaHeHUS
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SONOS no3BoJIsIET UCTIONb30BaTh 0OJiee HU3KOE Ha-
MpsKEHUeE TIPU MPOrpaMMUPOBAHUY 1 IMeeT OoJIbliee
YUCIIO IIUKJIOB Tiepe3arrcu, 9eM flash-maMsTh Ha oc-
HOBe moJukpeMHUs. IIpoayKiinioo Ha OCHOBE TEXHO-
norun SONOS mpenjaraioT cienyrolyde KOMIIAaHUU:
Global Foundries, Cypress Semiconductor, Macronix,
Toshiba w United Microelectronics Corporation. Ha
puc. 12 (cM. TpeTblo CTOPOHY 00JIOXKKH) TIPEACTABICHO
HamsigHoe cpaBHeHue stueriky tuiia SONOS u sueit-
KM C TUTaBalOIIUM 3aTBOPOM [6].

Suetika TFT (Thin-Film Transistor)
BE (bandgap engineered) SONOS (noauxpemrnuesolii
monxonaeHounslli mpauzucmop SONOS)

IToBbilIeHEe KayecTBa TYHHEJIBHOTO CJIOSI CIeIaeT
JaHHBIM TUII T9eeK HanboJjee MPUrogHbIM aj1sd 3D-Mo-
JenupoBaHus. JOMOJMHUTENbHBINA CIOM HUTpUAA TO-
3BOJISIET YJIYUYLIUTh MHKEKLUIO ABIPOK, YTO, B CBOIO
odepenb, MOBBIIIAET CKOPOCTh CTUpaHus. JomomHM-
TenbHbIi cioli BE-TyHHenbHOro 6apbepa obecrneuu-
BaeT 3((HEeKTUBHOE CTUPAHME U MCKIIOYAET YTEUKY
MpU MPSIMOM TYHHEJIMPOBAHUM (3aIIUCH).

Aueiixa Q-Gate TFT SONOS. bnarogaps yriosa-
Toii ¢opme OMera-obpasHoro 3aTBopa (£2-3aTBOP)
TFT SONOS nosblieHa 3¢¢GeKTUBHOCTD 3JIeKTprUYe-
CKMX TI0JIeli, TPOXOASIIMX Yepe3 TYHHEJbHbI OKCUI,
TEM CaMbIM YJIYYIlIEeHbI CKOPOCTHbIE XapaKTEPUCTUKHU
mamsaru. Q-Gate TFT SONOS nokazana oTanyHyo 3¢-
(GEeKTUBHOCTH 3aIMCH/CTUPAHNS U YBEIMYECHUE 00be-
Ma MaMsITu Mo cpaBHeHUIO ¢ 2D-sueiikamu. Kpome
TOro, B CBS3U C OOJbIIEH ympaBiIsieMOCTbIO 3aTBOPA,
Q-Gate TFT SONOS Takxke mmoka3bIBaeT IPEeBOCXO/I-
HyIO0 TIPOM3BOIUTEILHOCTD TPAH3UCTOPOB TP MEHbB-
11IeM TTIOPOTOBOM HAMPSIKEHUM.

Suetika MONOS (memann—okcud—uumpuo—ok-
cu0—noaynpoeoonux). JIaHHBIM TUIT STYEEeK LIMPOKO
MPUMEHSIOT B KOHTpoJUIepax cMapT-KapT. X ocHOB-
HO€ TIPEMMYIIIECTBO COCTOUT B TOM, YTO B OTJIMYME OT
OOBIYHBIX TYeeK Ae(EeKT MOXKET BOSHUKHYTH TOJBKO B
MECTe CTOKa B CBSI3U C OCOOEHHOCTSIMM TexXIpoliecca.
DTUM U OOBSICHSIETCS 3HAYMTENIbHOE YBEIMYEeHUE Ha-
JIEKHOCTU C COXpaHEHUEM pa3Mepa STYEHKU MU Jaxke
C TIOCJICAYIOIIM YMEHBIIIEHUEM TOIoJIoTuH. [1pnme-
HEeHME MeTaJLIMYeCKOro 3aTBOPa MO3BOJISIET YBEIUUUTh
CKOpPOCTh uTeHUs 10 10 HC B IIMPOKOM CHEKTPE TeM-
nepatyp (ot —40 no 6osee yem +150 °C). Ha puc. 13
(CM. 4YeTBEepTYIO CTOPOHY OOJIOXKH) TIIpeicTaBIeHa
suerika MONOS u stueiika ¢ paclleIIeHHBIM 3aTBO-
pom Splie Gate MONOS.

[IpeuMyiliecTBAMUA 3TOr0 THUIIA STYCHKU SIBIISIOTCS
BBICOKASI CKOPOCTh UTEHMSI U HU3KOE DHEPromnorped-
JIeHUe TIPA YTeHUH (IIPOU3BOJILHBIN TOCTYIT HA YacTO-
Te Bbile 100 MI'), a Takske HU3Kasi CTOUMOCTb.




SHuetika TANOS (muman—okcuo artoMuHus—HuUmM-
pud—okcud—noaynpogoonuk). IlpuMeHeHHe oKcuaa
ATIOMMHUS B KayeCTBE OJIOKMPYIOILIETo NMAIEKTPUKA
MTO3BOJISIET YMEHBIIUTH TTOPOT HATIPSDKEHUST CTUPAHMS
1o MeHee yeM 3 B. JIaHHYIO TEXHOJIOTUIO IPUMEHSIOT
IUIsT 6oJiee KauyeCTBEHHOM paboTHl ¢ HU3KWUMU YPOBHSI -
MU 3Heprum 3apsiaa (1,28 sB).

SyeiikM TTaMATH, BEITIOJTHEHHBIE 10 TaHHON TeX-
HOJIOTMM, MMEIOT JIYUIIYI MMOMEXOYCTONYMBOCTb U
YMEHBIIIEHHOE KOJMUYECTBO Me(PeKTOB.

CuuTaercs, YTO JaHHAs TEXHOJOTHS SIBISIETCS
eIWHCTBEHHON peaylbHOI aTbTePHATUBOMN TEXHOJIOTUN
C TJIaBaIOIIMM 3aTBOPOM, HO OHA IJIOXO MacluTadupy-
€TCSI, BCIIENCTBYE HATMUYUS METATMIECKOTO 3aTBOpa,
1 HE TTO3BOJISIET CYIIECTBEHHO YMEHBIIIUTh HampsKe-
HMe, HeoOXoauMoe JUTs TIpoliecca CTUpaHUs.

Ha puc. 14 (cMm. 4eTBepTyI0 CTOPOHY OOJIOXKM)
MpeACTaBICHBI CYIIECTBYIOIINE BUABI SUEeK IMaMSITH,
BbIMOJIHEHHbIe 1O TexHonoruu Charge-Trap [7].

MHoroypoBHeBble 3aIOMHHAIOMNE YCTPOCTBA
(Multilevel Cell)

CyllecTBYIOT TUMHI sg4eeK flash-TiaMsaTH, CII0CO0-
HbIE XpaHUTh HECKOJIBKO ypoBHeii 3apsaa. [1pemtoxke-
HO BBECTU OTIEJbHYIO KJIaCCU(UKALIMIO MHOTOYPOB-
HEBBbIX Y€eK, MpeACTaBIeHHYO Ha puc. 15.

OCHOBHOI 3a1aueii MHOTOYPOBHEBBIX STYEEK SIBJISI-
€TCSI BO3MOXHOCTh XpaHeHHUs 0oJjiee yeM OJHOro ouTa
nH(POpMaINM B OJHOM CTaHIApTHOM siueiike. Tummu-
HBIM HAaIlpaBJICHUEM IS PA3BUTHUS SIBJISIETCS XpaHe-
HUE YeTBIPEX COCTOSTHHUI B OMHOM sTueiike (YeThIpe CO-
crosiHus u3 asyx out: 00, 01, 10 u 11).

SAuetika Strata Flash. Strata Flash 3a cueT TexHo10-
run MLC 1o3BoJisieT XpaHUTh IBa 6UTa MH(pOPMALIUK
B KaxXOol s4eiike. DTO JOCTUTAaeTCs TeM, 4To Strata
Flash omepupyeT 4eTbIpbMsI YPOBHSIMU 3apsiga, KOTO-
pble KOIUPYIOT ABa OuTa. YpOBEeHb 3apsiia oIpeaeisieT
HaIpsDKEHUE, KOTOpPOe HEOOXOAUMMO MPWIOXUTh K
VIIPaBISAIONIEMY 3aTBOPY, YTOOBI OTKPBITh TPAH3UCTOP.
CkopocTb uTeHusI ogHoro 6ioka misg Strata Flash-ma-
MSTH TIPEBOCXOANT CKOPOCTh UTCHUS IJIST OOBIYHOM
rnmamsiTy 6osee yeM B 1,5 paza. DTo CBI3aHO C TEM, YTO
W3 OMHOM SYEHKU MaMSTH YATAIOTCS cpasy aBa OuWTa,
a He OJMH, HO B TO Xe BpeMsl MpuOaBIsieTcsl HEKOTO-
poe BpeMs 3aIepXKW, CBSI3aHHOE C pPacIIM@pOBKOMA
3HAUCHUSI OUTOB. DTO K€ OTHOCUTCS M K 3aIUCH/CTU-
paamio. Ha ceromHAIIHMIT MOMEHT peaan3yeTcs yxKe
yerBepTOoe NMokojieHue Strata Flash-sueek. Craemyio-
1Iee MOKOJIEHNEe TeXHOJOTU — "Tpu OuTa B siueiike”
(TLC) u "yetbipe Outa B stueiike" (QLC) morpebyer
pa3aMueHus] BOCbMU M LIIECTHAALATU MOPOTOBBIX 3HA-
YEHUI HaMpsKeHUs! COOTBETCTBEHHO |[8].

HAuevika MirrorBit. TexHonorust stueex MirrorBit
MMO3BOJISIET XpaHUTh JBa OUTA NTaHHBIX B OJHOM sTYeliKe

MHoroypoBHeBbie
Averku
Mulfilevel cell

MirrorBit | | STRATAFLASH

Puc. 15. OcHoBHbIE THIIBI MHOTOYPOBHEBbIX SIY€€K NMAMATH
Fig. 15. Main types of multilevel memory cells

MaMsTH U JOCTUIaTh IBOMHON MJIOTHOCTH YCTPOMCTBA
0e3 yiepba a1l HEJOCTHOCTU JaHHBIX WJIM MPOU3BO-
nutenbHocTH cuctembl. Kommanug AMD cospana
apxXuTeKkTypy siueiiku MirrorBit, nucnonb3yst NpUHLIM-
MUaJIbHO HOBYIO KOHCTPYKILIMIO UM TEXHOJOTMYECKUI
MpolIecC, MO3BOJISIONININ YMEHBIINTH CTOUMOCTD U CY-
LIECTBEHHO TMOBBICUTh HaAEeXHOCTh flash-miamsitu. Ha
puc. 16 (cM. 4eTBEPTYIO CTOPOHY OOJIOXKKM) MPEACTaB-
JieHa s4eiika MirrorBit u ee apxurtexTypa.

[TpenmyiiectBamMmu ssueiiku MirrorBit sBistroTcs
JBOITHAs1 eMKOCTb, BBICOKAsl MPOU3BOAUTEIbHOCTD U
HaZeXXHOCTh, YBEJIMUYEHHAs! CKOPOCThb UTeHUs (OT 3 10
4 pa3) u 3anucu (oo 16), a TakxKe TJIOIIAAb MacCHUBa,
kotopast Ha 20 % MeHbIIle, YeM Y HEKOTOPBIX KOHKY-
PEHTOB IIpU TOM Xe 00beMe.

HAueiixa NROM. JJaHHBIIA TUIT sTYeeK BBIITOJHEH 11O
texHosorunm Charge-Trap u umeer 6oJiee BBICOKYIO
TUIOTHOCTD 3allMCH, COKPAILICHHOE YMCI0 MAaCOK U TO-
BBILIIEHHOE YMCJIO LIUKJIOB Mepe3anucu, B OTIMYrUe OT
sgYeeK ¢ IJIaBalolMM 3aTBOPOM.

BOnemeHT namsaty NROM npencrasisier coOoid
MOSFET-1paH3ucTop ¢ JOBYLIKOR 3apsiga TUIA OK-
cui—HUTpuI—okcua. [MomelleHue 3apsiga oCylecT-
BJISIETCSI TIOCPEACTBOM TOPSYEH MHKEKIIUM 3JIEKTPO-
HOB. OcobeHHOCThIO sTueiiku NROM sBisieTcst BhICO-
Kas 3KCITyaTallMOHHAs HaleXXHOCTb, HEKOPPEKTHOE
yteHue (erratic bits, over erase phenomena) mpakTu-
YeCKU IOJHOCTBIO MCKIIIOUEHO, OIIMOKNA BO3MOXKHBI
B ciydyae nedeKTOB B CTPYKType siueiiku. Boamoxk-
HOCTb XpaHeHHus 2 U 4 OUT B OOHON AYeiiKe He3aBU-
CUMO JIPYT OT JIpyra, OTJUYHbIC MOKa3aTeJu Haaex-
HOCTH, BO3MOXHOCTb OpTaHW3alMM PEBEPCUBHOIO
yreHus aenaioT ssueiiku NROM naubonee nepcriek-
TUBHBIMU JJISI XpaHEHUST KOJa B COBPEMEHHBIX MHTE-
rpajabHBIX cxeMax [9].

3akimouyeHue

IMMupokoe pacrnipocTtpaHeHue flash-nmaMsTU TIpU-
BeleT K YMEHbUIEHUIO €€ CTOMMOCTH, OJHAKO Najb-
Helllasg MUHUATIOPU3ALMST CTaBUT IIPOOJIeMy TIOMI-
JEPXKKM HalEeKHOCTU MPU COXPAaHEHUU U3HOCOYCTOM-
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yuBocTU. 151 HagexHoctH flash-mamsiTn Maciurabda
MeHee 19 HM MoTpeOyIOTCS HOBBIE aJITOPUTMbI Opra-
HU3allMM MacCHBa JaHHBIX. MHOXECTBO MCCIIeI0Ba-
HUWIA B HACTOSIIee BpPeMsl TOCBSIIEHO apXUTEKType
MaMsITH, 3HeProcoepekeHNI0 U BHICOKOCKOPOCTHBIM
nHTepdeiicaM BBOma-BEIBoAA. B psiime mpoeKkToB Ipo-
61eMBl MacIITaOMpOBaHUSI AByMepHOU flash-naMsaTu
pelaioTes 3a cuet nepexoaa K 3D-cTpykTypaM u uc-
MOJIb30BAHUI0 MHOTOYPOBHEBBIX THIOB syeek. Cer-
MeHT Charge-Trap Ha MUPOBOM PBIHKE HEYKJIOHHO
pacTeT B CBsI3U C yBeauueHueM crpoca Ha 3D NAND-
MaMsATh, B KOTOPOM HaHHAs TEXHOJOTUsS OCOOEHHO
aKTyajbHa.

Hecmotps Ha HaTMyre HOBBIX BUAOB SHEPTOHE3a -
Bucumoii namsatu (FRAM, MRAM, PRAM), ¢ ycne-
XOM TIPUMEHSTIONINUXCSA B PA3IMIHBIX U3OSTUSIX MUK-
POBJIEKTPOHUKHU, UX COBOKYITHASI AOJIsI HA PhIHKE He-
Benuka. OcHoBHBEIM BuaoM II3VY, mHTerpupyeMnix B
HMMC, ocraeTcsl sHeproHe3aBucumasl MmamsiTb Ha oc-
HOBE XpaHEHUS 3apsa.
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Introduction

The semiconductor memory is one of the rapidly de-
veloping microelectronic market’s segments. Improve-
ment of the technological processes and production
scale the semiconductor memory led to its cost reduc-
tion and availability on the world market. Compact-
ness, high integration capacity and low power con-
sumption make it essential for all high-tech products.

Tens of charge storage elements were developed.
Each company develops its own memory cell based on
the power requirements, topological rules and func-
tionality of the product. The building architecture is be-
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ing developed and the write/erase mechanism of mem-
ory cells is being determined for the best integration of
the memory array in to the device. The variety of
write/erase mechanisms, the building architectures of
memory cells led to the need to compile and classify the
ROM devices based on charge storage.

Classification of the ROMs based
of charge storage

The semiconductor non-volatile memory has a spe-
cial place in the memory. If the volatile memory can in-
crease the speed of information processing, it is capable




of long-term data storing and has a great potential of
scaling and integration. Fig. 1 shows the proposed clas-
sification of types of nonvolatile memory.

Devices programmable by ROM photomask. The typ-
ical ROM chips are also called "programmable photo-
masks" or "mask-programmable”, since any data there-
in are fixedly flashed during the production process
using a photomask. The photomasks are used to create
transistors and metallic conductors connecting them
in a silicon chip, which are also called "metallization
layers".

UV and electrically erasable programmable ROM
(EPROM, EEPROM). EPROM transistor having a
floating gate, which is surrounded by a very thin insu-
lating layer of silicon oxide. A significant difference in
the operation of EPROM storage elements (Erasable
Programmable Read Only Memory) and EEPROM
(Electrically Erasable Programmable Read Only Mem-
ory) is a mechanism for data erasure. Memory chips
with EPROM cells are equipped with a special quartz
glass, through which the removal of electrons from the
floating gate is done by the means of UV radiation. For
EEPROM celements, the erasing of data is organized by
special electrical signals and does not require additional
changes to the body of the chip.

Flash-technology. The technology is descended from
the manufacture of EEPROM. Originally, the name
"flash" was given to the devices made by this technology
to reflect the extremely small for them erasing time
compared with EPROM devices. The components
made by flash-technology may be implemented in a va-
riety of architectures. Such devices may have memory
cells on a transistor with the floating gate of the same
area as in the EPROM cells, but with a much thinner
insulating layers of silicon oxide. The information in
such devices is erased electrically, but only by erasing of
large memory sectors (fig. 2).

Flash-memory is the most common and fastest
growing type of non-volatile semiconductor memory.

Classification of flash-memory by types
of the cells’ organization

There are several options for flash-memory cells or-
ganization, let’s consider the most common:

1. The NOR architecture uses the classic two-di-
mensional matrix of conductors, in which a single cell
is set at the intersection of rows and columns. In such
a construction it is easy to assume the status of a par-
ticular transistor by applying a certain combination of
signals to a column and one row.

2. The NAND architecture is a three-dimensional
array. Its basis is the same matrix as in NOR, but in-
stead of one transistor, a column of serially connected
cells is set in each intersection. In this arrangement,

there a lot of gate circuits in a single intersection. The
density of the layout can be dramatically increased, but
the access algorithm to the cells for reading/writing be-
comes more complicated.

3. The DINOR architecture uses sub-bite lines in a
polysilicon. In some measure, is a part of NAND and
NOR combination. Advantages: low power dissipation,
random access.

4. In the AND architecture, metal bit lines re-
placed by a diffusion lines. This enables reduction in
size of the cell. In the random access device is slower
than NOR, but may operate at operations speed of 50 ns.
Fig. 3 shows the main types of flash-memory architec-
tures [1].

Classification of flash-memory
by writing/erasing mechanisms

All cells of flash-memory work on quantum and in-
jection writing/erasing mechanisms. Depending on the
architecture and type of a cell, the manufacturers use
different writing/erasing mechanisms in order to find
the best performance for energy consumption and the
rate of operation [2]:

1. Fowler—Nordheim quantum effect of tunneling
(FN).

2. The channel hot-electron injection (CHEI).

3. Enhanced tunneling through polyoxides (ETP).

4. The hot electron injection into the substrate (sub-
strate hot electron injection — SHEI).

5. The hot electron injection from the source
(source — side hot — electron injection — SSI).

6. The secondary impact ionization caused by hot
electron injection (secondary impact ionization — SII).

Fig. 4 shows the classification of memory by the
mechanisms of charge insertion/elimination, in ac-
cordance with the organization of the data access [1].

Classification of flash-memory
by types of cells

Based on the available data, let’s consider the exist-
ing types of memory cells (fig. 5). There are dozens
types of flash-memory cells. They all are similar in
terms of the fundamental principles of work, but on the
structure, production and used materials vary consid-
erably. It is proposed to divide all kinds of memory cells
on cells with a polysilicon floating gate (FG) and cells
with a charge trap (CT).

The memory cells with a floating gate

A field effect transistor underlie such a cell, having
a contrast to classical analog of another floating gate.
This gate is an integral part of all versions of flash-
memory: it plays the same role as the capacitor in
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DRAM, i.e. stores the programmed value. A charge is
placed on the floating gate by the quantum tunneling or
injection that affects on the field of the main control
gate. Thus, the state of the transistor (conductive or
non-conductive) depends on the presence of electrons
on the floating gate. The floating gate is isolated from
the drain, source and control gate thin layer of silicon
oxide.

The charge storage time and work of the flash-mem-
ory cell are determined by the state and properties of
the dielectric. As a result of defects in the oxide layer
formed during manufacture or operation, the over erase
and slow leaking bits effects arise, causing a decrease in
reading speed and bit errors. Degradation of the oxide
layer in some cases results in the emergence of stuck
bits — the cells that quickly lose its charge.

ATW cell (Asymmetrical Tunnel Window). The fea-
ture of this type of cells is in asymmetric thickness of
the tunnel oxide along the canal. This improves the
programming by injection of hot electrons, reduces
power consumption and increases the rate of injection
to the floating gate of flash-cell.

TDI-LOCOS cell with additional local insulation.
Such cells are usually made for the space industry by
silicon on insulator technology. Their characteristic
feature is presence of the additional local insulation
(LOCOS), facilitating to minimize the leakage cur-
rents at increase of the total dose of ionizing radiation
(TDI).

Two Transistor Thin Oxide Cell. The second transis-
tor (access transistor) in these cells is used to isolate a
cell from the bit line, and eliminates the disadvantages
of one-transistor cells. Erase and programming voltages
somewhat reduced due to the formation of a small area
over a thin layer of silicon oxide (8,5 nm). The pro-
graming current reaches only 10 pA — a significant im-
provement compared to the above-described type of
cell (1 mA). In a two-transistor cell, all operations with
a floating gate are based on the tunneling effect. To pro-
gram a cell, a negative high voltage is applied to the
control gate (the electrons tunneling to the floating
gate) and to erase the cell, a positive voltage is applied
to the drain (electrons tunneling from the floating gate
to the drain).

SCSG cell (source-coupled split gate). SCSG-cell is
designed for optimal integration of data storage ele-
ments in to the technological solutions of Motorola.
Structure of SCSG cell consists of a polysilicon floating
gate from the drain and the polysilicon control gate
from the source, forming a split-gate structure. Pro-
gramming of the cell is carried out by hot electron in-
jection in the drain area. The erasing is performed by
extracting of electrons through a tunnel layer, overlap-
ping the line of a source (a feature is reflected in the
name of the cell) by the Fowler-Nordheim quantum
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tunneling effect. The main purpose of inclusion of the
control gate in this configuration is to overcome the
over erase effect, characteristic to the one-transistor
cells [3].

Cell of MoneT. This type of cells gets its name in
honor of the impressionist Claude Monet. Motorola
has developed such configuration of the memory cells
to increase cells component density and reading speed.
The previous technology FETMOS (floating-gate elec-
tron tunneling MOS) forms the basis of this technology.
Writing and erasing occur due to the Fowler—Nordhe-
im quantum tunneling effect [4].

Super flash cell of the 1" generation. Storage element
SuperFlash was developed by company SST (Silicon
Storage Technology). In comparison with the above de-
scribed devices, SuperFlash Cell looks a little different
(fig. 9). The cells are combined along the lines of words
(pages) and bit lines (sectors). The cells connected by
the control base form words, the cells connected by the
drains — bit lines. Even and odd bits associated by
common source are called a page, which is erased as a
single unit. The paging partly removes the question of
cross coupling of erasing and programming operations,
limiting it within a single page.

The erasing consists in removal of a negative charge
from the floating gate by the Fowler — Nordheim tun-
neling between the control and floating bases. During
the removal, the voltage of 15 V is applied to a control
base (word line), while the source and drain of the cell
are grounded. The favorable conditions for tunneling
become formed due to the curved area near the edge of
the floating base. Under the influence of a strong elec-
tric field, the electrons that make up the negative
charge of the floating gate become transferred through
a thin layer of dielectric oxide to the control base. The
positive charge becomes formed on the "exhausted"
floating gate. When programming, it is necessary to give
the negative charge to the floating base, which stops by
its field the way for the electrons from source to drain.
It applies the effect of hot electrons. The drain becomes
grounded, and the voltage of 12 V becomes applied to
the source; the control gate receives the voltage, which
exposes a part of channel of the composite transistor
until the area controlled by the floating base. High volt-
age and powerful electric field between the source and
drain generate so-called hot thermal electrons with
have high energy, enough to overcome the barrier of
3,2 eV, created by the oxide insulating layer, and join
the charge floating base. The process stops when the ca-
pacity of the floating base becomes exhausted.

SuperFlash technology is an absolute leader in the
aggregate positive qualities. The process is simple —
14 mask layers against 19 or 21 one- and two-transistor
cells. A thick layer of oxide (40 nm) reduces the chance
of leakage of electrons. The paging reduces the inter-




ference in programming and erasing. Since the channel
is controlled by the floating gate partially, the over-erase
issue can be forgotten. Moreover, a special form of a
floating gate reduces the need for programming and eras-
ing voltage, increases the speed of these operations [5].

Advantages of SuperFlash of the 1% generation are
simplified design, low power consumption, good scal-
ability of technology from 1 um to 65 nm and low fail-
ure rate [5].

SuperFlash cell of the o generation. SuperFlash
storage elements of the ond generation are used in
stand-alone memory ICs and in the built-in flash-
memory since 2006. These cells also use the architec-
ture of the split gate and have a floating gate as a stor-
age element. Improvement of SuperFlash of the ond
generation consists in the ease of formation of the
memory cell. It reduced the number of masks to create
a memory cell. The 1% generation cell is decreased from
180 to 110 nm. Fig. 10 (see the 3-rd side cover) shows
the cross-section of the 2™ generation SuperFlash.

SuperFlash cell of the 3" d generation. As of mid-2012,
SST and its partners have produced more than 400 mil-
lion ICs on this architecture. These cells also use the ar-
chitecture of the split gate and have a floating gate as
a storage element with five units for reading, erasing
and programming (fig. 11, see the 3-rd side cover).

Formation of the 3™ generation cell is simpler than
formation of the cells of the 2" generation, despite the
presence of the additional units, increasing perform-
ance and scalability. 3rd generation SuperFlash cells
preserve the architecture of the 1% generation Super-
Flash cells. During erasing, the voltage is applied to the
erasing gate (EG), which erases all the cells in a single
pulse. The cells may be programmed using bit lines or
pages by a relatively low voltage source line (SL).

The memory cells made
on Charge-Trap technology

The cells differ from the cells with the floating gate
by using of silicon nitride (SizNy) instead of the poly-
crystalline silicon for charge storage, which provides
higher storage of a charge. This occurs because of the
use of a smooth uniform film instead of polycrystalline
SisNy, which has unevenness. The number of guaran-
teed write cycles exceeds 10 million. The technology
solved the problem of electrostatic interferences in ul-
trasmall memory cells [5].

SONOS cell (semiconductor—oxide—nitride—ox-
ide—semiconductor) is a kind of flash-memory made by
Charge-Trap technology. SONOS storage element al-
lows to use the lower programming voltage and has a
larger number of write cycles than flash-memory on
polysilicon. The devices based on SONOS technology

are offered by: Global Foundries, Cypress Semicon-
ductor, Macronix, Toshib, and United Microelectron-
ics Corp. Fig. 12 (see the 3-rd side cover) shows a com-
parison of SONOS type cell and a cell with the floating
gate [6].

TFT cell (Thin-Film Transistor) BE (bandgap engi-
neered) SONOS (polysilicon thin film transistor
SONOS). Improving the quality of the tunnel layer
makes this type of cells most suitable for 3D-modeling.
The additional nitride layer improves the holes injec-
tion, which enhances the erasing speed. An additional
layer of BE-tunnel barrier provides effective erasing and
prevents leakage at direct tunneling (writing).

0-Gate TFT SONOS cell. Due to an angular forms
of omega-shaped gate (Q-gate) of TFTSONOS, it has
increased efficiency of electric fields passing through
the tunnel oxide, improved speed characteristics of
memory. Q-Gate TFT SONOS showed excellent writ-
ing/erasing efficiency and increase in the amount of
memory as compared with 2D-cells. Due to the greater
gate handling, it shows superior performance of tran-
sistors at a lower threshold voltage.

MONOS cell (metal—oxide—nitride—oxide—semi-
conductor). They are widely used in smart cards con-
trollers. Their main advantage is that unlike to the
conventional cells, the defect may only occur in the
drain place due to the specific process technology.
This explains the increase in reliability while main-
taining the size of the cell, or even at a decrease in the
topology. Application of the metal gate allows to in-
crease reading, speed up to 10 ns in a wide temperature
range (—40 °C to over 150 °C). Fig 13 (see the 4-th side
cover) shows MONOS cell and the split gate cell —
Split Gate MONOS.

The advantages of this type of cell is a high reading
speed and low power consumption (random access at
the frequencies above 100 MHz), low cost.

TANOS cell (titanium—aluminum oxide—nitride—
oxide—semiconductor). Application of aluminum oxide
as a blocking dielectric allows to reduce erasing
threshold voltage to less than 3 V. This technology is
used to better work with the low levels of charge en-
ergy (1,28 eV).

The memory cells made by this technology, have
better noise immunity and reduced number of defects.

It is believed that this technology is the only alter-
native to floating gate technology, but it does not scale
well because of the presence of a metal shutter, and
cannot significantly reduce the voltage required to
erasing.

Fig. 14 (see the 4-th side cover) presents the existing
types of memory cells, made by Charge-Trap technol-
ogy [7].
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Multilevel storage devices

There are types of flash-memory cells capable of
storing of multiple levels of charge. It is proposed to
introduce a separate classification of multilevel cells
(fig. 15).

Multilevel cell (multi-level storage device). The main
objective of such cells is the ability to store more than
one bit of information in a standard cell. The typical di-
rection of development is storing of the four states in
one cell (four states of two bits: 00, 01, 10 and 11).

Strata Flash cell by MLC technology allows you to
store two bits of information in each cell. This is
achieved by the fact, that Strata Flash handles four lev-
els of charge that encode two bits. The level of charge
determines the voltage to be applied to the control gate
to open the transistor. The reading speed of a single
block for Strata Flash-memory exceeds the reading
speed for conventional memory in more than 1,5 times.
This is connected with a fact that two bits are read at
once from one memory cell, rather than one, but at the
same time a time delay is added, associated with de-
coding of bits’ value. The same applies to the writ-
ing/erasing. At the present time, it implemented the
fourth generation of StrataFlash-cells. The next gener-
ation of technology "three bits in the cell" (TLC) and
"four bits in the cell" (QLC) will require distinguishing
of eight and sixteen threshold voltages, respectively [8].

MirrorBit cell. MirrorBit technology allows to store
two bits of data in a single cell and to achieve double-
density in device without compromising in the integrity
or performance. AMD has created the architecture of
the MirrorBit cell, using a new design and process tech-
nology, which allows to reduce the cost and increase
the reliability of flash-memory. MirrorBit cell and its
architecture are shown in fig. 16 (see the 4-th side cov-
er). The advantages of MirrorBit cell — double capac-
ity, high performance and reliability, increased reading
speed (from 3 to 4 times) and writing (up to 16), the ar-
ea of the array is 20% less than some of its competitors
for the same size.

NROM cell is formed by Charge-Trap technology
and has a higher recording density, reduced number of
masks and increased number of write cycles in contrast
to the cells with floating gate. NROM memory cell
transistor represents a MOSFET transistor with charge
trap of "oxide-nitride-oxide" composition. Placing of a
charge is carried out by hot electron injection. A feature
of the cell is high reliability, incorrect reading (erratic-
bits, over erase phenomena) is completely excluded,
the errors are possible in case of defects in the structure
of the cell. The ability to store 2 and 4 bits in a single
cell independent of each other, excellent reliability,

54 HAHO- I MUKPOCUCTEMHAS TEXHHUKA, Ne 10, 2015

possibility of reversing reading make NROM cells most
promising for code storage in modern integrated cir-
cuits [9].

Conclusion

Widespread acceptance of the flash-memory will re-
duce its value, but further miniaturization raises the
problem of reliability support, while maintaining dura-
bility. The reliability of flash-memory with the size less
than 19 nm will require new algorithms for organization
of the data array. A lot of researches are devoted to the
memory architecture, energy efficiency and high-speed
input-output interfaces. In a number of projects the
scaling problems of two-dimensional flash-memory
were solved by transfer to 3D-structures and use of the
multi-level cells. Charge-Trap segment on the world
market grows steadily due to the increasing demand for
3D NAND memory in which this technology is partic-
ularly relevant.

Despite the availability of new types of non-volatile
memory (FRAM, MRAM, PRAM), successfully ap-
plied in a variety of microelectronic devices, their com-
bined market share is small. The non-volatile memory
based on charge storage stays is the main type of ROM
that can be integrated into IC chips.
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Baenenne

BeicTphlii pocT uymciaa paauMoyacTOTHBIX YCT-
pOMCTB IpUBENl K YBEJIWUYEHUIO CIIpoca Ha Oecrpo-
BOJIHbIC MpUEeMOIlepeaTYnKU, MPUEMHUKHU U Tepe-
JaTIYNKU. MIX UCTIOIB3YIOT KaK Ha KOPOTKUX AUCTAH-
uusx (Wi-Fi), Tak 1 B KOMMYHUKALIMOHHBIX CUCTEMAaX
JalbHEeTO JIeiicTBUs (CIIyTHUKOBas CBsI3b). B 3aBucu-
MOCTM OT 00JIACTM MPUMEHEHUS Ha YCTPOMCTBO Ha-
KJIambIBalOT TPeOOBAaHUS 110 PACXOLy SHEPTHUH, IITyMO-
BbIM XapaKTepUCTUKaM U TI0 YCJIOBMSIM, B KOTOPBIX
eMy IIpeacTOUT padboTaTh.

CuHTe3aTOphl YaCTOT UCIIOJIL3YIOT B IIpUEMOIIepe-
JaTyuKax sl TOoJdyYeHUsl HeOOXOAMMOU 4acTOThI OT
OIOPHOTO MCTOYHMKA UISI MOAYJSILIMA W JTEMOJIYJISI-
LIMKM CUTHajoB. B cBolo ouepenb, reHepaTop, YIpas-
nsemblid HanpskeHueM (I'VH), siBisieTcss KiiroueBBIM
0s10KoM cuHTe3aTtopa yacToT. OH BO MHOTOM OIlpe/e-
JISIeT XapaKTepUCTUKU BCEro CUHTE3aTopa.

B nmanHOI paboTe pacCMOTpEeH IIOAXOI K BBIOOpY
TUIIa TeHepaTopa, YIpaBIsieMOro HampsbKeHUeM, st
crangapra 802.11.b. [IpuBeneHbl OCHOBHbIE OTpaHU-
YeHUsl, CBsI3aHHbIe C BbIOpaHHOU crneuudukaiein u
HaknagpiBaemble Ha I'YH B mpoiecce mpoekTupoBa-
Husi. PaccMOTpeHbl OCHOBHbBIE XapaKTEpUCTUKU pa3-
JudyHbeiXx TMNoB ['YH, npeumylliectBa U HEAOCTATKHU
KaXJ0T0 U3 TUITOB, NPUBEIEHA METOAMKA TTPOEKTHUPO-
BaHUs U pe3yabTaThl pacueta ['YH ¢ ucnonbzoBaHueM
BapakTOPOB B PEeXMME HACBILIEHUS JUIs1 TOCTUXEHMS
HEOOXOAMMOI0 HaCTPOECYHOIro AMara3oHa 4acTor.

1. Orpanuyenusi, HakJaabiBaemble HAa 'YH
cranaaprom 802.11.b

OCHOBHBIMM TEXHUYECKHMU XapakKTepucCTuKaMm
réHeparopa ABJIAIOTCA LHCHTpajJbHad 4aCToTa, auaria-

30H TepeCTPOMKM YacTOT, HANPsSKEHWE MUTaHUsI, T10-
Tpebssiemass MOLIHOCTb M (a3oBblii 1iym [1]. B kaue-
CTBE MOMOJIHUTEJIbHBIX XapaKTepPUCTUK MOXKHO pac-
CMaTpuBaTh IJIONIA[Ab, 3aHUMAEMYIO Ha YWIE, CTOU-
MOCTb U JIp.

OcHoBHbIe orpanuueHuss Ha I'YH HaknanmbiBaloT
BbIOpaHHAs TEXHOJIOTUSI U CTaHAAPT Mepegauyu JaH-
HBIX, JJII KOTOPOTro pa3padaTbhiBaeTcs YCTPOMCTBO.
[Tpy npoektupoBanum maHnHoro I'YH mcmons3yercs
TEXHOJIOTUS KPEMHUHA—TIEPMAaHUN C TEXHOJOTUYE-
ckoit Hopmoit 0,25 MkM. OCHOBHbIE OTrpaHUYEHUS,
HakianbiBaeMble ctangapToMm 802.11.b, mpencTaBieHbI
B Tabm. 1.

Tabnuua 1
Cnemudukanusa s paspadarsisaemoro I'VH
Table 1
Specifications of the developed VCO

Jlnana3oH BeIXOAHBIX YyacToT, I'T1

Range of the output frequencies, GHz 2,4..248

LenTpanbHas yactora, ['Tix

Central frequency, GHz 2,44

Jlnara3oH HaCTPOCUHOTO HaIpsKeHus, B 0.6..3
Range of the tuning voltage, V e

[Tepenan BEIXOAHOTO HaMpsKeHUsT, B 3
Output potential swing, V

®Da30BbIii 1WYM (TIPU OTCTPOMKE MO YaCTOTE

100 xI'r), nb/T1x

Phase noise (in case of detuning on frequency 100 kHz),
dB/Hz

—96,6

Ma3oBblii 1IyM (IpH OTCTpolike 1o yactote 1 MI'i)
1b/Tu
Phase noise (in case of detuning on frequency 1 MHz)
dB/Hz

—108

BpeMst ycTaHOBKM, MKC

Installation time, ps <100
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IToTHOCTBIO MHTETPUPOBAHHBIN TeHEepaTop, YIpaB-
JISIEMBI HATpsS)KEHUEM, MOXET OBbITh BBIMOJIHEH B
BHUJE KOJBIIEBOTO TeHepaTopa, reHepaTopa Konmuria
win LC-reHepaTtopa ¢ OTpuUlIATEIbHON MPOBOAMMO-
cThi0. Jlajee OyayT pacCMOTPEHBI U IIpOAHATIM3UPOBaA-
HbI MPEeUMYIIECTBA U HENOCTATKU KaXKIO0ro M3 HUX B
MOCTaBJEHHBIX OTPAHUYEHMUSIX.

2. I'VH Ha ocHOBe KOJIbLIEBOTO reHepaTopa

KoinbueBoii reHepaTop IpeacTaBiIsgeT coOOil 1IeIh
WHBEPTOPOB C OOpaTHOM CBsA3bl0. TUMMYHAS cxema
KOJIBLIEBOIO TeHepaTopa mpeacTaBieHa Ha puc. 1. Bax-
HO 3aMETHUTh, YTO B TAKOW cXeMe JO0JIKHO ObITh HEUET-
HO€ YKMCJI0O MHBEPTOPOB. A TakKe JIJIsI TOrO YTOObI KO-
JlebaHusl He MpeKpallaiuch, HEOOXOAUMO MPaBUIbHO
cobmocTu GajlaHe 3alepKek.

Jns Havasla KosebaHU B TaKOM TeHepaTope He-
00xoIMMO BbIMOHeHUE Kputepust bpokraysena [2].
ITpu nocraToyHOI 3HEpruM KojaedaHus HAUYMHAIOTCS
CIIOHTAHHO W IJIs1 MX MOAJEPXKaHUS HeoOXxoauM dazo-
BRI CHBUT 2t M €AMHUYHOE YCWJICHWE TI0 HAIpsKe-
HMIO Ha 4acToTe KoJjeOaHuii. YNpaBieHUE 4aCTOTON
B TaKOM T€HepaTrope MPOUCXOAUT MyTeM A00aBICHUS
MOII-TpaH3UCTOPOB B MOCJIEI0BATEIbHOM BKIIIOYE-
HUU K A- ¥ p-KaHAJIBHBIM TPaH3UCTOPaM MHBEPTOpa U
MoJaYyd Ha UX 3aTBOPHI YIIPABIISIIONIETO HAIPSIKEHUS.
Takoit I'VH umeer psig JOCTOMHCTB: OH JOCTAaTOYHO
JIETKO MPOEKTUPYETCsl, MOXET paboTaTh MPU HU3KOM
HaNpsDKEHUW MUTaHMS, 00J1agaeT IMPOKUM JUaIa3o-
HOM MEepecTPONKU YacTOT, a TAKXKe MaJioil paccerBae-
MO MOIITHOCTBI0. OCHOBHBIM JOCTOMHCTBOM KOJIbIIE-
Boro I'VH siBisiercst To, 4TO MpU €ro NpoeKTUPOBaHUU
HE UCIOJIb3YIOT EMKOCTHBIE 2JIEMEHTHI U MHIYKTUBHO-
CTU. DTO MO3BOJISIET 3HAYMUTEJbHO YMEHBIIUTh 3aHU-

Tabauua 2
XapakTepuCTHKH KOJbIEBbIX F€HEpaTopoB
Table 2
Characteristics of the ring oscillators
HAuanason ®azoswiii mym, 16/T'11
Tun xonbLEBOrO yacrort, I['T1g . ’
reHepaTopa Range OTCTPOM.K a1 Ml
Types of ring oscillators | of frequencies Phase noise, dB/Hz,
’ Detuning 1 MHz
GHz
C uHBepTopamu [4] 2,4..2,5 —97
With inverters [4]
C muddepeHInaTbHBIMU 1,1...1,9 -99,5
MHBepTOpamu [5]
With differential
inverters 5]
Ha Bentunsax U-HE [6] 1,94...2,57 —84,56
AND-NOT gates (6]
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Puc. 1. CxemMa KoJIbIIeBOro reHepaTopa
Fig. 1. Circuit of a ring oscillator

Maemylo IUIOlIaAb M yrmpoliaer pacuetsl. M3 Hemoc-
TaTKOB MOXHO BBIIEIUTh OIPaHUYEHUE IO MaKCU-
MaJIbHOM yacToTe pabOThl U OTCYTCTBME IMaCCUBHBIX
3JIEMEHTOB, TPUBOJILIEEe K 3HAUUTEIbHOMY YXYALIe-
HUIO LIIYMOBBIX XapaKTepUCTHK [3].

XapakTepUCTUKU KOJIbLIEBBIX T'€HEpaTOpOB pac-
cMmoTpeHbl Ha ocHoBe I'YH, mpeacraBieHHBIX B pa-
6otax [4—6]. X xapakTepMCTHUKU NpPeACTaBIECHbBl B
Tab. 2.

M3 1aba. 2 MOXHO clenaTh BEIBOA O TOM, 4TO ha-
30BbIli 1IIYM KOJIbLIEBOI'O FeHepaTopa Ha OCHOBE MH-
BEPTOPOB IIPEBOCXOIUT 3HAUCHUS, OIpenesisiecMble
crangaptom 802.11.b (—120 nb/T'y mpu oTcTpoiike B
1 MTIu). B paborax [5, 6] aBTOpHI paccMaTpUBaIOT
KOJIbLIEBbIE Te€HEepaTOpPbl Ha OCHOBE AuddepeHIIaIb-
HBIX MHBepTOpOoB U BeHTWiIell M-HE. Ux 1rymoBkie
xapakTepuctnku (—99,5 m —84,56 nb/I'm nipu ort-
crpoiike B 1 MI'l1) Takke He yIOBIETBOPSIOT TpeOo-
BaHusM ctaHgapta (—108 nb/T'm).

Takum oO6pazoM, MOXHO cleJiaTh BBIBOJ, YTO JISI
BbIOPAaHHOTO CTaHAapTa KOJIbLIEBOM TeHepaTop He
MOJXOAUT.

3. I'VH na ocHoBe reHeparopa Kosmurna
u LC-reneparopa ¢ OTpUIATE/IbHOM NPOBOIUMOCTHIO

Hpyrum BapuanToM peanusauuu I'YH saBasercs
reHepaTtop Kosnutia [7]. Cxema Takoro reHepartopa
npuBeleHa Ha puc. 2.

I'eHepaTop Takoro TUIIa COCTOMT M3 OZHOIO WJIU
HECKOJIbKUX TPAaH3UCTOPOB, O0ECIeYMBAIOLIUX 10CTa-
TOYHOE AJIs1 Hauaja KonebaHuit ycunenue. LC-TeHe-
patop paboTaeT Mo TakoMy K€ MPUHLMITY. YTpaBie-
HUE YaCTOTOM B TAKUX CXEMaxX MPOMCXOIUT 3a CUEeT Ba-
pakTopoB. EMKOCTE BapaKTOPHBIX CTPYKTYP MEHSIETCS
B 3aBMCMMOCTH OT IOJAHHOTO HAa HUX HaMpsSKEeHUs,
YTO MO3BOJISIET YIIPABJIAThH yacToToi. Cxema cTaHaapT-
Horo LC-reHeparopa ¢ OTpULATEIbHOW MPOBOAMMO-
CTBIO TIpEACTaBIeHA HIDKE B pasi. 4.

HanpHeiiliee pacCMOTpEHHE TIPOBENEM B BHIE
cpaBHeHUs. ['eHepaTopbl MOIYT OBITh MPEACTABIEHbI B
BHII¢ CHCTEMBI M3 MHIYKTUBHO-EMKOCTHOTO KOHTYpa,
B KOTOPOM IIPOMCXOMST 3aTyxalolliue KojedaHus, U
aKTUBHOM YacTH, KOTOpasi COCTOUT M3 OTHOTO, IBYX
WIN YeThIpeX TPAH3UCTOPOB, KOMITEHCUPYIOLIMX MOTe-




pu. Torga xputepuii bpokray3eHa Hauajna KojiebaHUM
B reHeparope Konmnuria umeer BUI:

4
gmmt 2 'k— ) (1)

14
TI€ 810 — OOLLASI KPYTU3HA AKTUBHOW CXEMBI; R, —
9KBUBAJICHTHOE IMapajuieJIbHOE COMPOTUBIECHUE KOJe-
0aTeJIbHOTO KOHTYpa.
Hna LC-reHepatopa ¢ OTpULIATEbHON MPOBOAM-
MOCThIO (Mcrob3ytollero auddepeHlunaibHylo napy
n-MOIT):

1
Emiot 2 E : (2)

D

M3 HepaseHcTB (1) u (2) BUAHO, YTO 1151 TPAH3U-
cropa B reHeparope Konnurua g, 10JKHa OBITh B
4 pa3za OOJIbILE, YEM g, ;,; UL KAXKIOTO U3 TPAH3UCTO-
poB B LC-reHepaTope ¢ OTPULIATEILHONW ITPOBOINMO-
CTbIO. DTO CTAHOBUTCS ITPOOJIEMOI, €CIM JOOPOTHOCTD
MHIYKTUBHOCTM Q) NOCTaTOYHO MaJla, YTO MPUBOAUT
K MajnoMy 3HaueHuI0 R, Takasi cutyauusi Xapakrep-
Ha 11t coBpeMeHHOM KMOII-Ttexnonoruu. IIpupas-
HSIB YpaBHEHUS IJII KPYTH3H B PeXXMME HACBIIICHUS
TPaH3KUCTOPOB B KAX/IOM 13 TeHEPATOPOB U IIPUHSIB B
yyeT, uto B L C-reHepaTope C OTPpMLATEIILHOM ITpO-
BOAMMOCTBIO KaxXIbIi M3 TPaH3UCTOPOB C OOLIUM

Puc. 2. I'eneparop Kosmurna
Fig. 2. Colpitts oscillator

CTOKOM HMCITOJIb3yeT TOJIBKO TTOJOBUHY TOKa CMeIIe-
HUS, TTOJTYIUM

w w
Wy W 3)
Leopir  Lic

N3 ypaBHeHUst (3) MoxXeM chejlaThb BBIBOA, UTO
TpPaH3UCTOP B reHepaTrope Koamuria mMeer 1ocTaTou-
HO OOJIblLIKE pa3Mephl, YTO, B CBOIO OYepelb, IIPUBO-
IWT K YBEJIMUYEHMIO TTApa3UTHBIX eMKocTell. Bonbiime
Mapa3uTHbIE EMKOCTH COKpalllaloT HACTPOESUHBII 1Ua-
na3oH I'VH, 4uTo Bo MHOrux ciydasix Kputu4dHo [7].

M3 npeumymiects 'VH Ha ocHoBe reHepartopa
KonnmuTua MOXHO BBIACIUTH JIyUIlIME IIIYMOBBIE Xa-
PaKTEpUCTUKM IO CpaBHEHMIO C KoibleBbIM ['YH.
Kpowme Toro, B ominume ot LC-reHeparopa ¢ oTpulia-
TeJIbHON TTPOBOIUMOCTBIO, B HEM HCIIOJIB3YETCS BCETO
OlHa WHAYKTUBHOCTb, YTO MO3BOJISIET YMEHbIIUTh
mioanb. Ho Majblii HacTpOeYHbBIN AMana3oH U 00JIb-
LIKe pa3Mepbl TpaH3UCTOpPa, YMEHbBIIAIOIIME BbIUT-
PBILI B IJIOIIAAM, I€AI0T MPEATIOUTUTEIbHEH 15 BbI-
OpaHHoro craHaapra L C-reHepaTop ¢ OTpULIATEIbHOM
MPOBOAUMOCTHIO.

5. MeTtoauka npoektupoBanusi LC-reneparopa
C OTPUIATEJIbHON MPOBOAUMOCTLIO

CylecTByeT HeCKOJIbKO KoHpurypauuii L C-reHe-
paTopa ¢ OTpuLAaTeIbHONH MPOBOAUMOCTbI0. OCHOBHbBIE
13 HUX TPEeACTaBIeHbI Ha puc. 3.

Jlyammm BeIOOpOM mits ctanpapta 802.11.b saBis-
etcs peanusauus ['VH ¢ noMoiubio #- U p-KaHallb-
HbIX nap (puc. 3, ¢). Takas cxema UMeeT psil IperuMy-
1LIECTB 10 CPaBHEHUIO CO CXeMaMMU, IJe UCTIOJIb3YIOTCS
TOJIbKO n-KaHaJbHbIe MW p-KaHaJIbHBIE Taphl TPaH-
31UCTOPOB. [ 7TaBHBIM ITPEUMYIIIECTBOM TaKOM peayn3a-
AU SIBJISIETCSI YABOCHHBIN TIEpETIal YPOBHEW HaMpPsi-
JKeHUs Ha BbIxoae. Takke B TaKOW cXeMe yMeHbIIa-
eTcsl LIYM B Juaria3oHe 4acToT 1/Af 3 [8]. domonHu-
TeJbHAas Tapa p-KaHAJIbHBIX TPAH3UCTOPOB MO3BOJISIET
KOMITeHCHpoBaTh notepu B L C-KOHTYpe C MEHbBIIUM
TOKOM CMEIIEHUSI TPaH3UCTOPOB, UTO IPUBOIUT K
yMeHblIeHuo noTpedaeHus 'YH.

ILenTpanbHas yactotra KojiebaHuii B Takom ['YH
ornpeaessieTcs mno gopmye

_ 1
fcent -

A L Ctot

rae Cy = %(Cnmos +C +C

pmos var
C

nmos
C€MKOCTD p-KaHaJIbHOI'O TpaH3UCTOPA, Cl'nd —

: 4

+ Cind + Cload);

— EMKOCTb /-KaHAJIBHOTO TPAaH3UCTOPA; Cpp —

€MKOCTb,
BHOCHMasl UHAYKTUBHOCTEIO; C, .
Mas BapakTopoMm; Cj,,, — Harpy3o4Has eMKOCTb (4ac-
to mist I'YH sgBnsieTcss BXOZHOI €MKOCTBIO JEIUTEIIS

YacTOT UJIM BBIXOAHOTO Oydepa).

— €MKOCTb, BHOCH -
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Mg 3anycka LC-reHeparopa He-

Vdd Vdd Vdd 00XOIMMO BHITIOTHEHNE HEPaBEHCT-
I T T Ba (2), mpuyeM IJis1 YCTOMYUBBIX KO-
':I EI JiebaHWi OOBIYHO BHIOMPAIOT:
stI L2 i §L1 L2 i gm = gmn + gmp = a(zgmtgt)a (6)
Cvar Cvar L
:,1 Ht’ C1;a;' rae g, — KPYTH3Ha n-KaHaJIbHBIX
] TPaH3UCTOPOB; g, — KPYTH3HA

3

P-KaHaIbHBIX TPaH3UCTOPOB, g, —
KpyTH3Ha Bceil cxembl, o = 3...3,5
[9]. 3Hag HeoOXomuMble 3HAUYESHMS

Puc. 3. Daekrpuyeckue cxemol LC-reHepaTopa ¢ OTPUIATEIbHON NPOBOAUMOCTBIO: d — CO
CMEIlIEHHEM C TTOMOIIbIO PE3UCTOPa; b — CO CMELIEHUEM C MOMOILBIO TPAH3UCTOPA; ¢ —
C MCIMOJIb30BAHUEM Tap A- U p-KaHAJIbHBIX TPAH3MCTOPOB B aKTUBHOM cXeme

Fig. 3. Electric circuits of LC-oscillator with negative conductivity: a — displacement by means
of a resistor; b — displacement by means of a transistor; c — with use of pairs of n- and p-channel

transistors in the active circuit

3HaueHNe MHIYKTUBHOCTU U TIapa3UTHBIE eMKOCTH
OCTaIOTCS MOCTOSIHHBIMM, a MaKCUMMaJlbHasl U MUHM-
MaJIbHasl 9aCTOTHI 3aBUCAT OT MAKCUMAJIbHOU W MHU-
HUMaJIbHON eMKOCTeil BapakTopoB. IlepBbrIM aTamnom
npoektupoBaHusi I'YH sBnsercsa BbiOOp TiaHapHOM
WHTETPaIbHONM MHIYKTUBHOCTH.

OCHOBHBEIMM KPHUTEPUSIMH TIPU BHIOOpE WHAYK-
TUBHOCTH SIBJISIIOTCSI €ro JOOPOTHOCTh (KejaTebHO,
yTOOBI OHA ObLIa KaK MOXHO 0OJIbllie) M 3aHMMaeMasl
ronmanb. JluzaitH TOMOJIOTUHA U MOACIMPOBAHUE WH-
TYKTABHOCTEH BBITIONHSIOTCS B TaKWUX ITPOTPAMMHBIX
cpenctBax, Kak ASITIC u ADS Momentum. s co3-
JaHUsI UHAYKTUBHOCTE MCIIOJb3YIOT BEpXHUE CJIOU
MeTtamusaunu. I[pu npoektupoBanun I'YH ucmnomnb-
3yI0T 0O ABE OTAEIbHBbIE MHAYKTUBHOCTH [9], 11060
nuddepeHINATBHYI0 MHIYKTUBHOCTD, KOTOPAst MEET
6ombiryio noopotHocTh [10]. B pabote ucmonb3yercst
muddepeHInaTbHass MTHIYKTUBHOCTD C TOTOBOM TOIIO-
JIOTUE, TIpeaocTaBlisieMoil (habpUKOii.

JI1st mosrydyeHus1 HE0OXOAMMOro Iepernana ypoBHEH
HaNpsDKEHWST Ha BBIXOZE, TIPEIBAPUTEIIBHO PACcCUNTAB
IUIST WHAYKTOpa R, BBIOEpEM TOK CMEIICHMS ITaphl
TPaH3UCTOPOB C OOLIMM CTOKOM I,

ail*
V x
— out
lait = 2 o> ©)
v
rae V,,, — aMIUIUTYa BBIXOJHOTO HAIMPSDKEHMs TeHe-
partopa.
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KPYTU3HBI IJIST TPAH3UCTOPOB, MOXHO
paccuMTaTh MX pa3Mepbl U3 ypaBHe-
HUS 71T TOKA B peXXMMe HACBIIICHMS.

DduHanpHON cTagueil B paspa-
o6otke I'YH sBnsiercst BbIOOp Bapak-
TopoB. [1o uccienoBaHuIo XxapakTe-
PUCTHK BapaKTOPOB MPOBEICHO MHO-
XKecTBOo uccaemoBanmii [11], [12].
BapakTopel B MHBEpPCHOM pPEXHMe
U B peXXMMe HaChILLEHUS ITO3BOJIAIOT
MMOJTYYUTh HAWOONBIINI HACTPOCU-
HBIl auamnas3oH. [Ijis BapakTOpoB B
WHBEPCHOM pEeXHMME OH COCTaBJISIET
okoi10 20 %. IpyruM MperuMyIlecTBOM BapaKTOPHBIX
CTPYKTYp B TaKMX BKJITIOUCHUSX SIBJISIETCS TO, YTO WX
paboyas yacToTa Bblllle, YEM Y BapakTopa, BKIIOYEH-
HOTO B KOH(UTYpaLIH, B KOTOPOI CTOK, UCTOK Y MO -
JIOXKa 3aKopoueHbl. B 1aHHOI paboTe ObLIM BHIOPAHBI
n-MOII BapakTophsl B pexXrMe HaChIIIECHHUS.

3Hasg WHOYKTUBHOCTb WM JWAIIa30H IEPECTPOMKHN
YacTOT, MOXKHO TTOJYIUTh 3HAU€HUs eMKOCTH KOHTYpa
IUTT MAKCUMAaJTbHOM M MUHUMAJTEHOM YacToT:

1

Cmax(f) = m; (7)
Crnan ) = o . (8)
max LGfmax

I BeIOpaHHOrO cTaHmapra fpi, = 2,4 ITu,
Jmax = 2,48 I'Tu. Belunras U3 eMKOCTU KOHTypa BCe
MTOCTOSTHHBIE COCTAaBJISIONIME (TIapa3uTHBIE €MKOCTH
TPaH3UCTOPOB, HArPY30UHYIO €eMKOCTbh M €MKOCTh, BHO-
CUMYI0 WHAYKTUBHOCTHIO) TIOJyYUM MUHUMATHHYIO
€MKOCTb, KOTOPOi1 AoJIKeH 00J1anaTh BapakTop. B co-
OTBETCTBUM C 3TOW €MKOCTBhIO HEOOXOIUMO 3amaTh
IIMPUHY BapaKTOPOB.

5. Pe3yabTaThl padoThi

B pesynbsraTe mpoaenaHHoON paboThl pa3paboTaHa
cxema LC-reHepaTtopa ¢ OTpULIATEIbHOW MPOBOIMMO-
CTbIO, TIpeJCTaBIeHHas1 Ha puc. 4.




Puc. 4. Cxema paspadorannoro 'VH
Fig. 4. Circuit of the developed VCO
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B xadyecTBe aKTMBHOI YacCTU CXEMBI UCIIOIb3YIOTCS
muddepeHIMaNbHBIC Tapbl #- U p-KaHAJBHBIX TpaH-
3UCTOPOB. B KOHTYpe cxeMbl HCIoab30BaHa audde-
peHIIMaIbHasA WHIYKTUBHOCTh. B KadecTBe HacTpo-
EUHBIX dJIeMeHTOB OblIM B3sATHI MOII-BapakTophl B
peXuMe HacbIlIeHWS, TO3BOJISIIOIIME MOJIYYUTh Ha-
CTpOEYHBIN nuana3oH 2,4...2,48 I'T1, mpu KOHTPOJIU-
pytomeM Hampstxkenuu 0,7...1,9 B. Pesynbrater PSS
(periodic steady state) MomenMpoBaHUs, MOJIyYEeHHbIE
npu monenupoBaHuu B ADE (Cadence), npeacrase-
HbI Ha puc. 5.

Yacrora 'VH nuHeiiHO M3MeHsieTCSl Ha yyacTke
2,375...2,48 I'Tu, 4yTo TTO3BOJISIET JIETKO YIIPABISITh I'e-
HepaTopoM B 3aJaHHOM jauanaszoHe. HenuHeliHbie
YYacTKM He IOINajaloT B XeJaeMblii AMara3oH.

PesynbTaThl BpeMEHHOIO MOJEIMPOBAHUS Y MOJIE-
JIMpoBaHusI 110 (ha30BOMY IIlyMy IIpUBeICHBI Ha puC. 6
U 7 COOTBETCTBEHHO.

AMIututyaa BeixogHoro curHaina I'YH cocrapnsier
3 B.

IIpn yacrorax orcrporiku 10 xI'm m 1 MI' dazo-
BBIN 1IyM cocTaBnsier —73,8 u —122 nb/I'u cooTBeT-
CTBEHHO.

3akmoueHue

B xome maHHOro ucclienoBaHusl ObLT pa3padoTaH
I'VH c¢ nentpanbHoil yactoroil 2,44 I'Tu. JuanazoH
nepecTpoiiku coctasisgeT 80 MI'. YunTeiBas cnenm-
¢ukanuio crangapra 802.11.b, paspadorannbeiii I'YH
MO3BOJISIET MOJYYUTh 16 KaHajioB 1mpuHoi 5 MI'n
KaXIblii. AMILUIMTYJa BbIXOZHOTO curHana 3 B. ®da-
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Puc. 5. KpuBas 3aBHCHMOCTH BBIXOJHO# 9ACTOTBHI OT YNPABJSIONIET0 HANMPSIKEHUS
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30BbIH 1IyM ycTpolicTBa —73,8 1 —122 nb/I'1 Ha yac-
totax oTcTtpoiiku 10 xI'u 1 1 MI'l1 cOOTBETCTBEHHO.
Ocobennocthio ganHoro I'YH sBigercd 1o, 4To OH
YIOBJIETBOPSIET HE TOJbKO crHeuuduKanusiM CTaH-
napta 802.11.b, HO u cneuudukausiM cTaHAapTa
ZigBee. DTo Mo3BoOJISIET UCITOIB30BAaTh YCTPOMCTBO B
MYJIBTUCTaHAAPTHBIX OECITPOBOAHBIX ITpUEMOIIepeaaT-
YHKaXx.
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Voltage-Controlled Oscillator for Wireless Multi-Standard Applications

This paper presents a method for selection of a voltage-controlled oscillator for the wireless standard of §02.11.b. Colpitts os-
cillator and LC — Gm oscillator with the center frequency of 2,4 GHz were designed. Cross-coupled pairs of n-MOS and p-MOS
transistors were used in the active part of the circuit. This allowed us to improve the noise characteristics and the chip size. MOS
varactors and differential inductance with high quality factor were used in the tank circuit. LC — Gm oscillator has linear fre-
quency-voltage characteristic within the frequency range of 2,375—2,48 GHz. Phase noise of the oscillator is 73,8 dBc/Hz at
a 10-kHz offset and 122 dBc/Hz at a 1-MHZ offset. Output voltage swing is 3 V. This VCO can be used in multi-standard wireless

transceivers.

Keywords: CMOS, LC oscillators, phase noise, ring oscillators, voltage-controlled oscillator (VCO), wireless transceivers

Introduction

Growth of the number of the radio-frequency de-
vices stimulates the demand for the wireless transceiv-
ers. They are used at short distances (Wi-Fi) and in
long-distance communication systems (satellite com-
munication). Depending on its application a device has
to meet the requirements to power consumption, noise
characteristics and conditions, in which it is expected to
operate.

Synthesizers of frequencies are used in transceivers
for reception of the necessary frequency from the basic
source for modulation and demodulation of signals.
Voltage-controlled oscillator (VCO) is a key unit of the
frequency synthesizer. It determines characteristics of
the whole synthesizer.

The given work describes an approach to selection of
VCO for 802.11.bis standard. It presents the basic re-
strictions connected with the specification and imposed

on VCO during designing, and basic characteristics of
various VCO, advantages and drawbacks of each of the
types, and the techniques of designing and results of
calculation of VCO with the use of varactors in the sat-
uration mode for achievement of the necessary tuning
range of frequencies.

The restrictions imposed on VCO
by 802.11.b standard

The basic technical characteristics of the oscillator
are the central frequency, range of frequency tuning,
power supply voltage and phase noise [1]. As additional
characteristics it is possible to consider the area on a
chip, cost, etc.

The basic restrictions are imposed on VCO by the
technology and the data transmission standard, for
which the device was developed. In the process of de-
signing the silicon-germanium technology was used
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with the technological standard of 0,25 um. The basic
restrictions of 802.11.b standard are presented in table 1.

A fully integrated voltage-controlled oscillator can
be implemented in the form of a ring, Colpitts oscillator
or LC oscillator with negative conductance. Below, the
advantages and drawbacks of each of them in the set re-
strictions are considered and analyzed.

VCO on the basis of a ring oscillator

A ring oscillator is a chain of inverters with a feed-
back, a typical circuit of which is presented in fig. 1. It
is important to point out, that in such a circuit there
should be an odd number of inverters. And also, in or-
der to prevent a stoppage of oscillations, it is necessary
to keep the balance of the delays correctly.

In order to initiate oscillations in such an oscillator
the Brockhausen criterion [2] should be implemented.
At a sufficient energy level the oscillations begin spon-
taneously, and in order to maintain them 2x phase shift
and individual voltage amplification on the frequency
of oscillations are necessary. Control of the frequency
in it is implemented by adding of MOS transistors in a
consecutive connection to n- and p-channel transistors
of the inverter and supplying of control voltage to their
gates. Such a VCO has a number of advantages: it is
rather easy to design, it can operate at a low power sup-
ply voltage, it has a wide range of retuning of frequen-
cies, and small dissipation power. The main advantage
of a ring VCO is that its designing does not require ca-
pacitor elements and inductance. This allows us to re-
duce the occupied space and simplify the calculations.
Out of the drawbacks it is possible to mention the re-
striction on the maximal frequency of operation and
absence of the passive elements, leading to deteriora-
tion of the noise characteristics [3].

Characteristics of the ring oscillators are considered
on the basis of VCO [4—6]. Their characteristics are
presented in table 2.

It is possible to draw a conclusion, that the phase
noise of the ring oscillator based on inverters surpasses
the values necessary for 802.11.b standard (—120 dB/Hz
at detuning of 1 MHz). In [5, 6] the ring oscillators on
the basis of differential inverters and AND — NOT
gates are considered. Their noise characteristics (—99,5
and —84,56 dB/Hz at detuning of IMHz) also do not
meet the standard requirements —108 dB/Hz. Thus, the
ring oscillator does not suit the chosen standard.

YCO on the basis of Colpitts oscillator
and LC oscillator with negative conductivity

Another variant of realization of VCO is a Colpitts
oscillator [7] (fig. 2).
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An oscillator of such type consists of one or several
transistors, which ensure amplification for the start of
oscillations. LC oscillator works on the same principle.
Control of frequency in such circuits is implemented
due to varactors. The capacity of the varactor struc-
tures varies depending on the voltage supplied to them,
which allows us to control the frequency. The circuit of
a standard LC oscillator with negative conductivity is
presented below.

Let us make a comparison. Oscillators can be pre-
sented in the form of a system of an inductance-capac-
itor contour, where fading oscillations occur, and an
active part, which consists from the compensating loss-
es one, two or four transistors. Then Brockhausen cri-
terion for the beginning of oscillations in a Colpitts os-
cillator looks like the following:

4
gmtot 2 F ) (1)

p

where g,,,,, — mutual conductance of the active circuit;
R, — equivalent parallel resistance of the oscillation
circuit.

For LC oscillator with negative conductivity and a
differential pair of n-MOS:

|
Emiot 2 Ep . (2)

From inequalities (1) and (2) it is visible, that for the
transistor in Colpitts oscillator g,,,,, should be four
times bigger than g,,,,, €ach of the transistors in LC os-
cillator with negative conductivity. It becomes a prob-
lem, if good quality of inductance Q; is rather small,
which results in a small Rp. Such a situation is charac-
teristic for CMOS technology. Having equated the
equations for steepness in the mode of saturation of
transistors in each of the oscillators and considering,
that in LC oscillator with negative conductivity each
transistor with a common drain uses only half of the
displacement current, we will receive

- W 8L1. 3)
Colpit LC

From equation (3) we can draw a conclusion, that
the transistor in Colpitts oscillator has rather big di-
mensions, and this leads to an increase of the parasitic
capacities, which reduce the tuning range of VCO,
which in many cases is critical [7].

Among the advantages of VCO based on Colpitts os-
cillator in comparison with a ring VCO it is possible to
mention better noise characteristics. Besides, unlike LC
oscillator with negative conductivity, it uses only one
inductance, which allows us to reduce the area. But the
small tuning range and big dimensions of the transistor




reducing the advantage of the area, make LC oscillator
with negative conductivity more preferable for the cho-
sen standard.

Techniques of designing of LC oscillator
with negative conductivity

There are several configurations of LC oscillator
with negative conductivity (fig. 3). The best choice
for 802.11.b standard is realization of VCO by means
of n- and p-channel pairs (fig. 3, ¢). Such a circuit has
a number of advantages in comparison with the circuits,
where only n-channel or p-channel pairs of transistors
are used. The main advantage is the doubled difference
of the voltage levels at the output. Also the noise is less
in the range of frequencies of 1 /Af3 [8]. An additional
pair of p-channel transistors allows us to compensate
for the losses in LC contour with a less displacement
current of the transistors, which results in a smaller
consumption of VCO.

The central frequency of oscillations in such VCO is
determined under the formula:

1

A L Ctot

where C,,, = %(c +C

nmos pmos

: “4)

Jeent =

+ Cvar + Cind + Cload);

C;,q — capacity brought by inductance, C,,; — load

capacity (for VCO it is often the input capacity of the
divider of frequencies or the output buffer).

Inductance and parasitic capacities remain con-
stant, while the maximal and minimal frequencies de-
pend on the capacities of varactors. The first stage in
designing of VCO is selection of a planar integrated in-
ductance. The basic criteria for inductance choice are
its good quality (the higher, the better) and the occu-
pied area. The design of topology and modeling of the
inductancies are carried out in ASITIC and ADS Mo-
mentum software. For creation of inductancies the top
layers of metallization are used. During designing of
VCO two separate inductancies [9] or a differential in-
ductance, which has better quality [10], are used. In the
work we use differential inductance with the ready to-
pology provided by manufacturer.

In order to obtain the necessary difference of the
voltage levels at the output, having preliminary calcu-
lated it for inductor R, we will choose the displacement
current for the pair of the transistors with a common
drain /,

ail*
Vour™
Itail = ﬁ ’ (5)
y/
where V,,, — the amplitude of the output voltage of
generator.

In order to start operation of LC oscillator the ine-
quality (2) should be implemented, at that, for steady
oscillations the following one is usually chosen:

gm = gmn + gmp = a(zgmtot)a (6)

where g, — transconductance of n-channel transis-
tors; g,,, — transconductance of p-channel transistors;
g, — transconductance of the whole circuit, a = 3...3,5
[9]. Knowing the necessary transconductance of the
transistors we can calculate their dimensions from the
equation for the current in the saturation mode.

The final stage in development of VCO is selection
of varactors. A lot of research works were done on char-
acteristics of the varactors [11, 12]. Varactors in the in-
verse and saturation modes allow us to receive the
greatest tuning range. For varactors in the inverse mode
it is about 20 %. Other advantage of the varactor struc-
tures in such connections is that their working frequen-
cy is higher, than that of the varactor included in the
configurations in which the drain, source and substrate
are abridged. For the given work we chose n-MOS var-
actors in the saturation mode.

Knowing the inductance and the range of retuning
of frequencies, it is possible to receive the capacity of
the contour for the maximal and minimal frequencies:

_ 1 .

Cmax(f) - m} 5 (7)
_ 1

Cmax(f) - LGfmax . (8)

For the selected standard f,, = 2,4 GHz,
Jmax = 2,48 GHz. By subtracting all the constant com-
ponents (parasitic capacities of the transistors, load ca-
pacity and capacity brought by inductance) from the
contour capacity we will receive the minimal capacity,
which a varactor should possess. In conformity with it
we should set the width of the varactors.

Results of work

As a result of the work a circuit with negative con-
ductivity (fig. 4) was developed.

Differential pairs of n- and p-channal transistors
were used as the active part of the circuit. Differential
inductivity was applied in the contour of the circuit. As
tuning elements MOS varactors were applied in the
saturation mode, allowing us to receive a tuning range
from 2,4...2,48 GHz, at controlled voltage of 0,7...1,9 V.
Results of PSS (periodic steady state) modeling were
received with the help of the circuit package of ADE
(Cadence) (fig. 5).
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Frequency of VCO linearly changes in the interval
of 2,375...2,48 GHz, which allows us to operate it easily
in the set range. Nonlinear intervals are not within the
desirable range.

The results concerning the timing simulation and
phase noise are presented, accordingly, in fig. 6 and 7.
The amplitude of the output signal of VCO is 3 V. At
detuning frequencies of 10 kHz and 1 MHz the phase
noise is —73,8 dB/Hz and —122 dB/Hz.

Conclusion

During research a VCO was developed with the
central frequency of 2,44 GHz and retuning range of
80 MHz. Considering the standard specification of
802.11.b standard, VCO allows us to obtain 16 channels
with the width of 5 MHz each. Amplitude of the out-
put signal is 3 V. Phase noise of the device is equal to
—73,8 dB/Hz and —122 dB/Hz on the detuning fre-
quencies of 10 kHz and 1 MHz, accordingly. A specific
feature of VCO is that it meets the standard specifica-
tions of 802.11.b and ZigBee standards. This allows us
to use the device in the multistandard wireless trans-
mitters-receivers.

The work was done with the financial support from the
Ministry of Education and Science of Russia, State Con-
tract Ne 14.427.11.0008 of October, 4th, 2013.
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