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B HacmoAuiee epems 3HepeoHe3aeuUcuUmMans namaims Ha ¢(1306blx nepexodax npouina cmaouio ycneumod peaausauyuu npomo-

munog [1, 2] u eviuina Ha sman npomvlineHHo2o npouseodocmea (Micron Technology u dp.). O0num u3 Haubosee uHmMepecHvIX nPuU-
MeHeHUll A645emcs UCNOAb308aHUe (azonepemeHHOU namsamu ¢ npou3eonvhHvim docmynom PCRAM (om awen., Phase Change
Random Access Memory) 6 kauecmee ocHogHou namamu émecmo dunamuueckou namamu DRAM uau coemecmno ¢ DRAM ne-
60nvwoeo obsema. Ilpumenenue PCRAM nozeonum 3nauumenvHo yseauuums odsem onepamueHoi namsmu (0O3Y) npu 3navu-
MeAbHOM YMeHbUleHUU dHepeo3ampam Ha XpaneHnue ungopmayuu. [lociednee 0cobeHHO 8AJNCHO 045 AGMOHOMHBIX YCMPOUCHE.
B mo ace epemsa npumenenue PCRAM ¢ O3Y mpebyem no@viuienus npeoesbHo20 HUCAA YUKA08 Nepe3anuc U CHUICEHUs 8epo-
AMHOCMU c00e8 npu nepesanucu uHgopmayuu. B dannoi pabome paccmompena 00Ha U3 603MOICHOCMEL NOGbIUUEHUS UHDOpMA-
YuoHHoU Hadexchocmu u doaeoseunocmu PCRAM 3a cuem ycmaHoeneHus HeKOMOPbIX NPasun npu nepe3anucu s4eex, Komopas

n03604um CHU3UMb A0KANbHBLU nepeecpes aKmueHolx obaracmeti 3ANOMUHAOUWUX AYEeK.

Karoueevie caosa: snepeonezasucumasn namams, azosas namams, PCRAM

Mounean padotsl s;aeek PCRAM

PaccmarpuBaembiii Bua namsitu PCRAM xpanut
HHGpOPMAIMIO B PE3UCTUBHBIX S4eliKaX, KOTOpbIe
MOTYT UMETh BEICOKOE TMOO HU3KOE COMPOTUBIICHUE.
AMop(dHOE BHICOKOOMHOE COCTOSIHME aKTMBHOI o0J1ac-
TA 3JIEMEHTa MaMSITH CMEHSIeTCd KPUCTATMIeCKUM
HU3KOOMHBIM IO BJIMSIHUEM YNPABISIOIIMX UMITYJIb-
COB Majioli aMruiuTyasl (~1 B) U mpomoJKUTebHO-
cThio ~100 Hc 3a cuet nepekntoueHus [3]. [1pu obpar-
HOM Tiepexofe sueiika maMsITH U3MEHSIeT KPUCTaUI-
YecKoe COCTOSIHME Ha aMopdHoe 4epe3 IUIaBIeHUe C
TTOCJICMYIOIIMM 3aCTBIBAaHMEM pactuiaBa. s aToro Ha
3aKPUCTAIM30BAHHYIO STYEKY MOAAETCS MMITYJIbC Ha-
TIpSCKEeHUsT OOJIBINEH, YeM B TIEPBOM CIydae, aMITINATY-
Ibl 1 MeHbllIel nmpogokuTeabHocTu (~50 He). B ka-

YeCTBE aKTUBHOTO MaTepuraja maMsaTh Ha (pa30BbIX Te-
pexonax ucnonbsyerca Ge,Sb,Tes (GST), mostomy
TIpeACTaBIeHHBIE B paboTe pacyeThl OCHOBAaHBI MMEH-
HO Ha ero rnapamMerpax.

Kaxnoe 13 onrcaHHbIX (pa30BbIX MpeBpallieHuii po-
WCXOIUT IIPU OMpeNeJeHHbIX TEMIIepaTypax U COMpPOBO-
KIAeTCsl 3HAUMTEIbHBIM TEIIJIOOOMEHOM C OKPYXKaro-
mei cpenoii. Kpucrajumsanuyss MOXET IIPOMCXOIUTh
npu Temmnepatypax ot Ty, =400 K no 7, =905 K [4]
U COTMIPOBOXIAETCS BblAEIeHUEM TeIJIOThl. [1naBneHue
UJET IIpU Temreparypax ~7,, ¥ COIPOBOXIAETCH I10-
mioleHueM terioTsl. [Tpu nepesanvcu nHdopMalvy B
LIeJIBIX MACCUBaX sTYeeK, PaCIOIOKEHHBIX Ha OTHOM
MOJUIOKKE, HEU30€KHO BO3ZHUKAET TEILUIOBOE B3aMMO-
JIeficTBUE cocemHMX 3yIeMeHTOB [1—3, 5], oHO MOXeT
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Puc. 1. TenjioBoe B3anMozeiicTBHE 3JIEMEHTOB: d — TEIJIOBOE BIIUSI-
HMe LEHTPAILHOM siueiiku Ha cocenHue [6]; b — TeruioBoe BIUsSHUE
COCEIHMX SYeeK Ha LEHTPAIbHYIO

Fig. 1. Thermal influence of the central cell on the neighboring cells [6] (a);
thermal influence of the neighboring cells on the central cell (b)

BJIMATH Ha UX PpyHKIMOoHUpoBaHue. Tak, B padote [6]
pacCcMOTPEHO TEIUIOBOE BIWSHUE OJHOU IEHTPAJb-
HOW sueiiku Ha Bce cocenHue (puc. 1, a). OpHako
MMPU CKOPOCTHOM 3anmucu MH(GOPMALIUU B LIEJIbIX Mac-
CUBax MaMsITU CYLIIECTBEHHON CTAHOBUTCS CUTYyallus,
KOrja mepes3anuch UIET HE B OMHOM LIEHTPaJbHOM
STYEWKE, a B OKPYXKAIOIUX STYCHKAX, HAIPUMED, CO-
r1acHo puc. 1, 6.

Teruiora U3 aKTUBHOW SYE€HKH, B KOTOPOU BBITOJ-
HsIeTCSl 3alMcCh MH(pOpMalMKM, pacrpocTpaHsieTcsl B
COCETHUE SYECUKM, YTO MOXET TMOBJIUATb Ha XpaHs-
LIMecs B HUX JaHHbIe. bojiee 3HauMMa curtyaumsi, Ko-
I71a TETJI0Ta W3 HECKOJBbKUX SY€EK, HAXOASIIUXCH B
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aKTMBHOM COCTOSIHUM (3amuch MH(pOpManuun), oyaeT
pacripoCTpaHATbCS B LIEHTPAJIbHYIO SAYEHKY C 3allu-
caHHOI MH(poOpMalMeil, Ha KOTOPYIO TEIIOBOE BO3-
JnelficTBUe HexellaTeabHo. M3 puc. 2 BUAHO, YTO TeTl-
JIoTa, Mepexosias B LIEHTPaIbHYIO SYEHKY OT BCEX
COCEIHUX, CYMMUPYETCSI. DTO MOXKET MPUBOIUTH K
cMeHe ee (pa30BOTO COCTaBa, T. €. K MOTepe 3alrcaH-
Hoii uHbpopmanuu. J[ist ycTpaHeHUs TeIJOBOTO
B3aUMMOJIEMCTBUS COCEIHUX SYEEK CYILIECTBYIOT JBE
BO3MOXHOCTU. Bo-TIepBBIX, MOXXHO yBEJIMYUBATh TOJI-
IIWHbBI TETVIOU30JIMPYIOIINX CJIO0EB U PACCTOSTHUE Me-
KAy BJeMEHTaMu. DTOT cnocod UCIOIb3YeTcsl Ha
CTaIuM MPOEKTUPOBAHUS CXEMBbI U OKA3bIBAET 3HAUM -
TeJIbHOE BJIMSIHME Ha MPOCTPAHCTBEHHYIO IIOTHOCTh
sSYeeK Ha MoJJioXke. Bo-BTOpbIX, MOXHO TaK opra-
HU30BaTh CXEMY YMpPaBJIEHUS 3allUCU B SYEWKU Ma-
MSTH, YTOOBI COCEAHME STYEKM HUKOTIA He IMepe3a-
MUCHIBAJIUCh OJHOBPEMEHHO, YTO 3HAYUTEJIbHO CHU-
3UT TPeOOBaHUS K UX TEIJIOBOM U3OJSILUU. DTOT IMOA-
X0l JOCTaTOYHO 3((EeKTUBEH, OAHAKO OH TpeoOyeT
HEKOTOPOI MOAUDUKALIMY CXEMbI YIIPABIEHUS C TEM,
yTOOBbl 00ECMeYnTh 3alucCh UH(OpMALUU C YYETOM
aJpecoB S4YeeK.

Takum o6pa3oM, HEOOXOAMMO ONPENETUTb AOITYCTU-
MO€ YKCJIO OIHOBPEMEHHO PadOTAIOLIMX COCEAHUX JIe-
MEHTOB, KOTOpoe He OyleT MPYBOIUTH K Tepe3arnucu
nHdopMalIMKM B LIEHTpaJIbHOM suelike (cMm. puc. 1, 6),
JUIS. Pa3IMYHbIX TEXHOJOTMUYECKUX HOPM M 3HEPTUi
3aMMCHIBAIOIIETO UMIYJIbca. 3HAUEHUE MOCIENHETO, B
CBOIO OYEpPENb, 3aBUCUT OT KOHCTPYKIIMU U TEXHOJIO-
TUU 3aTIOMUHAIONIEH STYEUKU.

KUUP.'IHIIJ.HL K, LM
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Puc. 2. Pacnpenesienne TeMmepaTypbl B OKPECTHOCTSX HEHTPAJIb-
HOM SYeliKH MoCcje OCTHIBAHMA OOKOBBIX sfueeK: / — TemIepaTypa

mnasnenns T,; 2 — npoduib pacnpeneneHus teMneparypbl T

3 — TeMmIiepaTypa KpHUCTaJUIM3aLUN TKp. Crpenkoii 0003HaUeHa
LIEHTpaJIbHasl siueiiKa; WITPUXOBKA MOKa3bIBAET TEIJIOM30JIUPYIO-
mue cnon Si0,

Fig. 2. Temperature distribution in the vicinity of the central cell after
cooling of the side cells: 1 — melting temperature T,,,,; 2 — the profile

of the temperature T distribution; 3 — the crystallization temperature

T,yys- The arrow indicates the central cell. Shading shows the insulating

layers of SiO,




s pellieHUs] TTOCTaBI€HHON 3aJauyld HYXXHO pac-
CUUTATh IS Pa3IMYHOW SHEPrur, IOCTABISIEMON B
AYEHKY IIPpU €€ Mepe3anrucH, KaKoe KOJIMYECTBO 3TOU
BHEpruu nepenaeT K onvxkarium coceasim. [1pu atom
CTOUT paccMaTpUBaTh TOJIbKO STYEMKM, HAXOMSIIUECS B
aMoOp(HOM COCTOSIHUM, TaK KaK UMEHHO OHU B Iep-
BYIO ouyepedb OyayT TepsATbh MHMOOPMALIUIO, IEPEeXOas
B KPUCTAJJINYECKOE COCTOSIHUE MPU HArpeBaHUU N0
TeMIlepaTyphbl KpUCTaUIM3alun TKp. Slueiiku, KoTO-
pble HAXOASTCS B KPUCTAIMYECKOM COCTOSIHUU, HaC
HE WHTEPECYIOT, TaK Kak sl MoTepu MHOOpMaLun
OHU JIOJKHBI ObITh HArpeThl A0 TeMIlepaTypbl IJIaB-
nenus T, .. [locienHee MaJoBEPOATHO, €CIIU YYECTD,
YTO Ha HUX JAEUCTBYET TOJbKO TEIUIOTa, MepeaaBae-
Mas 4yepe3 TeIUIOU30Jupyloluii cioit SiO, or 61u-
XKAUIIUX COCENE.

g penmieHUs 3amadyu O TETJIOBOM B3aMMOJEHUCT-
BUU BJIEMEHTOB HUCIIOJb3yeM YpaBHEHUE TeIJIONpPO-
BOIHOCTH, KOTOPOE B MOJHOW MEpe OTpaxkaeT Iepe-
pacripefejeHue TeII0Thl Mpu paboTe MmamsTu:

2
0 Q(b.r[
ooV’

Cp%tT = V(kVT) + JE +

(1)
rae ¢ — yaenbHast TeruoeMkocTh (¢ = 0,2 IIx/(r + K)
st GST [4]m ¢ = 0,7 Ix/(r - K) mns SiO,); p —1utor-
HOCTh (p = 6,2 r/CM3 1151 GST [4lup = 2,2 r/CM3 IS
Si0,); T — abcomoTHas Temrneparypa; kK — ko3 du-
ueHT TeronpoBogHoctu (kK = 0,003 Bt/(cMm * K) o
GST [4] u k£ = 0,001 Bt/(c™m - K) 4 SiO,); j = o £ —
IUIOTHOCTh TOKa; ¢ = 10 oM 1-em™! — yaenabHas
MMpoBoAUMOCTb Kpuctajmnindeckoro GST; £ — Hanpsi-
XKEHHOCTb DJIEKTPUYECKOro moust; Qg , — TemioTa
¢a30BbBIX IIpeBpalllcHUI (qu < 0 mpu IUIaBJIEHUU U
Qq).n > 0 mpu KpucTaJliM3alun); ¢ — Bpemst; V' — o0b-
eM s4yeiiku. YieH, CBSI3aHHBIMA C TEIUIOTOM (pa3oBBIX
MpeBpalleHuil B BbipaxkeHUU (1) MOXHO OTOPOCHUTD,
TakK KaK Hac MHTepecyeT He caM (a30BbIli Mepexo, a
JIMLIb CUTYalLMsl, K HEMY MIPUBOJsIIIAs. YaeabHasl MOLL-
HOCTb MMIYyJbca TOKa jE, momaBaemasi B LIEHTPaJlb-
HYIO SIY€KY, BapbUpyeTCsl U3MEHEHWEM aMIUIUTYIbl
HUMITYJIbCOB. AIMTENbHOCTh UX MPUHUMAETCS paBHOM
50 HC, UTO COOTBETCTBYET TMIIMUHBIM 3HAYEHUSIM B
MPOMBILIUIEHHBIX CXEMaXx.

Pewienue ypaBHeHust (1) Hy>kKHO TIPOBOJIUTH B IBY-
MEpHOI cucTeMe KOOPAMHAT, TaK KaK B OJHOMEPHOM
MPUOJUXKEHUU TEIJIOTa, KOTOpasi B peaibHOW CTPYK-
Type pacTeKaeTcs 10 BCeM HampaBIeHUSIM, B 3TOM CJTy-
yae OyJmeT pacTteKarbCsl IO BbIOpaHHOUW KOOpAMHATE,
YTO AACT 3aBbILIEHHBIC TEMIIEPATYpPhI.

OpHako nByMepHoe MpuOJMKeHre B JeKapTOBOM
CcHUCTeMe KOOpAMHAT MPUBEIET K 3aMeUICHIO pacyeTa.
OTO MOXHO OOOWTH, Mepeias K MOJSIpHON cucTeMe
KOOpAMHAT W MPUIAB 3aaye BpallaTeIbHyI0 CUMMET-
puto. bynem cuuTaTh, YTO LIEHTpajbHas siueiika OKpy-
JK€Ha KOHLIEHTPUYECKUMU YepeAyIOLIUMUCS CIOSIMU

Puc. 3. IIpencrasienue s4eiiKa U ee coceleii B MOJSAPHOI cHCTeMe
KoopauHaT (/ — TexHoJoruyeckas Hopma). IIITpuxoBkoii 0003Have-
HbI TelJIon3oamMpyomue cion SiO,

Fig. 3. Representation of the cell and its neighbors in the polar coordinate
system (I — technological standard). The hatching shows SiO, insulating

layers

TEMJIOU30JIALIMN AByOKcHaa KpeMHus SiO, M akTHB-
Horo marepuaia namsatu GST (puc. 3). B aToMm cityyae
JIByMepHas 3a7a4ya aBTOMAaTUYE€CKU CTAHOBUTCSI OJJHO-
MEPHOI U IJIsl €e pelleHus1 ypaBHeHue (1) MOXHO Iie-
penucaTh B BUJIE

ol =0T 4 kol | ;p )
r or

IJe WieH, CBI3aHHbIN C (a30BbIMU MepexoJaMu, OT-
OpollieH, a ¥ — paauaibHas KOOpAUHAaTa.

VaenapHass MOIIHOCTh TOKA jE MoxeT ObITh paciu-
caHa 06oJsiee oapoOHO, ucxoas 13 (akTa, UYTO OHA UH-
OYLIMPYETCS B 3JIEMEHTE MaMSTH 3aIlIMCHIBAIOIIUM M-
MYJIHCOM

JE=cE? = c(%/)z, 3)
rae 1 — pacCTOsSTHME MEXIY 3JeKTPOJAaMU B aKTUBHOM
obJyacTy a7eMeHTa maMsTh; U — aMITATyIa HMITYJTbca
HaTPSKEHUSI.

ITpu pemieHnn ypaBHeHMS (2) HEOOXOAUMO COOIIIO-
JIaTh YCJIIOBUE

Sl'[
Q= [(cphAT)dS, 4)
0

rae O — SHeprus 3amcH, BBIICIMBIIAACS B LIEHTPATb-
HYIO SIYEHKY NMaMsITU HadyadbHbIM MMITYJIbCOM HampsbKe-
HUs; S, — IUIOLIAAb MOMJIOXKH, Ha KOTOPOH pasme-
LIeH MaccuB sueek namsatu; AT = T(r) — T,, rae T(r) —
TeMIieparypa B JaHHo# Touke r, T, = 300 K — xom-
HaTHas TeMmreparypa (HayajabHasl TeMIiepaTypa akTUB-
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Yacan sueex ¥

Nreerber of cells

i (Tia

Sheepries samics QO gl
Frlve energy 2, 0

Puc. 4. 3aBHCHMOCTb YHCJA OJHOBPEMEHHO MEPE3AMUCHIBAEMBIX
coceaHux sueek /N, KOTOpbie MPUBEAYT K morepe mHdopmanun B
TECTHPYEMOii NEHTPAJIbHOM sYeliKe, OT SHEPrud 3amUCH NpH pa3s-
HBIX HOPMaX TexHoJormyeckoro npouecca (1 — 90 um; 2 — 45 am;
3 — 22 um)

Fig. 4. Dependence of the number of simultaneously recordable neighbor
cells N, which lead to loss of information in the testing central cell, on
recording energy of the different norms of the technology process (1 —
90 nm, 2 — 45 nm, 3 — 22 nm)

HOro mMarepuajia namsru); S — momanb, dS = 2rrdr —
3JIEMEHT TLIOLLAIN.

VcnoBue (4) yuuThIBaeT COXpaHEHUE BCeil 3Hep-
TMu, MEPEIAHHOM B LCHTPAJIbHYIO SYEUKY, BHE 3aBU-
CUMOCTH OT KOHKPETHOTO TepepacipeacaeHus Terio-
THI TI0 CTPYKType (puc. 3). 3Has pacrpeaeieHue Tell-
JIOTBI IO COCEAHUM CJIOSIM, MOXKHO OIpPeAeTUTb YUCIIO
KpaeBbIX suyeeK N, MHPOpMaLUIO B KOTOPBHIX MOXHO
OHOBPEMEHHO Ilepe3anuchiBaTh B sg4eiikax, MpuBe-
JeHHbIX Ha puc. 1, 6, 0e3 CyllecTBEHHOIO Harpena
LIEHTPAJIbHOTO 3JIeMeHTa MamsaTu. /st 3Toro Heoo6xo-
JIMMO OTPENEIUTh KOJUYECTBO IHEPTUU, JOCTATOUHOM
IJIs1 riepexoja sSiYeMKKU U3 BBICOKOOMHOTO COCTOSIHUS
B npoBogsiiee. U3BeCcTHO, YTO U151 TOJHOTO Nepexo-
Ja amMmopHOU SUYeHKM B KPUCTAJUIMUYECKOE COCTOSI-
HHE HEOOXOAMMO COOOLIUThL SYEHKEe CIeaylollee Ko-
JIMYECTBO TEILJIOTHI:

Oup = cphl* (T, — T, (5)

rae [ — TexHosiornyeckasi Hopma (pa3mep STYerKu).

OpHako, Kak cJeayeT U3 Teopuu InepkKoasuuu [7],
JIJIS TIepexojia STUeiiKy B IIPOBOJSIIEE COCTOSIHUE 10C-
TaTo4HO ~30 %-ro 3amojHeHUsT aMopdHOro odobeMa
BKpAIUICHUSIMU KPUCTAIUIMUECKOM (pa3bl U, cleaoBa-
TeJIbHO, TaKOM K& JOJU SHEPTUU

0r, = 0,30, (©6)

Temnory, nepeaaBacMyio B COCEIHION0 STUECIKY, MOXK-
HO OIIPEeAeIUTh 10 (hopMyIie

0, = cphl [ANT(rar. (7)
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HMuTerpupoBanue B ypaBHeHUH (7) BeIeTcs 1O Bce-
My 2JIEMEHTY naMsITh. MOXHO 3amucaTh ciaenyoliee
yCIIOBHE:

0, = N* Oy ®)

M3 BeipaxkeHus (8) MOXKHO OIpeaeauTh MaKCUMAaJlb-
HOE YKCJIO OMHOBPEMEHHO IIePe3aChiBAEMbIX COCEI-
HUX sTYeeK

N= 0,3%’ — 03Tk 1!

, . 9
Oy [AT(r)dr 0

HJ1st pacyeToB BhIOpaHa KOHCTPYKIIMS STYEEK C aK-
TUBHOI 00yacTbio B BUe mopsl [3]. TIpoBenst pacueTsl
C UCIOJIb30BaHUEM ypaBHeHUI (2)—(9) mis pasauy-
HO# TeXHOJOTMYECKON HOPMbI, OJIYUUM YUCIIO CMEX-
HBIX siYeeK NV, TEeIIoTa OT KOTOPBIX MOXET MPUBECTHU K
noTepe MHMOpMalIMY 3a CYET TETIJIOBOM CBSI3U C siYeii-
KO, BEIOpaHHOI B Ka4eCTBE TECTUPYEMOM, IIpU pas3-
JIMYHBIX BHEPTUSIX 3aMMChIBAIOIIETO NMITYJIbCA.

B pacueTax paccTosiHue MeXIy 3JAeKTpoaaMu IpH-
HuMau paBHbIM 100 HM, BEIOOP OCTaJIbHBIX MTapaMeT-
poB obcyxnaincs paHee. CUUTaI0Ch, YTO sTYeiiKa Tepsi-
eT nHpOPMALIHIO, EC/H ee TemIiepaTypa npesbiliaet 7,
KpHYCTaJUIM3allid aKTUBHOH 00J1acTH.

PacueTHble 3aBUCMMOCTM TIpUMBEIEHbI Ha puc. 4.
BunHo, 4TO MpM cOXpaHEeHUH SHEPTHH 3aITUCH YMEHb-
IIEHWEe HOPMBbI Mpollecca MPUBEAET K CHUXKEHUIO
Yyuclia ssyeek ¢ OJIM3KMMU aapecaMu (coceaeit), B KO-
TOpPbIE MOXHO OJHOBPEMEHHO 3amuchiBaTh MHGOP-
Manmio. K Tomy Xe pe3yiabrary MpUBEIET YBEJIMYe-
HUE SHEPIUHU 3alUCU TTPU COXPAaHEHUU TEXHOJIOTUYE-
CKOUW HOPMBI.

3akimoueHue

B pesynbTaTe paboThl MoyYyeHbl 3aBUCUMOCTH, TO-
3BOJISIIOIIME OLIEHUTH BO3MOXHYIO TTOTEpIo MH(pOopMa-
1 PCRAM 3a cueT TeIUIOBO# CBSI3M MEXIY COCE/I-
HUMMU 3JIEMEHTaMU B Ipoliecce GyHKIIMOHUPOBAHMUS.
ITokazaHo, 4YTO MOBBILIEHUE UHOOPMALIMOHHON Ha-
JIeKHOCTY paccMaTpPHUBAEeMbBIX CXEM 3a CUET MCKITIOUe-
HUSl TEMJIOBOI CBSI3U BJIEMEHTOB JOCTUTraeTcsl Mpu
CHUIXEHUM CTEIeHU MX MHTerpanuu. B To ke Bpems
CTeIleHb MHTErpallui MUKPOCXEMbI U, COOTBETCTBEH-
HO, eMKOCTb HAaKOIIUTEJSI MOTYT OBITH MOBBILLICHBI B
HECKOJIbKO pa3 3a CcueT BBeAEHHUS B YIPaBISIOLIYIO
cxeMmy 0J10Ka, KOHTPOJMPYIOLIETO alpecalvio 3aru-
cbiBaeMbIX siueek. [IpuMeHeHMe Takoro pexuma nepe-
3anycu OyJaeT CocoOCTBOBATh CHUXKEHUIO BEPOSITHO-
CTU OTKA30B B slUeiiKax, rae TeMrepaTrypa npeBblllaeT
TeMrneparypy KpUCTaIM3aluM, U B Oojee OTaajieH-
HbIX 3JIEMEHTaxX, B KOTOPbIX MOBBIIIEHWE TemIlepa-
Typbl MOXET He JOCTUTaTh 3TUX 3HauYeHUil [8]. BBox
JOMOJTHUTENIbHOU (YHKIMU B CXEMbI YyIpaBleHUS
PCRAM noBbicUT MHGPOPMALIMOHHYIO HaAEKHOCTH




CYLLECTBYIOIINUX YCTPOMCTB U MO3BOJUT pa3padoTuu-
KaM MEePerTHU K CIECAYIOLIE TEXHOJOTUYECKOU HOp-
Me, YBEJIMYUB CTEeNEeHb MHTErpalliid MUKPOCXEMBbI 3a
CUET CHMXXEHUSI TpeOOBaHUI K TEIJIOBOM M3O0JSLIMN
OTIEJIbHBIX 3JI€MEHTOB.
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Algorithm for Programming of Nano-sized Cells of Alternating-Phase Memories
for Improvement of Their Information Reliability

Now the non-volatile memory on phase changes has passed the stage of successful realization of prototypes [1, 2] and entered
the industrial production stage (Micron Technology, etc.). One of the most interesting application is the use of the Phase Change
Random Access Memory (PCRAM) as the basic memory instead of the dynamic memory DRAM or together with DRAM of a small
volume. Application of PCRAM will allow us to increase considerably the volume of random access memory (RAM) with a con-
siderable reduction of the power inputs for information storage. The latter is especially important for the autonomous units. At the
same time application of PCRAM in RAM demands an increase of the limiting number of cycles of rewriting and a decrease of prob-
ability of failures during information rewriting. The given work is devoted to one of the opportunities to increase the information re-
liability and durability of PCRAM due to establishment of certain rules for rewriting of cells which could lower the local overheat

of the active areas of the remembering cells.

Keywords: non-volatile memory, phase memory, PCRAM

Model of PCRAM cells operation

The reviewed memory of PCRAM type stores infor-
mation in the resistive cells that may have a high or low re-
sistance. Amorphous high-resistance state of the active
area of the memory element changes by a low-resistance
crystallite state under the influence of the control impulses
of a small amplitude (~1 V) and duration of ~100 ns due
to the switching [3]. At the reversive transition, the mem-
ory cell changes the crystalline state to an amorphous by
melting followed by solidification of the melt. For this, the
voltage pulse with a higher amplitude and smaller duration
(~50 ns) than in the first case is applied to a crystallized cell.
Ge,SbyTes (GST) is used for phase transition as an active

memory material, so the calculations presented in this pa-
per is based on its parameters.

Each of the phase transformations described the paper
occurs at certain temperatures and accompanied by a
considerable heat exchange with the environment. The
crystallization can occur at temperatures ranging from
Tiryst = 400 K to Tiepe = 905 K [4] and is accompanied
by the heat emission. The melting goes at the temperatures
~Therr and is accompanied by heat absorption. At over-
writing of data in whole arrays of cells, arranged on the
same substrate, a thermal interaction of neighboring el-
ements inevitably occurs [1—3, 5]. It can affect on their
operation. For example, the thermal influence of one
central cell on all the neighboring cells is examined in [6]
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(fig. 1, a). However, at hi-speed storing information in
memory arrays, the entire situation becomes significant
when overwriting goes not in one the central cell, but in
the surrounding cells, for example, according to fig. 1, b.

The heat from the active cell, where the information
recording proceeds, distributes into the neighboring cells,
that may affect on the data saved in them. The situation
is more important, where the heat from some cells that
are in the active state (storing of information) will be
distributed into the central cell with the recorded infor-
mation, the thermal affection on which is not desirable.
Fig. 2 shows that the heat passing into the central cell from
all neighboring cells summarizes. This can lead to a change
in its phase composition, i.e., to loss of the stored infor-
mation. There are two possibilities to eliminate the ther-
mal interaction between the neighboring cells. Firstly, it is
possible to increase the thickness of the insulating layers
and the distance between the elements. This method is
used at the design stage of a circuit and has a significant
effect on the spatial density of the cells on the substrate.
Secondly, it is possible to organize a control circuit of data
recording into the memory cell in such a way, that the
neighboring cells will be never overwritten at the same
time, that will significantly reduce the need for their ther-
mal insulation. This approach is quite effective, but re-
quires some modification of the control circuit so as to
provide information storing taking into account the cell
addresses.

Thus, it is necessary to determine the number of the al-
lowed ganged neighboring elements, which will not lead to
data overwriting in the central cell (fig. 1, b), for various
technological standards and the energies of recording
pulse. The value of the latter, in turn, depends on the de-
sign and technology of the memory cell.

To solve this issue you need to calculate how much of
this energy will transfer to the nearest neighbors the amount
of energy supplied into the cell at its rewriting. Only the cells
should be considered that are in the amorphous state, since
they will first lose the information, transferring into the crys-
talline state at heating to the crystallization temperature
T¢rys- The cells that are in the crystalline state are not in-
teresting for us, since to lost the data they must be heated
to the melting temperature 7. The latter is improbable,
taking into the account that they are only affected by the
heat transferred through the SiO, heat insulating layer from
the nearest neighbors.

To solve the issue of heat transfer between the elements
let’s use the heat-transfer equation, which fully reflects the
redistribution of heat at work of memory:

2
oT Y
9L =vV(kVT) + jE+ — 1
P (kVT) +j A (1)

where ¢ — the specific heat (¢ = 0,2 J/(g - K) for GST [4],
and ¢ = 0,7 J/(g - K) for SiO,); p — density (p = 6,2 g/cm3
for GST [4] and p = 2,2 g/cm3 for SiO,); T — ab-
solute temperature; k — the coefficient of thermal con-
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ductivity (k= 0,003 W/(cm-K) for GST [4] and
k= 0,001 W/(cm - K) for SiO,), j = o £ — current den-
sity, o = 10 Q leem™ — the conductivity of crystalline
GST; E — electric-field intensity, pr — the heat of phase
transformations (pr < 0 during melting and pr > 0 for
crystallization); ¢ — time; V' — volume of the cell. The
term associated with the heat of phase transformations
in (1) can be discarded because we are not interested in
the phase transition by itself, but rather a situation which
leads to it. The specific power of current impulse jE,
supplied to the central cell, varying by the amplitude of
the impulses. Their duration is taken equal to 50 ns,
which corresponds to the typical values in the industrial
circuits.

The solution of equation (1) should be carried out in
a two-dimensional coordinate system, since in the one-
dimensional approximation the heat in the real structure
spreads in all directions, in this case will spread on the se-
lected coordinate that will give the excessive temperature.

However, the two-dimensional approximation in the
Cartesian coordinate system will slow down the calcula-
tion. This can be circumvented by transferring to a polar
coordinate system and giving the rotational symmetry to
the task. We assume that the central cell is surrounded by
a concentric alternating layers of insulation of silicon
double-oxide SiO, and the active memory material GST
(fig. 3). In this case, the two-dimensional issue automat-
ically becomes one-dimensional, and to solve it, the equa-
tion (1) can be rewritten as

2
o7 oT | kol .
=k%s + 2L +E 2
P or ror 15 2)

where the term associated with phase transitions is
discarded, and r is a radial coordinate.

The specific power of jE current can be described in
more detail on the basis of the fact that it is induced in the
memory element by a recording impulse

JE=GE? = G(%)Z, 3)
where & — the distance between the electrodes in the ac-
tive region of the memory element; U — the amplitude of
the voltage impulse.

The following condition must be satisfied when solving
the equation (2)

s
Q= [(cphAT)dS, “

=

(=]

where Q — the recording energy evolved into the central
memory cell by the initial voltage impulse; S, — the area
of the substrate on which the array of memory cells is ar-
ranged; AT = T(r) — T}, where T(r) — the temperature at
the point r; T}, = 300 K — the room temperature (initial
temperature of the active material of memory); .S — area,
dS = 2nrdr — the area element.




The condition (4) takes into account the conservation
of the total energy transmitted to the central cell, regard-
less of the specific heat redistribution in a structure (fig. 3).
Knowing the distribution of heat by the neighboring layers,
it is possible to determine the number of boundary cells X,
in which information can be overwritten at the same time
in the cells at fig. 1, b, without significant heating of the
central memory element. This requires to determine the
amount of energy which is sufficient to switch the cell
from the high-resistivity state to the conducting state. It is
known that for a full transition of the amorphous cell to
the crystalline state, the following amount of heat must be
imposed to a cell

chyst = Cphl2( Tcryst - Tk): (5)

where / — is the technology standard (cell size).

However, as follows from the percolation theory [7],
the transition of the cell into the conductive state needs
only ~30 % filling of the amorphous volume by the crys-
talline phase inclusions, thus the same power share

chyst = 0’3chyst' (6)

The heat, transferred to the neighboring cell can be de-
termined by the formula

Ocep = cphl [AT(r)dr. (7

The integration in equation (7) is over the whole mem-
ory element. You can write the condition

chyst =N- chll‘ (8)

From (8) we can determine the maximum number of
simultaneously rewritable neighboring cells

(T

N = 0’3 chyst — 0’3 cryst — Tk)l (9)
Ocern [AT(r dr

The design of cells with an active area in the form of
pores was chosen for calculations [3]. After the calcula-
tions using equations (2)—(9) for various technological
standards, we will obtain the number of neighboring cells N,
the heat from which may lead to data loss due to thermal
coupling with the cell selected as a test at various energies
of the recording impulse.

In calculation, the distance between the electrodes was
taken equal to 100 nm, the choice of the other parameters
was discussed previously. It was believed that the cell loses
information if it temperature exceeds the temperature of
crystallization Ty of the active region.

The calculated dependences are presented in fig. 4. It
can be seen, that the reduction of the technological standard
at keeping of recording energy will reduce the number of

cells with similar addresses (neighbors), which can simulta-
neously record information. The same result will be received
at increase in the recording energy at keeping of the tech-
nological standards.

Conclusion

As a result, the dependencies were received allowing to
assess the potential loss of information in PCRAM due to
the thermal coupling between the neighboring elements in
the process of functioning. It was shown, that an increase in
the information reliability of the reviewed schemes by elim-
inating of the thermal coupling of elements is achieved by
reducing of their integration degree. At the same time, the
degree of ICs integration and, accordingly, the storage ca-
pacity can be increased by several times by introducing into
the control circuit of a unit, which controls the addressing
of recordable cells. The use of such overwriting mode will
reduce the probability of failure in cells where the temper-
ature exceeds the crystallization temperature and also in
more distant cells, in which an increase in temperature can
not reach those values [8]. Introduction of an additional
functions in the control circuit of PCRAM will enhance the
reliability of existing information devices and allow devel-
opers to move on the next technological standard, increas-
ing the degree of integration of the chip by reducing of re-
quirements for thermal insulation of the individual ele-
ments.
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OTKA30YCTOMYNBOCTb MOKOMIMOHEHTHO AYBAUPOBAHHOM

MWUKPOCXEMbI NMPU OBAYHEHNU

Ilocmynuna 6 pedaxyuro 27.11.2014

IIpeonazaemcs Ho6bLI NOOX00 K OUeHKe OMKA30YCMOUMUBOCIU HAHO- U MUKDPOINCKMPOHHBIX UHMEZDANbHbIX CXEM 8 3a6UCU-
mocmu om deticmeus ooayuenusi. Paccmampueaemcs npumenenue 3moeo nodxooa K oyeHke OmKasoycmouyugocmu MUKpocxem,
NOCMPOCHHBIX CNOCOOOM NOKOMHOHEHMHO20 0YOAUPOBaHUs 0e3 UCNOAb308AHUS A02UMECKUX O0K08 CDABHEHUs Pe3Yabmamos, no-
JAYHMEHHBIX HA BbIX00AX A02UMECKUX KOMNOHEHMO8 MUKPOCXeM. B amom nodxode yuumoiearomess omrkasvl He MOAbKO 3AeKMPOHHBIX
npubopos, Ho u mexccoedurnenuti. Ha ocnoge 3moeo nodxoda GopmanbHo OnUCbIBaAemcs HOBbIL Memoo OUEeHKU OMKA30yCMou4u-
80Ccmu 001yHaeMbixX MUKPOCXeM, HA36AHHbLI Memodom oueHKU "no niowadam”, Jlaromes gopmyast 0UeHOK 6eposmHOCHU OMKA308
MUKPOCXeM 8 3a8UCUMOCIU OM NAPAMEMPO8 00AYHEeHUS U POPMYAbL OUEHKU NAPAMempos paouayuoHHOU CIOUKOCMU MUKPOCXEM.

Karoueeuvie caosa: HAHO31EKMPOHUKA, MUKDOIN1eKMPOHUKA, 0mxa30ycm0ﬁuueocmb, B6He3aNHbLIl omkas, nocmeneHHblll omkas,
pesepeupoearue 6 31eKmpoHHblX cucmemax, 0y6/lupoeaﬂue, Me.)K‘COE@LIHeHLle, pa@uauuouﬂaﬂ CMOUKOCMb

BBenenue

B nocnenHee nmecsTuiieTue B CBA3U C Pa3BUTHUEM
HaHO2JIEKTPOHUKHM BO3POC MHTEpEC K CIocodam Io-
BBILIIEHUS OTKA30YCTOMIMBOCTU TUCKPETHOM SJIEKTPOH -
HOI anmapaTypbl, OCHOBaHHBIX Ha k-KpaTHoM (k > 3)
MOKOMITOHEHTHOM pe3epBupoBaHuu [1, 2]. OmgHako
IUUISL UCTIOJIb30BaHUsI TUX CIIOCOOOB HE pelleHa Mpo-
6eMa co3maHMs BHICOKOHAIEXXHBIX MaXOPHUTaPHBIX
kianaHoB. Ha3BaHHBIE CITOCOOBI TPEOYIOT OOJIBIIOTO
YBEJIMUYEHUS 3aTpaT 000pyIOBAHMS U CHUKEHUSI OBI-
CTPOACHCTBUS MPU MOCJIEA0BATEILHOM COCIMHEHUU
TPYIIT Pe3epBUPYEMBIX Y3JI0B. B MeTOmax OolleHKM OT-
Ka30YCTONYMBOCTH MUKDPOCXeM!, OCTPOCHHBIX C HC-
MTOJIL30BaHMEM YKa3aHHBIX CITOCOOOB, B M3BECTHBIX pa-
0otax [1, 2] He yuuThIBaeTCs AeHCTBUE OOJIyYeHUST HA
3JIEKTPOHHYIO aImmaparypy.

Ha ocHoBe ucciieqoBaHuii OTKa30B IMOJYIPOBOI-
HUKOBBIX TIPUOOPOB M MEXCOSOIMHEHWI TP BO3ICH-
cTBUU oOsydyeHust [3, 4] Hamu B [5—7] ObLT mpemio-

! 31ech TepMIH "MHKpOCXeMa' BBIGPAH B KAUECTBE KPATKOTO 06~
LIETO HA3BaHUsI MHTETPAJIbHON CXEMbI, OTHOCSIIIENCST KaK K HaHO-,
TaK ¥ MUKPO3JIEKTPOHUKE; HEOOXOMIMMOCTh B TAKOM OOIlleM Ha3Ba-
HMM 00YCJIOBJIEHA TEM, UTO MpeTaraeMblii IOJIXO1 U OCHOBAHHbIE Ha
HEM CIOCOOBI Pe3epBHUPOBAHMS TPeIHA3HAYEHBI JJIS1 MCIOIbh30Ba-
HMSI U B HAHO-, U B MUKDPO3JIEKTPOHUKE.
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JK€H CMoco0 MOCTOSTHHOIO MOKOMITOHEHTHOTO 1y0JIu-
pOBaHMs, IpeaHa3HAYEHHBIN JJIS1 TTOBBILLIEHUSI OTKa-
30yCTOMYMBOCTA MUKPOCXEM B MEPBYIO OUYEpEab MpU
00Jly4eHUU B HAHOBJEKTPOHUKE. OTIUYUS 3TOTO CIO-
co0a 3aKJII04aroTCsl B TOM, YTO BBIXOJBI AYOIUPYIOIINX
JPYT Apyra aKTUBHBIX KOMITIOHEHTOB COEIUHSIIOT MEX-
Iy co0OIi HEMOCPEACTBEHHO 0e3 MCIIOJb30BaHUS JIO-
TMYECKNUX OJIOKOB CPaBHEHUSI, MEXKCOENUHEHUS TyOu-
pYIOT, a AyOJupyeMble KOMIIOHEHTHI (MX COCTaBJISIO-
II1E JIOTUYECKUE DJIEMEHTBI U MEXCOEANHEHUS) pac-
MoJaraloT B MUKPOCXEME OIUH OTHOCUTEIBHO IPYroro
Ha pacCTOsIHWMMU, NPEBBILIAIOLIEM pa3Mep 00JIacTH 1Oo-
BPEXICHUS, CO3IaHHON OOHOM YacTULIEH U3IYyYECHUS,
YTOOBI OHA HE MOIJIa BEIBECTU 13 CTPOSI Cpa3y ABa 1y0-
JIMPYIOIINUX OPYr Apyra KoMmoHeHTa. B [5—7] ObL1
MPEeUIOKEH OOLIMI MOAXOMI K 3TOMY HOBOMY BUIY 1y0O-
JIMPOBAHUSI, MPUBEIECHBI TPUMEPHI CXEMHBIX PEIIEHUI
aKTUBHBIX AYOJIUPYIOIIUX U AYOJMPOBAHHBIX KOMIIO-
HEHTOB W JaHa NMPUOJU3UTENbHAS OLIEHKA BEPOSTHO-
CTU BbI3BAHHOIO OOJYYEHMEM OTKa3a MUKPOCXEMBI C
TaKMM TOKOMITOHEHTHBIM JAyOJIMpPOBaHUEM.
YkazaHHbIE OCOOEHHOCTH IMPEMIOKEHHOIO CIIOCO-
6a nyOoaMpoBaHWS MO3BOJISIIOT MPUMEHSTH €ETO BO MHO-
IUMX Clydasix BMECTO TPOMPOBaHUs, TPEOYIOIIETro, Kak
WU3BECTHO, UCMOJIb30BAaHUS MaXKOPUTAPHBIX KJIATIAHOB,




KOTOpBIE TOXE ITOABEP>KEHBI OTKa3aM M IOCJIeIOBa-
TeJbHOE BKJIIOUEHHUE KOTOPBIX MPUBOAMUT K MOTepe Obl-
cTpoaeiicTBus. B pabote [7] KpaTKo yKa3bIBaJIUCh pa3-
JIMYHBbIE 00JIACTU MPUMEHEHMSI 3TOr0 Crocooa.

st OLeHKHM OTKa30yCTOMYMBOCTUM MUKPOCXEM B
3aBUCUMOCTHU OT JeMCTBUSI U3JIydeHUsT HaMu B [5, 6]
ObUI MPeaI0XeH HOBBIA METO/ OLIEHKH, KOTOPBIA 1MO-
JIyYMJI HEKOTOpPOE pa3BUTHE B [7] M KOTOpPHIA OyaeM
Ha3bIBaTh METOIOM OIIEHKHM OTKA30yCTOMYMBOCTH 00-
JIydaeMbIX MUKPOCXeM "TIO TLIoLaasm".

s nanbHen1ero u3y4yeHus: npeyiokeHHOTO CITo-
coba gy0aupoBaHMS U MOCISAYIOIIETO CPAaBHEHMS €T0
C IpyTUMHU CIOCO0aMU pe3epBUPOBAHUSI MTPEACTABISCT
WHTEPEeC COBEPIICHCTBOBAHWE METO/Ia OIIEHKH OTKA30-
YCTOMYMBOCTU O0Jy4aeMbIX MUKpOcXeM "MO TLIolIa-
JIsM", B TIEPBYIO odepeib IPUMEHUTENIbHO K MOKOMITO-
HEHTHO XyOIMPOBAaHHBEIM MUKPOCXeMaM, ITOCTPOSHHBIM
C IIOMOIIBIO 3TOro criocoba. Hike nmpuBoautcs dosee
CTpOTrMi TOAXOA K OlieHKe "o TUToLIaasM” OTKa30-
YCTOMYMBOCTH TaKWUX MHUKPOCXEM IIpU OOJIyuYeHUH,
MpeajaraeTcss MeToJ yueTa OTKa30B MeXCOeAMHEHUM
u nJawTcsd ¢GOpMyJIbl OLIEHOK BEPOSITHOCTU OTKAa30B
MUMKPOCXEM B 3aBUCHMOCTH OT MapaMeTpoB OOIyUeHUs.

1. BeposTHoCTh 0TKa3a Hepe3epBUPOBAHHOM
MHKPOCXEMbI

CHauaJia OLIgHM BEPOSITHOCTh OTKa3a Hepe3BUPO-
BaHHOII MHKPOCXEMBI, COCTOsIIe U3 N KOMIIOHEH-
TOB, HA OCHOBE MOJIEJIA TAKOK MUKPOCXEMBI, Ipe/Iia-
racMoi HUXKE.

Mooeab nepesepseupoeannoii Mukpocxemot

[Jtst ynpolleHus OlLIEHOK OTKa30yCTOMYMBOCTHU
MUKPOCXEMBI B 3aBUCUMOCTH OT WU3TYYECHUST MPEACTA-
BUM OOBEMHYIO MHOTOCJIOMHYIO MUKPOCXEMY B BUIIE
9KBUBAJIEHTHOM €ii riaHapHOM (IJIOCKO) MUKpPOCXe-
Mbl U OyJieM paccMaTpuBaTh MomnanaHue MoToka ooy-
YAIOIIUX YACTULL B KOMIIOHEHTHI 3TOM 3KBUBAJIEHTHOMN
MUKPOCXEMBI, IIPEACTABIECHHBIC YACTAMU €€ TIOLLAIN.

B HepesepBUpoOBaHHOI MUKpPOCXeME OTKAa3 OJHOIO
U3 €€ KOMIIOHEHTOB MPUBOAUT K OTKAa3y BCEW MUKPO-
cxeMmbl. 11t yripollieHusI 3a1a4y MpUMEM, YTO TUIOLIAb
Hepe3epBUPOBAHHOM IIaHAPHON MUKPOCXEMBI pa3ou-
Ta Ha CcOIpUKacamoIIrecs "KICTKH' TMPSIMOYTOJBHOM
¢opMBI 1 OIMHAKOBBIX pa3MepoB. bymem Ha3bIBaTh
9TU KJIETKU sueiikaMmu. Adeliku Hepe3epBUPOBAHHOM
MMKPOCXEMbl UMEIOT OIMHAKOBYIO Tuiomanb. Kaxnas
siyeiika COAEpPKUT OAMH KOMIIOHEHT, KOTOPbIi Oyaem
CUWTATh YCJOBHBIM, TMOCKOJIBKY Oynem abcTparvmpo-
BaThCs OT ero (pyHKUMI U coaepkaHus (B YaCTHOCTH,
cxembl). IlpuMeM Takke, YTO BCe KOMIOHEHTHI OAU-
HAKOBBI U OIMH KOMIIOHEHT 3aHUMAET TIIOLIAIb BCEH
SIYeKM. DTO MO3BOJISIET OTOXIECTBUTD SIYEHKY C KOM-
TIOHEHTOM M CUUTATh, YTO HEPE3EPBUPOBAHHAS MUKPO-
CXEMa TOJIHOCTBIO TTIOKPBITA COCTABISIOIIUMU €€ KOM-

MoHeHTaMU-s1ueikamu. Kaxmas takast siyeiika MOXeT
BBIATU U3 CTPOs MpH IOIMaJaHUX B HEE€ OMHOM YacTh-
el [Ipy 3TOM BCce 3TV KOMIOHEHTHI-STYCKN UMEIOT
OIMHAKOBYIO0 BEPOSITHOCTb OTKa3a IpHY MOIAJaHUU B
Hux yactunpl. g ymoodcTBa OyaeM roBOpUTH 00 OT-
Kas3e SYeiKu, UMes B BUIy OTKa3 €€ HAIIOJIHEHUSI, T. €.
OTKa3 KOMITOHEHTa.

Ouenka éeposamuocmu omkasa
Hepe3epeuposanHoli MUKPOCXeMmbl

B [5—7] dopmyia BeposSITHOCTH OTKa3a Hepe3epBU-
pPOBaHHOI MUKpOCXeMbl Oblj1a JaHa 0e3 ee BhIBOJIA, YTO
3aTPYIHSIO TIOHMMaHWE MeXaHM3Ma OTKa3a MHMKpO-
CXEMBbI IO ACHCTBUEM MOTOKA OOJIyYarolIuX YaCTHIL.

CHauayia OLIeHUM BEPOSTHOCTb OTKasa SYEWKHU, a
3aTeM — BEPOSITHOCTH OTKa3a HEPE3€pPBUPOBAHHOM
MUKPOCXEMBI.

Bepoamnocmo omkaza suetiku. Yuciao Qz YacTull, Ma-
JIAIOIIMX Ha STYEUKY 3a BpeMsi 00JIyueHHUs, COCTaBIsIeT
QH,H = CDHSH,H’ (1.1)
rae ®, — GIIOEHC, WM MHAa4Ye roBOps, MaTeMaThye-
CKO€ OXMIaHKMe Y1ciia YacTULL, MOMaBIIMX B 1 cm? MuK-
pocxeMbl 3a BpeMsl OOJIydeHUsI Hepe3epBUPOBAHHOM
MUKPOCXEMBI; S, — TUIOILAAL AYEHKN HEPE3EPBUPO-
BAaHHOU MUKPOCXEMBI B cM?.

DoeHC — BEIMUYMHY, XapaKTePU3YIOIIYI0 YPOBEHb
o0JlyueHuUs1, ISl Hepe3epBUPOBAHHONW MMKPOCXEMbI
MpeICTaBUM B BUJIEC

Dy = Ttory s (1.2)
rae / — MHTEeHCUBHOCTD U3JIyYeHUsI, IIPEACTaBIISTIOIAs
YUCI0 YacTUll, mpuxonsiieecss Ha 1 cM? B EAVHUILY
BpeMeHM (3a 1 ¢); Zy. ;; — BpeMs OOJIyYyeHUs OT Ha-
YaJIbHOTO MOMEHTA, HI;MHSITOFO 3a HyJIb, 10 MOMEHTa
OTKa3a Hepe3BUPOBAHHOU MUKPOCXEMBI C BEPOSITHO-
CTBIO, KOTOpasi OyIeT oIpeaesieHa HIXKe.

ITonaBuiasi B MUKpOCXEMY YacTH1la MOXET BbI3BATh
B3aMMOJIEHCTBUE (COoydapeHKue) ¢ aTOMaMU SYEUKU C
HEKOTOpPOI BEPOSTHOCThbIO W, KoTopasi OyzneT paccMoT-
peHa Huxe. s yrnpolueHus: MpuMeM, 4To 3TO B3au-
MOJICHICTBME BCETAA BBI3BIBAECT MTOBPEXACHUE STUCUKH,
XOTs B 0011IeM cllyyae 3To Heobsi3aTeabHo. [ToBpexe-
HHYE€ KaXIOU SSTYeHKU MPU 00TyYEHUN HE BIUSIET Ha TO-
BPEXIEHUE OCTATIBHBIX SYEEK B MUKPOCXEME M OTIpeIe-
JISIETCS TOJIbKO €€ XapaKTepUCTMKaMy W MapaMeTpamu
U3JTyYyeHUsl (SHEepryeil yacTull, TeMrepaTypo 1 ap.).

IToBpexxaeHue siueiiku I1MOO BHI3BIBAET €€ BHE3aM-
HBI OTKa3, JUOO MOXET MPUBECTU K €€ MOCTEMNEeH-
HOMY oTKazy. g ynpoueHus 3agadyu MpuMeM, 4To
B3aMMOJECUCTBUE YACTUIIBI C STUYCHAKON BCETIA MMPUBO-
AT K BHE3AaIIHOMY OTKa3y SYEMKM, KOTOPBIHA B Hajlb-
HelileM OyleM Ha3BaTb MPOCTO OTKA30M.
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Kaxmas sdeiika MOXeT MOBpPEXIATbCS pPa3HBIMH
yacTullaMU. DTU MOBPEXKAEHMS STUSHKU pa3HbIMU Yac-
TUIIAMU SIBJISIIOTCSI HE3aBUCUMBIMHU, HO COBMECTHBIMH
coobiTusiMu. [ToaToMy MaTeMaTyecKoe OXUIaHUE KO-
JnyecTBa (CpeaHee YMCIO) MOBPEXICHUN STYSHKU He-
pe3epBUPOBAHHON MMKPOCXEMbl TpU OOJYyYEeHUU ee
(iroeHcom @, yacTul OyaeT

a= QH’HW, (1.3)
rae W — BepOSTHOCTH ITOBPEXIECHUS OMHON STYeHKU
MpU MOTNAaJaHUU B Hee OJHOI YacTulibl (popmyna ajis
BeposATHOCTH W OymeT paccMoOTpeHa B ClCAYIOIIEM
noapasaese).

ITycTh pacnpenenaeHe KOJTUIECTBA vV ITOBPEXICHUIA
SIYEeKM B 3aBUCUMOCTU OT UX BEPOSITHOCTU OIMMCHIBA-
ercs 3akoHoM Ilyaccona:

Pgv = (a'exp(—a))/V!, (1.4)
e pgy, — BEPOATHOCTL OTKA3a SAYEWKMU IPU v MOBpe-
KICHUSIX; Vv — TOYHOE YUCJIO MOBPEXKICHUI STUCHKM;
a — MaTeMaTU4yecKoe OXMIAHUE YMC/Ia TTOBPEXACHUU
SAYCUKH.

IlepBoe xe moBpexaeHue ssueiiku (mpu v = 1) mpu-
BOIMT K €e 0TKa3y. [103ToMy BEpOSITHOCTh TAaKOTO OT-
Kas3a SYeiiKr B HEpe3epBUPOBAHHOM MUKPOCXEME Hali-
meMm mpu v = 1:

Pau = aexp(—a), (L.5)

oTKyZIa Npu a < 1 monyyum

Pan = a. (1.6)
Bb1600 hopmyast 6eposmuocmu omkasza Hepesepaupo-
6aHHOU mukpocxemsl. OTKa3bl pa3HbIX STYEEK B MUKPO-
CXeMe€ — COOBITHSI COBMECTHbBIE U TTIOTOMY OIPEJAETUM
BEPOATHOCTL P,; 0TKa3a Hepe3epBUPOBAHHOW MUKPO-
CXEeMbI, cocTosIlIeld U3 N gueek, KaK CyMMY BEpOSIT-
HOCTel COBMECTHBIX COOBITUI, KaXXI0€ U3 KOTOPBIX
MpeACTaBIsIeT CO00I OTKa3 OMHOMN SYEHKU:

2 3
Py = Npﬂ,H B CN(pH,H)2 + CN(pF[,H)3

. DN DY, (1.7)

rae C,zv u Ci, — yucyio coyetaHuid u3 N nmo 2 v no 3
COOTBETCTBEHHO.

®opmyna (1.7) BeBomutcs u3 Gopmyisl (3.2.4),
npuBeaeHHOU B [8, c. 42], Mpu OAMHAKOBBLIX BEPOSIT-
HOCTSIX py ; OTKa3a JIIOObIX s1Y€eK B HEPE3ePBUPOBAH-
HOM MUKPOCXEME.

IMoxactaBus B (1.7) opMybl 119 yKa3aHHBIX cOUe-
TaHUH, TIOJIyYUM

Py~ Npy oy — (Npy /2 + (Npy /6, (1.8)
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OTKyJa Mpu (NPH,H) < 1 monyuyum

Py~ Npy . (1.9)
OuyeBuaHO, uTO IUIOWIAND S, HEpe3epBUPOBAHHOM
MUKPOCXEMEBI OyIeT

(1.10)

[oncraBug B (1.9) Beipaxkenue (1.6), ¢ yuetoM (1.3),
(1.1) u (1.10) monyyuM BepOSITHOCTh OTKa3a Hepe3ep-
BUPOBAHHOW MMKPOCXEMBbI BCIEACTBUE OTKa3a JI0O0M
€€ AYECUKU:

P~ S, W. (1.11)

PaccMoTpuM Terneps BeposiTHOCTh W oTKa3a omHOM
STYEHKM MPU TMOMaJaHUM B Hee YacTUlibl. DTa BepOsIT-
HOCTb MOXET OBbITb MPEACTABJIEHA B BUIIE

W = ondf, (1.12)

Ie ¢ — CeYeHMe B3aUMOJEHCTBUS 00yJalolel yac-
TULBI C aTOMaMU BelLlECTBA MUKPOCXEMbI; # — YUCJIO
aTOMOB BellleCTBA MMUKPOCXEMbI B 1 em; d — CpenHsist
TOJIIMHA MaTepualia TYerKu; f — KOHCTaHTa, YYUThI-
Balollas BIMSIHAE MHOXeCTBa (PakTOpoB, K KOTOPHIM
OTHOCSTCSI, B YaCTHOCTH, BUJ U dHEPIrus YacTUll, yroJ
HX MaJeHUsT Ha TUIOCKOCTh, TAe pacrojokeHa MUKpPO-
CcXeMa, TeOMETPUS STYEUKHM U TUIT MaTepUajIoB, U3 KO-
TOPBIX OHA MU3TOTOBJICHA, BJEKTPUUYECKUE YCIOBUS €€
paboThI U 1p.

CrenaeM HEKOTOpbIe 3aMeYaHUsl OTHOCUTEJIbHO Be-
JuuuHbl f. Eciu f= 1, To Kaxzaas yacTuiia, UCTbITaB-
11asi B3aMMOJEMCTBUE, T. €. IOIaBIlias B KOMIIOHEHT
MMKPOCXEMBI, BBI3BIBAET €T0 OTKa3. B meiicTBUTEIHLHO-
ctu ke f< 1 (umm paxe f<< 1), T. e. He Kaxnas yac-
THIIA BBI3BIBAET OTKA3 KOMIIOHEHTAa MUKPOCXEMEI.

ITpu BeIOOpE 3HAYEHMST KOHCTAHTHI f BaXKHO Y4eCTb,
YTO TMPU MOMNaJAHUN OJHON YaCTULIBI B MUKPOCXEMY K
BHE3aITHOMY OTKAa3y NMPHUBOISAT HE TOJbKO HEMCIIpaB-
HOCTH THTIA 0OPBIBA MM KOPOTKOTO 3aMBIKAHUSI, HO U
CUJIbHBbIE U3MEHEHMSI TTapaMeTPOB KOMIIOHEHTOB MUK-
POCXEMBEL.

Pacuet KOHCTaHTHI f CONMpPSIKEeH C OOIBIIMMU HEOIT-
peneneHHOCTSIMHU. [109TOMy B KOHKPETHBIX CITydasix
11eJ1IecO00pa3Ho OMpeaesiaTh €€ 3HAYCHUE DKCIIEPUMEH -
TajnbHO. Huoke 1U1st olieHKY rcnofib3yeM f = 1, XOTs Bbl-
0Op IPYyroro 3HaY€HMs ATON KOHCTAHThI TPUHLIMITUAITb-
HO HMYETo He MEHSET B pacCMaTPMBAeMOM TIOIXOIE.

IIpuBenem mpumep BBIUMCIEHUs BeposiTHoctu W
o dopmyne (1.12). ITycTh YaCTULIBI — 3TO HENUTPOHHI,
JUISI KOTOPBIX XapaKTepHOe 3HauYeHue CEeYeHMST B3au-
MozeiicTBust cocTasisier o = 10724 em2. ITpumemMm, uto
n=5-10% aTOMOB/CM3 (cayyaii, Korma BELIECTBOM
MHKDPOCXEMBI SIBJIIeTCSl KpeMHUi), d =3:10"° cMm
(1. e. mpuMepHo 100 atomHBIX cioeB), f = 1. C yueToM




atoro BeruncuM W=1,5-10"". Torna npu S, =1 cM?
NOJTy41M
P,=®,1,5-107". (1.13)

Ecnu TpeGyeMast BepoSITHOCTh 6e30TKa3HOM pabo-
Thl MUKPOCXEMBI COCTaBJISIET

1= P,~0,9999, (1.14)
T0 U3 (1.13) mosyynMm, 9TO HONMYCTUMBINA (roeHC Dy,
COCTaBUT

@, = 103/1,5. (1.15)

Tenepp u3 (1.2) HalineM 3HaYeHUE BpeMEHU fork, 1
00JlydeHMSI I0 MOMEHTa OTKa3a Hepe3BHPOBAHHOM
MUKpocxeMbl npu ¢doeHce (1.15) u, Hanpumep, TIpu

MHTEHCUBHOCTU 00JyuyeHust I = 103 ‘iaCTl/[Ll/CM2 ‘C:

fomen = ©./1=1/15~07¢c.  (1.16)

OTK,H

st Apyrux 4yacTull, HarpuMep, MTPOTOHOB, TSKEIbIX

s/ep, BeJMYMHA ¢ MOXET YBEJIMUMThCS Ha 2—4 mopsi-

ka. Torma nonyctumelii GoeHc @, YMEHBLUIUTCS BO
CTOJIBKO € pas.

ITonyyeHHoe BhIlIe 3HaUYeHME (IrOeHCa SBISETCS
OYeHb MajJbIM M BecbMa JaJeKUM OT TpeOOBaHWUM,
MPEIbSBISIEMbIX K YCIOBUSIM PabOThI B TPUMEHEHMSIX
BJIEKTPOHUKHU, CBSI3aHHBIX C OOJlyudeHHEM, B YAaCTHO-
CTH, B aTOMHOW WJIM KOCMUYEcKoil obiactu. boee
TOTO, €CTECTBEHHBIN (POH KOCMUYECKOTO M 3eMHOTO
MPOMCXOXACHUSI OKa3bIBAETCS CPABHUMBIM C 3TUMU
3HayeHusIMu ¢ioeHca. OTcioaa ciaeayeT, YTO HaaexX-
HOCTb HAHOBJIEKTPOHHBIX CUCTEM CUJIbHO OTpaHUYeHa
1 SIBHO HETOCTATOYHA, €CJIM He TIPUHSTD CTIIeIIMAIbHBIC
Mepbl. Hanmpumep, HeHaaeXKHOCTb 3JIEKTPOHHOI CUC-
TEeMBbI MOXET OBITh BBI3BaHA NCHCTBUEM TSXKEJIBIX 3a-
psKEHHBIX yacTull. [laxe peakue ux IomnagaHusl B
9JIEMEHTHI TBEPAOTEIbHOM 3JIEKTPOHUKHU (B KOCMOCE)
BBIBOJISIT MOCJIEAHUE U3 CTPOsL. JIJIst HAHORJIEKTPOHUKHU
TaKylo e poJb MOTYT UTpaTh HEUTPOHHI, ajlbda-yac-
TULBI 1 JaXe BbICOKODHEPreTUYeCKHe raMMa-KBaHThI
U BJIEKTPOHBDI.

2. BeposaTHocTh 0TKa3a Ay0IMPOBAHHON MHKPOCXEMBI

Kak ckazaHo BHIlIIE, COIJIaCHO paccMaTpuBacMoOMY
MOAXOAY AYOIUPYIOIIHE APYT Ipyra KOMIIOHEHTHI SIB-
JISIIOTCS COCEIHUMMMU U PACIIONOXEHbl Ha PACCTOSSHUM
MEXIy HMMM, MPEBBIIAIOIINM pa3Mep 00JacTh I10-
BPEXICHUSI MUKPOCXEMBI OT OJHOW YaCTULIbI U3JIy4de-
HU, MIOMANAIIEH B HEE, YTO MPEIOTBPALLIAET T1opa-
XKE€HUE 000MX NyOJIMpYIOLIMX OPYr Ipyra KOMIIOHEH-
TOB JICICTBMEM OMHON YacTULBI. Torma oTkas a000ro
OJIHOTO KOMIIOHEHTa MUKPOCXEMBI IIPU MONAJaHUU B
HEro 4acTULbl HE NPUBOIUT K OTKA3y MUKPOCXEMHEI,
MOCKOJIBKY MPOJIOJIXKAET OCTaBaThCsl UCITPABHBIM 1y0-

JIMPYIOLIMKA ero KoMIoHeHT. OaHaKo B IpeajiaraeMoi
HUXKEe MOoJear AyOJMPOBAHHOM MUKPOCXEMbI YKa3aH-
HOE€ BBIIIE PACCTOSTHUE MEXAY AyOIMPYIOIIUMU JPYT
JIpyra KOMIOHEHTaMW HE KOHKPETU3UPOBAHO, a YYU-
TBIBA€TCSl MPUHATUEM JOMYLIEHMUS, YTO O/IHA YacTHUlla
MOXET ITONAaCTh TOJBKO B OOHY STYEUKY WU MOXET MpHU-
BECTU K OTKa3y TOJIbKO OIHOM 3TOM SYECHKU.

Mooeav dybauposannoli MuKpocxemot

HybnupoBaHHasi MUKpocXeMa coaepXuT N nyosiu-
POBAaHHBIX KOMIIOHEHTOB, KaX/bIi N3 KOTOPBIX COCTO-
WT U3 IBYX AYOJIMPYIOIIMX IPYT APYra KOMITOHEHTOB,
T. €. OHa CONepKUT 2N nyOIUpyIOIIUX KOMIIOHEHTOB.

Kak u B ciiyyae Hepe3epBUPOBAHHOW MUKPOCXEMBI,
JUJIS YIIPOILLIEHUs 33auM TIPUMEM, YTO TyOnupoBaHHas
MHUKpOCXeMa — IUIaHapHas U €€ IIolaab S, pa3oura
Ha CoIpHKacarllmecs: "KIeTK" TPSMOYTOJIBHOM dop-
MBI OJJMHAKOBBIX pa3MepoB. byneM Ha3bIBaTh 3T KIIET-
KM sueiikamu. Kaxnast Takas s;ueiika comep>KuT OguH
IyOIMPYIOLIMIA KOMITOHEHT. SI4eiiky 1yOJIMpoBaHHOM
MHUKPOCXEMBI UIMEIOT OIMHAKOBYIO ILIOIIAb Sy ;, KO-
TOpas GoJIbLIE TUIOIIALN Sy, TYEHKU HEPE3EPBUPOBAH-
HOM MUKPOCXEMBI, HOCKOJI’be OyOIUPYIOIIMI KOMITIO-
HEHT B Oy0JIMpPOBaHHON MUKPOCXeME COAEPKUT OO0JIb-
1lie anmapaTypbl (Hampumep, OoJblle TPaH3UCTOPOB),
YeM KOMITOHEHT B HEPE3EPBUPOBAHHON MUKPOCXEME.
3aMeTuM, 4TO B [5—7] ANsl yIIpOLUEeHUSI TPUHUMAJIOCh,
YTO KOMITOHEHT B HEpe3ePBUPOBAHHON MUKPOCXEME U
IyOJIMPYIOLIMKA KOMIOHEHT B AYOIMPOBaHHOM MUKPO-
CXEME€ 3aHUMAIOT OJWHAKOBYIO TUIOIIA/b.

Kaxk u B ciiyyae Hepe3epBUPOBAHHON MUKpOCXe-
Mbl, JIS1 YIIPOLIEHUS 3a1a4M MPUMEM, UTO BCE AyOJIu-
pylolle KOMIOHEHTbl OJWHAKOBbI U KaXIbIi 13 HUX
3aHUMAET TUIOWAAb BceW sueiku. HdyOnMpoBaHHBIN
KOMIIOHEHT 3aHMMAET Mapy COOTBETCTBYIOLUMX IPYT
JpyTy stueek. YUCI0 COOTBETCTBYIONIMX APYT IPYTY Nap
syeek B AyOJMPOBaHHOW MUKpocxeme paBHO N, T. €.
YUCIy OyOJIMpPOBAHHBIX KOMIIOHEHTOB B HEM.

DTO MO3BOJISIET OTOXAECTBUTH SYEHKY C DyOJu-
pYIOLLIMM KOMIOHEHTOM U CUUTaTh, YTO AyOJIMPOBAH-
Hasg MMKpPOCXeMa MOJIHOCTbIO MOKPhITA COCTABJIS IOV -
MU ee AYOJUpYIOIIMMU KOMIIOHEHTaMU-sueiKaMu.
Kaxnas takas siyerika MOXET BBIATU U3 CTPOSI TTPU 110~
najaHuu B Hee OJHOU yacTulibl. [TpumeM Takke, 4yTo
BCE 3TU AYOJIMPYIOIINE KOMIIOHEHTBI-STYEMKU UMEIOT
OJIMHAKOBYIO BEPOSITHOCTb OTKa3a Mpu TOMNajaHuu B
HUX yacTuubl. s ynobcTtBa 6yneM roBopuTh o6 OT-
Kase sueiiku, uMest B BUAy OTKa3 ee HaroJIHEHUs, T. €.
OTKa3 NyOJIMpYIOLIETO KOMITOHEHTA.

OTKa3oM IyOoJMpOBaHHON MMKPOCXEMbI OyleM CUu-
TaTh OTKa3 JII0O0U mapbl COOTBETCTBYIOLIMX APYT APYTY
sYeeK, T. €. Taphl sYeek, 00pa3yrlnux BMeCTe 1y0u-
POBAaHHbIMA KOMITOHEHT.

MHuoxectBo M, Bcex 2N nyOupyromux siaeex ayo-
JIMPOBAHHOW MMKPOCXEMBbI MPEACTABUM B BUIE NBYX
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HEIEPECEKAOIINXCA MEXIY COOOM IMOIMHOXECTB M|
u M,, conepxamux mo N AyOGIUPYIOIIMX dYeeK, He
O0BEAUHSIOIINXCSI MEXIYy CO00ii B maphbl, oOpa3ylo-
1ue ayoaMpoBaHHbIE KOMITIOHEHTH. MHaue roBopsi, B
KaXXIIOM M3 3THUX TTOAMHOXKECTB HE COIEPKATCs HUKa-
KWe JBe S'YeHKM, 0Opasylollue Iapy, COOTBETCTBYIO-
1Iy10 AyOJUPOBaHHOMY KOMITOHEHTY. OTKa30M Iy0im-
POBaHHOI MUKPOCXEMBbI SIBJISIETCSI OTKA3 JIDOOH maphl
COOTBETCTBYIOILIMX IPYT APYTY SYeeK, OIHA U3 KOTOPBIX
MIPUHAUIEXXNT IIOAMHOXECTBY M|, a ipyras — IOIMHO-
XecTBy M,. Ilpu sToM AYeiiku, oOpasyloliye TaKylo
rnapy, MOTYT OTKa3aTh 0] BO3/eCTBMEM Pa3HbIX Yac-
TUIL 10O B pasHOe BpeMmsl, 1100 OTHOBPEMEHHO.

B TeueHue BpeMeHM OOJyYeHUST AyOJIMPOBAHHON
MUKPOCXEMbI OT HayaJbHOTO MOMEHTA, MPUHSITOTO 3a
HOJIb, HO elLle 10 HACTYIUICHNUS] MOMEHTA /o, ; OTKa3a
9TOM MUKPOCXEMbI C BEPOSITHOCTbIO, KOTOpasi OydeT
oInpe/ie/ieHa HUXE, B KaXI0M U3 MOAMHOXECTB M| u
M, MoxeT oKa3aTbcs Oosiee OHOM OTKa3aBLIe A4eii-
KU 1 YMCJIa OTKA3aBIIMUX STYeeK B OTUX MOAMHOXKECTBAX
MOTYT ObITh HEOAUHAKOBBIMU. OJHAKO TIPU 3TOM 1yO0-
JIMPOBaHHAasl MUKpOCXeMa IPoJIoJKaeT paboTaTh Bep-
HO. OHa OTKaXeT TOJIBKO B MOMEHT Il , BPEMEHH,
KOraa TOSIBUTCSI XOTs Obl OHA Mapa COOTBETCTBYIO-
LIMX APYT APYTY OTKA3aBIIUX STYeeK, OJHA U3 KOTOPBIX
MIPUHAMJIEKUT TIOAMHOXECTBY M|, a npyrag — IOA-
MHOXeCTBY M,. 3aMeTUM, 4TO 1OJI BO3ECTBUEM Pa3-
HbIX YacCTHUIl OJAHOBPEMEHHO MOTYT IOSIBUTHCS He-
CKOJIbKO OTKa3aBIIMX Iap. Bo3aMoXHO, 9TO B OXHUX
TaKMX Mapax cHavaja OTKaXxeT siueiika, coaepxKaliasicst
B IIOIMHOXeCTBe M|, a B APYIMX TaKMX Mapax cHayasa
OTKaXeT A4eliKa, CoAepXKallasacs B IOAMHOXECTBE M.
Kakmoe 3 3TUX TOAMHOXKECTB MOXXHO pacCMaTpUBaTh
KaK TUIOTETUYECKYID HEepe3epBUPOBAHHYID MUKPO-
CXeMY, COOTBETCTBYIOIIYIO TOJIOBUHE SYeeK myOJn-
POBaHHOW MUKPOCXEMBI, cojaepxKaiiylo N HemapHbIX
s9yeeK, T. €. He COCTaBJISTIOIIMX HU OMHOM Maphl siYeek,
oOpasyolux 1y0JIrnpoBaHHBIM KOMIIOHEHT.

Ouenka eéepoamnocmu omrasa
0y06.4upoBannoli MUKPOCXeMbL

OueHnM cHavaja BEpOATHOCTL P oTKasa XoTd Obl
OIHOM STYEMKN B OJHOM HX MOAMHOXECTBE, COOTBET-
CTBYIOLLIEM MOJOBUHE S4YeeK AyOJMPOBAaHHON MUKPO-
CXeMBbI U colep:kallieM N HEeMapHBIX siYeeK, 3a BpeMs
Tork.n o0JlyueHUsI, WJIM, WHAUYE TOBOPS, BEPOSATHOCTH
0TKa3a XOTsl Obl OMHOM STYEUKU B KaXKIOM 13 MOIMHO-
xectB M| n M, stueex 3a BpeMst fyy, ; obydenust. [1o
aHayornu ¢ opmynoit P, (1.11) momyymm:

P =05 W,

Ji 01 s R4

2.1)

rae ¢, — dmoeHc 11 1yoJIMPOBaHHOM MUKPOCXEMBbI
3a BPeMst oy, ; OOJTyUeHHMS; Sy.n — TUIOLIaab THIOTe-
THYCCKOM HCPEICPBUPOBAHHOU MHUKPOCXEMBI, COACP-
Xauiei N syeek, paBHasl MOJOBUHE TJIOIIAAN AyOJIn-
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POBAaHHOI MMKpPOCXeMbl; W — BEepOSITHOCTb OTKa3a
OIHOM SYEWKM MpPU TMOIMaJaHUU B HEe YaCTUIIbI, OIpe-
neneHHas B (1.3).

DiroeHe A1 1yOIMpPOBAaHHON MUKPOCXEMBbI TIpel-
CTaBUM B BUJE

(Dﬂ = ItOTK,Ll’ (2.2)
rae I — MHTEeHCUBHOCTH M3JIIYYCHUS, t — BpPEM4A

OTK, [l
00JIyyeHUs1 10 MOMEHTa OoTKa3a AyOJrMpOBaHHOU MUK~

POCXEMEI ¢ BEpOSITHOCTBIO, KOTOpast OyIeT oIpeae/ieHa
Huxe. [1o ananoruu ¢ (1.10)
S =5 N,

I,I sl

(2.3)

rae sy ; — Tolanb SIYeMKKU B NyOJIMPOBAaHHOM MMK-
pocxeme; N — 4HCIIO STUeeK,

Sqn = bs,LH,

(2.4)

rae b > 1 — ko3 PUIUEHT, 3aBUCIIINNA OT TOr0, KaK
BBIIIOJIHEH IYOJIUPYIOIINN KOMIIOHEHT; S, ,, — ILUIO-
1Iaab SYeHKU B Hepe3epBUPOBAHHOM MHKpbcxeMe.

Ecnu KOMOOHEHT MpeacTaBiIeH TPEXBXOIOBBIM JIO-
ruyeckum asemeHToM "UJIM-HE", To nmpumemM (c yue-
TOM YHCJIa TPAH3UCTOPOB B 3TOM AYOIMPYIOIIEM dJie-
mente "UJIM-HE") b = 1,5. Torna

San = 1,58 - (2.5)
IMoncraBus (2.5) B (2.3), noayuyum
Sy = 1,5sg V. (2.6)

Haiinem tenepn BeposiTHOCTH P, 0TKasa may0aupo-
BaHHOW MMKPOCXEMbl KaK BEPOSITHOCTb TOTO, YTO B
ofHOW U3 N map siueek TyOJrpOBaHHOW MUKPOCXEMBI
HAXOOUTCS TEPBBIA MO BPEMEHM OTKa3a OTKAa3aBLIMMA
TyOJIMPOBAaHHBINA KOMIIOHEHT:

Py= PN 2.7)

n /N,

I7Ie BEPOATHOCTh P, onpeneieHa Boiie B (2.1); Przl —
BEPOSITHOCTb TOTO, YTO OHOBPEMEHHO B MOMEHT Zopy
BPEMEHU TEPBOrO OTKa3a JI0OOro AyO0JMpOBAHHOTO
KOMITOHEHTA, 3aHMMAIOLIEro Mapy COCETHUX COOTBET-
CTBYIOLLIMX APYT APYTY slYe€K, B ABYX MOAMHOXECTBaX
M, n M, gyeex OyIeT COLEePXKAaTbCA XOTA ObI 110 OAHOA
OTKa3aBLLIEW JYEeHKe, OTHOCALUEHCA K OMHOMY U TOMY
K€ OTKa3aBlleMy AyOJIMPOBAHHOMY KOMIIOHEHTY; N —
YUCJIO AYOJUPOBAHHBIX KOMIIOHEHTOB B AyOJIMpPOBaH-
HOM MHMKPOCXEME.

OuennMm BepoaTHoCTh P cormacHo (2.1). Kak n B
(1.13), npumem W=1,5- 1077, Torma ¢ yuetoM (2.5),
(1.10) m mpu §; = 1 cM? B (1.13) nonyyum u3 (2.1):

Py=®,+2,25-107". (2.8)




IMoncraBuB (2.8) B (2.7) miis ciaydasi HSUTPOHOB HaiieMm

Py =5,06- 107402 /N. (2.9)

OTkyna ISl HaHORJEKTPOHHBIX MHMKPOCXeM IIpHu
N =10 MOJIYYUM

Py =5,060> - 1072, (2.10)

151 MUKpOCXeMBI ¢ 1yOJIMPOBAHUEM MPUMEM TO XK€

3HAYeHWE BEPOSITHOCTU OE30TKa3HOW paboThl, KOTO-

past 6bIJ1a IPUHSITA TSI Hepe3BUPOBAHHOM MUKpPOCXe-
Mbl (1.14):

1 — Py~ 0,9999. Q2.11)

Torpa ¢ yuetom (2.11) nonyunm u3 (2.10), uyro mo-
ITyCTUMBIH (OITIOCHC TS IyOIMPOBAHHON MUKPOCXEMBI
COCTaBUT

— 11
®, = 10'1/2,25. (2.12)

M3 cpaBHenus (2.12) u (1.15) cnenyet, 4To momyc-
TUMBI (JIIOeHC W1 AYyOIMpPOBAaHHOM MHUKPOCXEMBbI
Bo3poc B 6,7+ 107 pa3 110 CpaBHEHHIO ¢ JOITYCTHMBIM
droeHCcOM TSI HEPEe3ePBUPOBAHHOM MUKPOCXEMBI.

Teneps u3 (2.2) HaligeM Tenepb 3HaAYEHUE BpEMEHU
Tork, OOTYICHHSI 1O MOMEHTA OTKa3a AyOIMPOBaHHOM
MUKpPOCXeMbI TIpu (toeHce (2.12) U npu MHTEHCUB-
HOCTHU obJsrydeHust I = 103 qacTI/m/CM2 ‘C

t

o = /1= (108/225) ¢, (2.13)

YyTO TIpU padoTe 1o 24 4 B cyTKU cocTaniseT 500 cyTok
uiu npumepHo 1,37 roaa.

CpasHenue Boipaxkenuit (2.13) u (1.16) noka3sbiBa-
€T, YTO IMPHU TOH e UHTEHCUBHOCTU [ 00Ty4eHuUs Bpe-
MST Ty o 00JIydyeHuUsl, T. €. BpeMs 6€30TKa3HOU paboThl
B cllyyae BbIMOJHeHUs yciaoBus (2.11), mpu obyue-

HWUM BO3pOCJIO B 6,7 107 pas.

3. Jlpyroii BapuaHT BbiBoJAa (OpMYJibI BEPOSITHOCTH
0TKa3a JIy0JMpPOBAHHONH MHKPOCXEMBI

[TpencTapisieT MHTEpPeC TaKKe U METoJ BbiBona (hop-
MyJIbl BEPOSITHOCTM OTKa3a AyOJIMPOBAHHOU MUKPO-
CXEMbl MCXOJSl U3 BEpOSTHOCTM OTKaza AyOJUpOBaH-
HOTO KOMITOHEHTA.

CHayana OLIEeHMM 3TUM METOJOM BEPOSITHOCTb OT-
Ka3za sSTYEMKU TaKOW MUKPOCXEMBI, a 3aTEM — BEPOSIT-
HOCTb OTKa3a BCeil MUKPOCXEeMBI, cocTosiiiel u3 N rnap
siyeek, T. €. u3 N AyOJMpOBaHHBIX KOMIIOHEHTOB.

Bepoamuocmo omkasza aueiixu
0yOauposannoli MuKpocxemol

ITo ananoruu ¢ popmynamu (1.1)—(1.6) HanuiIeEM
COOTBETCTBYIOLINE (DOPMYJIBI IS IyOIMPOBAHHON MUK-
POCXEMBI.

Yucmo yacTull, MamamlmX Ha ee YKy 3a BpeMs
00JIy4yeHNsI, COCTaBISECT

(3.1)

rae ®; — QuoeHc 1 1y6IMPOBAHHOK MUKPOCXEMBbI;

Sq4 — IUIOIIANb STYEUKU TyOJUpOBAaHHONW MUKpPOCXe-

MBI. 31ech

Opn = PuSapo

o, = It (3.2)

i} OTK,JI°

TI€ fory ; — BPEMsi 00IyUeHMS OT Ha4YaIbHOTO MOMEH-
Ta, IPUHSITOTO 3a HYJb, 1O MOMEHTa 0TKa3a QyOJIHMpo-
BaHHOU MUKPOCXEMBI C BEPOSITHOCTBIO, KOTOpasi OyaeT
orpeneieHa HIXKe.

Kaxnas siyefika MoXKeT MHOTOKPATHO TTOBPEXIaTh-
¢ pa3HBIMM YacCTUIIAMU. DTH TIOBPEXACHUS STUCHKU
pa3HbIMU YacTULIAMMU SIBIISIIOTCS HE3aBUCHUMBIMM, HO
COBMECTHBIMU COObITHsIMU. [ToaTOMY MareMaruyeckoe
oXuaaHWe 4yuciaa (CpeaHero) MOBpPeXACHUN sYeiKu
JyOJIMPOBAaHHOM MUKPOCXEMBI TTpY 00 TydeHUH ee (hTo-
eHcom @, Oyzer

ay = 0, W. (33)

rae W — BepOSTHOCTh MOBPEXICHUS OOHOM SYCHKU
MPU TOTIAJJAHUN B HEE€ OJHOM YaCTUIIHI.

ITycTh pacnpeneneHue KoJIMuecTBa v OBPEXAeHU I
s4eiiki 1yOIMpOBaHHOK MUKPOCXEMbI B 3aBUCUMOCTHU
OT MX BEPOSITHOCTU OIMCHIBaeTCs 3aKoHOM IlyaccoHa:

Pay = ((ay)Vexp(—ay))/V!, (3.4)
TI€ Py, — BEPOATHOCTL OTKa3a AYEHKU IMPH v ITOBpe-
XKICHUSX;, v — TOYHOE YMCJIO MOBPEXKICHUN SAYECHKU;
a, — MaTeMaTU4ecKoe OXMAAHME YKCiIa MOBPEX/e-
HUI TYeiiKU AyOIMpPOBaHHON MUKPOCXEMBL.

IlepBoe e moBpexaeHUe stueiiku (mpu v = 1) mpu-
BOIMT K €€ 0TKa3y. I103ToMy BEpOSITHOCTh OTKa3a S4Yeki-
KM B 1yOJIMPOBAHHOM MUKpOCXeMe HaliaeM npu v = 1:

Pap = azexp(—ay), 3.5)
OTKyZa npu a,; < 1 nosyynm
Pap ~ ay. (3.6)

Bepoamnocmo omkaza dybaupoeannoii muxpocxemot

OTKa3bl pa3HBIX SYeeK B MUKPOCXEME — COOBITHS
coBMecTHbIe. [losToMy ompenenuM BepoOATHOCTL P,
0TKa3a QyOJIMPOBAHHOM MUKPOCXEMBI KaK CYMMY Be-
POSITHOCTE! COBMECTHBIX COOBITHI, Kax/10e U3 KOTO-
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PBIX IIpeaCTaBIIsIeT COOOM OTKa3 OIHOro IyOJIMpOBaH-
HOro KOMITOHEHTA:!

2 3
Py, = NpK,Z[ - CN(pK,H)2 + CN(pK,H)3
e DN N,

rae N — 4ucio Ay0aMpoBaHHBIX KOMIIOHEHTOB B 1y0-
JIMPOBAHHO MUKPOCXEME; Py ; — BEPOSTHOCTD OTKa3a
nyoaupoBaHHOro komnonenrta; Cy u Cj — 4ucio
coueTaHuit U3 N 1o 2 ¥ mo 3 COOTBETCTBEHHO.

®opmyna (3.7) BeBomuTcs U3 Gopmyisl (3.2.4),
npuBeAeHHON B [8, c. 42], Ipu OAMHAKOBBIX BEPOSIT-
HOCTSIX Py ; OTKa3a JIOObIX IyOIMPOBAHHBIX KOMIIO-
HEHTOB B OyOJMPOBAHHON MHKPOCXEME.

IToactaBus B (3.7) opMyIbl IJ1 YKa3aHHBIX cOYe-
TaHUH, TIOJIyYUM

(3.7)

Py = Npy = (Np /2 + (Np ) /6, (3.8)
OTKyZia mpu (NpK,ﬂ) < 1 monyuynm
Py =~ Np . 3.9

BeposiTHOCTb OTKa3za n1y0JUupOBAaHHOIO KOMIIOHEH-
Ta, T. €. BEPOSITHOCTb OTKa3a Mapbl COOTBETCTBYIOLLIMX
JIpyT OPYTY s4eeK, OymeT ompeaeasaThess (popMynoi

Pen = (Pa0)™- (3.10)
[ToncraBuB (3.10) B (3.9), HalineM
Py~ N(py )*. (3.11)

OueBUIHO, YTO IUIOILANB S, 1 TYEVKM TyOIMpOBaH-
HOI MUKPOCXEMEI OyIeT

Sqn = Si/(2N), (3.12)
rae .S, — MIoIanb AyoIMpOBaHHOW MUKPOCXEMbI, Be-
nnuuHa 2N — 4UCIo siueeK B AYOJIMPOBAHHO MUKPO-
cxeme. C yuerom (3.1), (3.3), (3.12) naiinem n3 (3.6):

Pyn = OS5, W/(2N). (3.13)
IToacraBus B (3.13) BeipaxkeHue (3.11), Haiinem Be-
POSITHOCTh OTKa3a ITyOIMpOBAaHHON MUKPOCXEMBI:

Py ~ [04(S,/2)W]*/N. (3.14)

O6ozHauus @, (S,/2) W = P, nonyunm u3 (3.14)

Py~ P/N, (3.15)
YTO MPaKTUUYECKU COBIagaeT ¢ opmymoit (2.7).
Taxkum 06pa3oM, 1Ba pa3HbIX BbIBOJA (POPMYJIbI Be-
POSITHOCTM OTKa3a 1yOJIMpOBaHHON MUKPOCXEMBbI, a-
JIM OIMHAKOBBIM pe3ybTaT U MOATBEPAWIN MPaBUIb-
HOCTb 3TOM (popMYJIbI, IPUBEIECHHOM B [5, 6, 8].
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4. Y4eT BepOSATHOCTH OTKA3a MEKCOeIMHEHHI

B nipuban3uTenbHbIX OLIEHKAX BEPOSITHOCTH OTKa3a
MUKPOCXEMBbI, IIPUBEICHHBIX B padote [7], U B OLICH-
Kax 3TOil BEPOSITHOCTU, MPEAJIOKEHHBIX BBIIIE B TaH-
HOM CTaThe, HEe PACKPHITO colepkaHue "sueeK’ MUK-
pOCXeMBI WJIM, UHAYE TOBOPSI, COMEPKAHHUE YCIOBHBIX
KOMITOHEHTOB, KaXIblii M3 KOTOPBIX 3aHUMAeT OIHY
siueiiky. Jtd ynpouieHust ObUTo IPUHSITO, YTO BCE KOM-
TMOHEHTHI oiMHaKoBbIe. [ToapasyMeBaaoch, UTO CJIOX-
HOCTh M (PYHKIIMM KOMITOHEHTOB MOTYT OBITH pa3Jiny-
HBIMU 1 B KQUECTBE HUX MOTYT BBICTYHATh JJOTUUECKUE
9JIEMEHTBl WJIM UX COCTaBJISIONIME, HANPUMED, TOIYy-
MPOBOAHUKOBBIE MPUOOPHI, a TAKXKE MEXKCOESTUHEHUSI.
Ho nnst paccMOTpeHHOTO MeTo/la OLIEHKM BEPOSITHO-
CTM OTKa3a MUKPOCXEMBI MOJ IEWCTBUEM HU3IIyYEHUS
HE MMeeT 3HaueHHe KOHKpeTHoe (byHKIIMOHAIbHOE
HaIoJHEeHWE STYEHKM, T. €. COBEPIIEHHO He HYXHO
YUYUTHIBaTh (DYHKIIMU U CXeMbl KOMIIOHEHTOB, pa3Me-
1aeMbIX B sideiikax. OmHaKo HEOOXOAMMO YYMTHIBATh
pasjIMyHoOe ACHCTBUE M3TYyYEeHUs] HAa MaTepUasbl, U3
KOTOPBIX clefaHbl pa3dHble QYHKIIMOHAIbHBIE YacTH
siyeiiki. B paccMoTpeHHOM BblllIe MPUMEPE OLEHKU
BepossTHOCTU W oTKaza siueiiku 1o ¢dopmyse (1.12)
IUTST YIIPOIIEHMS TIPUHSTO IO YMOJYAHUIO, UTO sSYeiika
COJIEP>XUT TOJIBKO OTHO BellecTBO (MaTtepuan). B atom
NpuMepe, a Takke B padboTe [7] He yYUThIBaeTCS BO3-
JIeCTBUE UBJIyYeHUS] HA MEXCOEANHEHMUSI.

B nmeiicTBUTETBHOCTH XK€ MUKPOCXeMa COIEPXKUT He
OIVIH, 2 HECKOJIbKO pa3IMYHbIX MaTepuajoB. B obiiem
cJlyyae MOXHO BBIACIMTh B HEll k obyiacTeil ee miolia-
JIU, Kaxaasi U3 KOTOPbIX MOXET BKJIFOUATh B ce0sl B 00-
1IeM cllydyae pa3pO3HEHHbIE M HECOIpPUKACAIOLIUECs
MexXay co0oil yacTu, UMelollre OOLIMii IIpU3HaK, Xa-
paKkTepU3YIOLIMiA 0011yI0 (DYHKIIMIO 9TUX YacTel 1 Ma-
TepUaJl, MOKPBIBAIOIIMIA 3TU yactu obnactu. K 3tum
00J1aCTSIM OTHOCSTCSI, HallpuMep:

e 00J1aCTb, 3aHATAS 3JEKTPOHHBIMU (MOJYITPOBOAHU-

KOBBIMM) TIpUOOpamu;

e 00J1aCcTb, 3aHSTAsT MEXCOEIUHEHUSIMU.

Kaxnyio u3 ykazaHHbIX o0sacTeil B 00lleM ciaydae
MOXHO ObLJI0 OBl TOAPA3AEIUTh HA MOA00JIACTH TI0 TTO-
KpBbIBalollemMy ux Matepuainy. Ho mis ynopoiueHus 0y-
JIEM CUYMTaTh, YTO Kaxmas objacTh MOKPHITA OMHUM
MaTepualioM.

IMpencraBuM ruromans S, Hepe3epBUPOBAHHON MUK-
pOocXeMbl Kak CyMMY ILUIOLLaAe YKazaHHBIX BbIle 00-
JIaCTe MUKPOCXEMBI:

Sy =8 + ...+ 85,

H

LS, (@)

rae S,; — CymMMapHas rowans i-i (i = 1, ..., k) 00-
JIACTU HEPE3ECPBUPOBAHHON MUKPOCXEMBI; I — HOMED
obiactu; k — 4uciio obacTeit.




Honu R; 5TMX 0061acTeil B CyMMapHOW IIoanu S,
9TOI MUKPOCXEMBbI OyIyT:

R, =S8,/ 4.2)

Bennuunel R; (i = 1, ..., k) MOTYT ObITb 3a1aHbI /IS
MUKpocxeMbl. [IprMem, uTo ronagaHue OaHOMN YacTu-
LIkl OJHOBPEMEHHO B pa3Hble yKaszaHHbIC 00JacTh —
COOBITHSI HECOBMECTHBIE.

ByneMm cuuTaTh, 4YTO BCE YCIOBHBIE KOMITOHEHTHI,
cojepxkalrecs B siueiikax, OMMHAKOBBI, HO COCTOSIT U3
k yacrteii — cyOKOMITOHEHTOB. B KauecTBe cpemHUX
JIOJIel 3TUX CYOKOMITOHEHTOB B OMHOM sTYEliKe MpHU-
MEM YKa3aHHBIE BblllIE BEIMYUHBL R; (i =1, ..., k).

IIpy Takoil CIOXHOI CTPYKTYype YCIOBHOTO KOM-
MOHEHTA U SYEMKU BO3HMKAET BOIIPOC, KaK BbIOPAThH
yucio N sueek. BooOiiie roBopsi, BIOOp 3HAUEHU Be-
JIMYUHBI N MOXET ObITh JOBOJIbHO IIMPOKUM. OQHAKO
MpeacTaBisieTcsl yiobHbIM BbIOpaTh B KauecTBe N uuc-
JIO JIOTUYECKUX DJIEMEHTOB B HEPEe3epBUPOBAHHON MUK-
pocxeme.

ITnomanb sueliku, Mo-MpexHeMy ONpeAeIsieMylo
u3 (1.10), nmpeactaBuM B Bujae

Sq = Sqpl T TSt t S (43)

rae S; . (i=1, ..., k) — 1uowanp, 3aHUMaeMas B
siyeiiKke i-M CyOKOMITOHEHTOM,

sﬂ,H-i = RiSH,H‘ (4-4)

C yuetom (4.3) u (4.4) BeposiTHOCTh W oTKaza of-

HOM sTYeUKU IIpU IMoIagaHuM B HEC YaCTULIBI 6YI[CT:
W= Rl Wl + ...+ RlVVl + ...+ Rka. (45)

BepoarHocTs W), 0TKa3a 01HOro CyOKOMITOHEHTA i-TO

tuna (i = 1, ..., k) 1py nonagaHUM B HErO YaCTULILI MO-
KeT ObITh MpeAcTaBieHa aHaloTu4HO (opmyne (1.12):
Wi = oinidf;, (4.6)

I7ie BCe BEJIMYMHBI B TTpaBOif yacTy (hOPMYJIbI OTIpee-
JieHbl 11 popmyibl (1.12).

Martepuanamu B siueiike MOTYT OBbITb MOJYIIPOBO/I-
HUKU, METaJUIbl U TUDJIEKTPUKU.

B mpocreiiiieM ciyyae MOXHO TPUHATb K =2 U
CUMUTATh, YTO i = 1 COOTBETCTBYET O0JACTH, 3aHSITOM
BJIEKTPOHHBIMU IPUOOpPaMHU, a i = 2 COOTBETCTBYET 00-
JIacTH, 3aHSITOI MexxcoenruHeHusIMU. [IlvuprHa Mexco-
€IVMHEHUI YYUTHIBAETCS B IJIOIIAANA X CYOKOMITOHEH -
TOB ¥ B KO3(pduLMEHTaX f;.

Bynem mcnosb3oBath BennuuHbl (4.5) u (4.6) npu
BBIYMCJIEHUU BepossTHOCTU Py, 1o dopmyie (1.11), Be-
postHOoCTH P 110 hopmyiie (2.1) u BepoaTHOCTH P, OT-
Kaza QyOoJIMPOBAaHHON MUKPOCXeMBI 1o hopMmyiie (2.7).
Takum 06pa3oM, y4eT MaTepraioB KOMITOHEHTOB MUK-
pPOCXEMBbI, B TOM YHMCJIE YYET MEXCOECAMHEHHUH, Mpo-

BOIUTCSI TOJIBKO B (hOPMYJIe BBIUMCICHUS BEPOSTHO-
cti W oTKaza ofHON slYeWKM MpU MOMagaHuU B Hee
YacTULIB M B (DOPMYJIaX COCTABIISIIOIINX €€ BEPOSITHO-
creit W;, a obime Gopmysibl BEPOATHOCTENH OTKA30B
HEpe3BUPOBAHHON U NyOJIMPOBAaHHON MUKPOCXEM IIPU

9TOM HE€ M3MCHSAIOTCSH.

3akmoueHne

HoBblit MeTOI OLIEHKM OTKa30yCTOMYMBOCTU HAHO-
M MUKPOSJIEKTPOHHBIX WHTETPAJIBLHBIX CXEM IIPpU MX
00 IyYeHNM, Ha3BaHHBIA HaMU "METOJOM IUIoIIaaein” 1
MMPUMEHEHHBIN K MUKpPOCXeMaM, IIOCTPOSHHBIM Ha OC-
HOBE MPeJIOKEHHOTO CIoc00a MOKOMIIOHEHTHOTO Ty0-
JINPOBAHUSI, TTO3BOJISIET YUYECTh BEPOSITHOCTHBIN IPO-
LIECC MOPAaXEHUsI MUKPOCXEM MOTOKOM OO0JIyJalOLInX
yactull. C MOMOIIBIO 3TOr0 METOAA MOKAa3aHO, YTO
MPEAJIOXKEHHBIN CITOCO0 MOKOMITOHEHTHOTO IyOJIMpPO-
BaHMUSI CYLLIECTBEHHO YBEJIMUMBAET BpeMsl 6€30TKa3HOM
pabOThl MUKPOCXEMBI B YCJIIOBUSIX OOJTyYeHUS U TOITyC-
TUMBIH (JtoeHC (B YaCTHOCTU, OoJiee yeM Ha 7 mopsia-
KOB). DTOT METOJ MOXKET OBITh Pa3BUT IJISI OLIEHKU OT-
Ka30yCTOMUMBOCTU OOJIYYaeMbIX DJIEKTPOHHBIX CHC-
TEM, ITOCTPOSHHBIX IPYTUMHU CIIOCOOAMHU MOCTOSTHHOTO
pe3epBUPOBAHUSI.
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Fault Tolerance of a Componentwise Duplicated Microcircuit under Irradiation

A new approach is proposed for estimation of the fault tolerance of nano- and microelectronic integrated circuits depending on
irradiation. This approach is applied to evaluation of the fault tolerance of the circuits designed on the basis of the proposed method
of a componentwise duplication without the use of logic blocks for comparison of the results obtained at the outlets of the circuit logic
components. This approach takes into consideration not only the failures of the electronic devices, but also the interconnection failu-
res. On the basis of this approach a new method for estimation of the fault tolerance of the circuits under the effect of radiation,
dubbed as "the area-based" method, is formally described. Formulas for estimation of a probability of failure of the circuits depending
on the irradiation parameters and formula for estimation of the parameters of the circuits’ radiation resistance are presented.

Keywords: nanoelectronics, microelectronics, fault-tolerance, sudden failure, gradual failure, redundancy in electronic systems,
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Introduction

Development of nanoelectronics increased interest to
the methods allowing to increase the fault tolerance of the
discrete electronic equipment, based on k-fold (k > 3)
component-wise duplication. However, for their applica-
tion the problem of development of highly reliable majori-
ty valves has to be solved. Such methods involve higher
costs of the equipment and lower speed in case of a con-
secutive connection of the groups of the reserved units.
The methods of estimation of the fault tolerance of the
microcircuits! constructed with the use of the above me-
thods in [1, 2] the action of irradiation on the electronic
equipment is not taken into account. On the basis of in-
vestigation of the faults of the semi-conductor devices and
interconnections due to irradiation [3, 4] in [5—7] we pro-
posed a method of a constant component-wise duplication
for improvement of the fault tolerance of the microcir-
cuits, first of all, under irradiation in nanoelectronics.

Its specific features are the following: the outputs of the
active components duplicating each other are connected
between themselves directly, without the use of the logic
comparison units, the interconnections are duplicated,
and the duplicated components (their logic components
and interconnections) are placed in a microcircuit from
one another at the distance exceeding the size of the area
of the damage created by one particle of irradiation, so
that it could not destroy at once two components dupli-
cating each other. In [5—7] a general approach to this kind
of duplication is proposed, examples of the circuit solu-
tions of the active duplicating and duplicated components
are given, and estimation of a probability of a microcircuit
fault caused by an irradiation with such a component-wise
duplication is provided.

The specific features of the proposed method of dupli-
cation allow us to apply it in many cases instead of trip-
lication, demanding the use of the majority valves, which
are also subjected to faults and a consecutive connection
of which results in a speed loss. In [7] various areas of its
applications are specified.

' Here the term "microcircuit” is chosen as a short general name
of the integrated circuit belonging to nano- and microelectronics;
necessity for such a term was caused by the fact that the proposed
approach and the methods of reservation based on it are intended for
the use in nano- and microelectronics.
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For estimation of the fault tolerance of the microcir-
cuits under the action of irradiation in [5, 6] we offer a new
method, which received a certain development in [7] and
which we will call an "area-based” method for estimation
of the fault tolerance of the irradiated microcircuits.

For the further studying of the proposed duplication
and its subsequent comparison with the other ways of
reservation, of interest is, first of all, improvement of the
"area-based" method for estimation of fault tolerance of
the irradiated microcircuits, primarily with reference to
the component-wise duplicated microcircuits constructed
by means of this method. Below is a more strict approach
to the area-based estimation of the fault tolerance of such
microcircuits under an irradiation, a method of taking into
account the interconnection faults is offered, and the for-
mulas for estimation of a probability of faults of microcir-
cuits depending on irradiation parameters are given.

1. Fault probability of a nonredundant microcircuit

First of all let us estimate the fault probability of a non-
redundant microcircuit consisting from N components on
the basis of a model of such a microcircuit.

Model of a nonredundant microcircuit

In order to simplify estimation of the fault tolerance
depending on irradiation let us present a three-dimensional
multilayered microcircuit in the form of a planar (flat) mi-
crocircuit equivalent to it and consider a hit of a flow of
the irradiating particles into the components of this equiv-
alent circuit presented by parts of its area.

In a nonredundant microcircuit a fault of one of its
components leads to an absolute fault. For a simplistic ap-
proach to the issue let us assume that the area of a non-
redundant planar microcircuit is broken into the adjoining
"cells" of a rectangular form and identical sizes. Let us call
them "cells". The cells of a nonredundant microcircuit
have equal areas. Each of them contains one component,
which we will consider as a conditional one, because we
will abstract from its functions and content (circuit, in par-
ticular). Let us also assume that all the components are
identical, and one component occupies the area of the
whole of a cell. This will allow us to identify the cell with
a component and consider that the nonredundant micro-
circuit is completely covered by its components-cells.
Each cell can fail, when hit by one particle. At that, all the




component cells have an identical fault probability, when
hit by particles. For convenience purposes we will talk
about a cell fault, meaning a fault of its filling, i.e. com-
ponent fault.

Estimation of a fault probability of a nonredundant
microcircuit

In [5—7] the formula of a fault probability of a non-
redundant microcircuit is given without its derivation,
which complicates understanding of the fault mechanism
of the microcircuit under the influence of a flow of irra-
diating particles.

First, we will estimate a fault probability of a cell, and
then — a fault probability of a nonredundant microcircuit.

Fault probability of a cell

Quantity Q, of the particles falling on a cell during an
irradiation

QH,H = q)HsH,H’ (L.1)

where @, is fluence, or a mathematical expectation of the
number of the particles which got into 1 cm? of a micro-
circuit during irradiation of a nonredundant microcircuit;
sy — the cell area of a nonredundant microcircuit in
1 cm?. The fluence, characterizing the level of irradiation
of a nonredundant microcircuit, we will present in the fol-

lowing form

o, = It (1.2)

H ~ tork,mw

where [ is the intensity of irradiation, representing the
number of particles, falling into 1 cm? in a time unit (du-
ring 1 8); 755 y — @ period of irradiation from the initial
moment assumed as zero, till the moment of a fault of a
nonredundant microcircuit with a probability which will
be defined below.

The particle, which got into a microcircuit, can cause
interaction (collision) with the atoms of a cell with a cer-
tain probability of W. For a simplistic approach to the
problem we will accept, that this interaction always causes
a cell damage, although generally it is not for sure. A cell
damage under irradiation does not influence the damage
of the other cells in a microcircuit and is defined only by
its characteristics and radiation parameters (energy of par-
ticles, temperature, etc.).

Damage of a cell causes its sudden failure or can lead
to its gradual failure. For a simplistic approach to the
problem we will assume that an interaction of a particle
with a cell always leads to its sudden failure, which we will
name simply a fault.

Each cell can be damaged by different particles. These
damages of a cell are independent, but connected events.
Therefore, a mathematical expectation of the quantity (ave-
rage number) of damages of a cell of a nonredundant mi-
crocircuit under irradiation of fluence of @, particles will be:

a=0,,W, (1.3)

where W is a probability of damage of one cell, when hit
by one particle (formula for Wis discussed in the following
subsection); the value of Q, ,, was defined above.

Let the quantity distribution of v damages of a cell de-
pending on their probability be described by Poisson’s law:

Pgv = (@'exp(—a))/V!, (1.4)

where p,,, is a probability of a fault of a cell due to v da-
mages, v is the exact number of damages of a cell, a is a
mathematical expectation of the number of such damages.

The first damage of a cell (at v = 1) leads to its fault.
Therefore, a probability of such a fault in a nonredundant
microcircuit will be found at v = 1:

Pau = aexp(—a), (1.5)
from which at ¢ < 1 we will get
Pgy = Q. (1.6)

Derivation of a formula of a fault probability
of a nonredundant microcircuit

Faults of different cells in a microcircuit are connected
events, therefore we will define probability P, of a fault of
a nonredundant microcircuit consisting from N cells as a
sum of the probabilities of the connected events, each of
which represents a fault of one cell:

Py = NpH,H o C[Z\/(pﬂ,H)z +
+ O (P DNy Y, (1.7)

where Ci, and C;V is a number of combinations from N
by 2 and by 3, the rest of the values were defined above.
The formula (1.7) is deduced from the formula (3.2.4)
presented in [8, p. 42], at identical probabilities Pan of a
fault of any cell in a nonredundant microcircuit.
By substituting in (1.7) of the formula for the above
combinations, we will get

Py~ Npy o — (Npg /2 + (Npy )6, (18)
from which at (Npﬂ’H) < 1 we will get
Py~ Npy - (1.9)

Obviously, the area of S, of a nonredundant microcir-
cuit will be

S, = Ns

H SL,H*

(1.10)

By substituting in (1.9) expression (1.6), taking into
account (1.3), (1.1) and (1.10) we will receive probability
of a fault of nonredundant microcircuit due to a fault of
any of its cells:

P~ @S, W. (1.11)

Let us consider probability W of a fault of one cell
when hit by a particle. It can be presented in the following
form:

W = ondf, (1.12)

where o is a cross-section of interaction of an irradiating
particle with the atoms of the substance of a microcircuit;
n is the number of such atoms in 1 cm? ; d is an average
thickness of the material of a cell, fis a constant taking into
account the influence of the numerous factors, to which
belong the kind and energy of the particles, angle of inci-
dence on a plane, where a microcircuit is located, cell geo-
metry, type of materials of which it is made, electric con-
ditions of its operation, etc.

Let us make some remarks regarding f. If f= 1, then
each particle, subjected to interaction, i.e. each particle,
which hits a microcircuit component, causes its failure.
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Actually < 1 (or f< 1), i.e. not each particle causes a
failure of a component of a microcircuit.

When selecting a constant f'it is important to consider
the fact that, if one particle hits a microcircuit, a sudden
failure can be caused by malfunctions like a breakage or a
short circuit, and sharp changes of the parameters of the
components of a microcircuit.

Calculation of constant fis connected with high un-
certainties. Therefore, in concrete cases it is expedient to
define it experimentally. Below for its estimation we use
f =1, although selection of another value of the constant
essentially changes nothing in the considered approach.

Let us give an example of calculation of probability
W in accordance with the formula (1.12). Let the parti-
cles-neutrons, for which a typical interaction cross-sec-
tion is o = 1072* cm2. We will assume that n = 5- 1022
atoms/cm3 (the substance of a microcircuit is silicon),
d=3-10"%cm (i.e. about 100 atomic layers), f= 1. With
account of this W= 1,5+10"". Then at Sy =1 cm?

P,=ad, 15107 (1.13)
If the demanded probability of a non-failure operation
of a microcircuit is

1 — P, ~0,9999, (1.14)

then from (1.13) we get, that the acceptable fluence @, is
@, = 103/1,5. (1.15)

Now from (1.2) we will find out time 7, ,, of irradi-
ation up to the moment of failure of the nonredundant
microcircuit in case of fluence (1.15) and intensity of ir-
radiation 7= 103 pzmicles/cm2 ‘C

=o,/I=1/1,5~0,7s. (1.16)

tOTK,H

For the other particles, for example, protons and heavy
nuclei, the value of ¢ can increase by 2 or 4 orders. Then
the admissible fluence @, will decrease in the same pro-
portions.

The obtained value of fluence is very little and rather
far from the requirements to the working conditions in the
applications of electronics, connected with an irradiation,
in particular, in the nuclear or the space areas. Moreover,
these values of fluence are comparable with the natural
background of the space and the terrestrial background.
From here it follows, that the reliability of the nanoelec-
tronic systems is strongly limited and insufficient, and re-
quires special measures. For example, unreliability of an
electronic system can be caused by action of the heavy
charged particles. Even if rare, their hits in the elements of
the solid-state electronics (in space) disable them. For na-
noelectronics such a role can be played by neutrons, alpha
particles, even high-energy quanta and electrons.

2. Probability of a fault of a duplicated microcircuit

As it was mentioned above, according to the consi-
dered approach, the duplicating components are neigh-
boring and located at a distance between them, exceeding
the size of the area of damage of a microcircuit from one
particle of irradiation hitting it, which prevents destruction
of both components duplicating each other by action of
one particle. Then a failure of one component of a micro-
circuit hit by a particle does not lead to a failure of the
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component duplicating it, because it continues to remain
serviceable. However, in the proposed model of a dupli-
cated microcircuit the above distance between the com-
ponents duplicating each other is not concretized, and is
taken into account by an assumption, that one particle can
hit only one cell and lead to a failure of only one such cell.

Model of a duplicated microcircuit

The microcircuit contains /N of the duplicated compo-
nents, each of which consists of two duplicating compo-
nents, i.e., it contains 2N of the duplicating components.

Just like in case of a nonredundant microcircuit for a
simplification of the problem we will assume that the du-
plicated microcircuit is a planar one, its area .S, is broken
into the adjoining "cells" of a rectangular form and iden-
tical sizes. We will call them cells. Each cell contains one
duplicating component. The cells of a duplicated micro-
circuit have an identical area s, ,, which is more than s, ,,
cell of a nonredundant microcircuit, because a duplicating
component in a duplicated microcircuit contains more
equipment, for example, more transistors, than a compo-
nent in a nonredundant microcircuit. It should be noticed
that in [5—7] for simplification purposes it was assumed
that a component in a nonredundant microcircuit and a
duplicating component in a duplicated microcircuit occu-
py identical space areas.

Just like in case of a nonredundant microcircuit, for
simplification reasons we will assume that the duplicating
components are identical, and each of them occupies the
space of the whole of the cell. They occupy a pair of cells
corresponding to each other. The number of the corre-
sponding pairs of cells in a duplicated microcircuit is equal
to N, i.e. to the number of the duplicated components in it.

This allows us to identify a cell with a duplicating com-
ponent and to consider, that a duplicated microcircuit is
completely covered with the duplicating components-cells
comprising it. Each cell can fail, when hit by of one par-
ticle. We assume that all the duplicating cells have an iden-
tical probability of a failure, if hit by a particle. For the
purpose of convenience we will talk about a cell fault,
meaning a fault of its filling, i.e. duplicating component.

As fault of a duplicated microcircuit we will consider a
fault of any pair of the cells corresponding to each other
and forming together a duplicated component.

Let us imagine a multitude of M, of all 2NV duplicating
cells of a duplicating microcircuit in the form of two non-
overlapping subsets of M| and M,, containing N number
of the duplicating cells each and not integrating into the
pairs forming duplicating components. In other words,
each of these subsets does not contain any two cells forming
a pair, corresponding to a duplicated component. A fault of
a duplicated microcircuit is a fault of any pair of cells cor-
responding to each other, and one of which belongs to M,
and another to — M,. The cells forming such a pair, can
fail under the influence of different particles at various
times or simultaneously.

During the period of irradiation of a duplicated micro-
circuit from the initial moment assumed as zero, but be-
fore the moment of 7,,, , of a failure of this microcircuit
with a probability, which will be defined lower, in each of
the subsets of M| and M, more than one failed cell can ap-
pear, and the numbers of the failed cells in these subsets
can be unequal. However, a duplicated microcircuit con-




tinues to work truly. It will fail during the moment 7, ,
when at least one pair of the failed cells appear corre-
sponding to each other, one of which belongs to M, and
another to — M,. It should be noticed, that under the in-
fluence of different particles several failed pairs can appear
simultaneously. It is possible that in some of such pairs, at
first, a cell containing in M fails, but in other pairs, a cell
containing in M, fails first. Each of these subsets can be
considered as a hypothetical nonredundant microcircuit
corresponding to a half of the cells of the duplicated mi-
crocircuit, containing N of unpaired cells, i.e. the cells not
making any pairs forming a duplicated component.

Estimation of a probability of fault
of a duplicated microcircuit

Let us estimate probability P, of a fault of at least one
cell in their subset, corresponding to a half of cells of the
duplicated microcircuit and containing N of unpaired
cells, during time 7, , of irradiation, or a probability of
a fault of at least one cell in each of M, and M, cells during
the time ¢ of irradiation. Similar to formula P, (1.11):

OTK, I
Py =08 W, 2.1

where @, is a fluence for a duplicated microcircuit during
time 7, , of irradiation; .S, ., is the area of a hypothetical
nonredundant microcircuit contalnlng N of cells and equal
to a half of the area of the duplicated microcircuit; W is
a probability of fault of one cell when hit by a particle, de-
fined in (1.3). We will present fluence for the duplicated
microcircuit in the following form

(D =1t

OTK,II?

(2.2)

where [ is intensity of irradiation; 7., , is a time of irra-
diation till the moment of a fault of the duplicated micro-
circuit with a probability, which will be defined below.

By analogy with (1.10)

Spn = SV, 2.3)
where s H is the cell area in a duplicated microcircuit; N

is the number of cells,

San = DSa s (2.4)

where b > 1 is the coefficient depending on how the du-
plicating component is made, s, ,, is the cell area in a non-
redundant microcircuit. ’

If the component is presented by a three-input logic
element "OR-NQO", then we will assume (taking into ac-
count the number of the transistors in this duplicating
element of "OR-NQO") b = 1,5. Then

Sqn = 1,58 - (2.5)
By substituting (2.5) in (2.3), we will get

Spn = 1,58, ,N. (2.6)

Let us find probability P, of a fault of a duplicated mi-
crocircuit as a probability that in one of N pairs of its cells
there is the first by time of the fault failed duplicated com-
ponent:

P, = P2/N, 2.7

where probability P is defined in (2.1); P, 3 is the proba-
bility of that s1multaneously during the moment of 7, , of
the time of the first fault of any duplicated component oc-
cupying a pair of the neighboring corresponding cells, in
subsets M, and M, of cells there will be at least one failed
cell belonging to the same failed duplicated component;
N — is the number of the duplicated components in the

duplicated microcircuit.

Let us evaluate probability P, in accordance with (2.1).
Just like in (1.13), let us assume that wW=1,5-10" 7 Then
with account of (2.5), (1.10) and with S, =1 cm2 in
(1.13) we will get from (2.1):

P, =0,225-107". (2.8)

By substituting (2.8) in (2.7) for the case of neutrons we
will find

—14 .2
P, = 506107147 /N. (2.9)
from where for nanoelectronic microsystems at N = 1012
we will get
Py = 5,060, - 1072, (2.10)
For a microcircuit with duplication we will assume the

same probability of a non-failure operation, which was ac-
cepted for a nonredundant microcircuit (1.14):

1 — P, ~0,9999. (2.11)
Then with account of (2.11) we will get from (2.10)
that an acceptable fluence for a duplicated microcircuit is

_ 1nll
®, =10""/2.25. (2.12)
From comparison of (2.12) and (1.15) it follows, that
an admissible fluence for a duplicated microcircuit in-
creased 6,7 - 107 times in comparison with such a fluence
for a nonredundant microcircuit.

From (2.2) we will find time #,;, , of irradiation up to
the moment of fault of the duplicated microcircuit at flu-
ence (2.12) and with intensity of irradiation / = 103 par-
tlcles/cm2 sec:

t

otk = P/ 1= (108/2,25) S, (2.13)
which means that in case of 24-hour a day operation it will
be 500 days or approximately 1,37 years.

Comparison of (2.13) and (1.16) shows, that with the
same intensity of /irradiation the period 7, , of a faultless
operation in case the condltlon (2.11) is met under irra-

diation increased 6,7 - 107 times.

3. Another version of derivation of the formula
of a fault probability of a duplicated microcircuit

Also of interest is derivation of the formula of a fault
probability of a duplicated microcircuit, proceeding from
the probability of fault of a duplicated component. At first,
we will estimate a probability of fault of a cell of such mi-
crocircuit, and then — a probability of fault of the whole
of the microcircuit consisting from N pairs of cells, i.e.
from N number of duplicated components.
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Probability of a fault of a cell of a duplicated microcircuit

By analogy with (1.1)—(1.6) we will write formulas for
a duplicated microcircuit. The number of particles falling
on its cell during an irradiation is

Q}I,Zl = (DHSSI,EL’

where @ is the fluence for the duplicated microcircuit;
s, . — is the area of its cell.

3.1)

1,11
Ol (3.2)
where ¢ is the time of irradiation from the initial mo-

OTK, L .
ment, assumed as zero, till the moment of a fault of the

duplicated microcircuit with a probability, which will be
defined below.

Each cell can be damaged repeatedly by different par-
ticles. Such damages of a cell are not dependent, but con-
nected events. Therefore, a mathematical expectation of
the number (average) of the damages of a cell of the du-
plicated microcircuit under its irradiation by fluence @, is

ay= 0, W, (3.3)

where W is probability of damage of one cell when hit by
one particle.

Let the quantity distribution of v damages of a cell of
the duplicated microcircuit depending on their probability
be described by Poisson’s law:

Pav = ((ag)"exp(—ay))/V,, (3.4)

where p,,, is probability of a cell fault in case of v damages,
v is the exact number of damages, a; is a mathematical ex-
pectation of the number of damages of a cell of a dupli-
cated microcircuit.

The very first damage of a cell (at v = 1) results in its
failure. Therefore, we will find the probability of a cell
failure in a duplicated microcircuit at v = 1:

Pap = azexp(—ay),

from where at a; < 1

(3.5)

(3.6)

Pan ® -
Fault probability of a duplicated microcircuit

Faults of different cells in a microcircuit are connected
events. Therefore, we will define probability P, of a fault
of a duplicated microcircuit as the sum of probabilities of
the connected events, each of which represents a fault of
one duplicated component:

2
P, = Dy — Cy (pK,Z[)2 +

+ Cr(pe)’ - DM,

where N is a number of the duplicated components in the
duplicated microcircuit; Py.n is f3ault probability of a du-
plicated component; C and Cj is the number of com-
binations from N by 2 and by 3 respectively.

The formula (3.7) is deduced from (3.2.4) at identical
probabilities Pxn of fault of any duplicated components in
a duplicated microcircuit [8, p. 42].

By substituting in (3.7) the formula for the specified
combinations, we will receive

P2 ~ NpK,ﬂ - (NpK,ﬂ)2/2 + (NPK’H)3/6’

3.7)

(3.8)
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from where at (NPK,;[) < 1 we will get
3.9
The fault probability of the duplicated component, i.e.

pairs of the cells corresponding to each other, will be de-
fined by formula

P2 =~ NpK,Z{'

Pen = (Pa )™ (3.10)
By substituting (3.10) in (3.9), we will find
Py ~ N(p, ;). (3.11)

It is obvious, that the area s, , of a cell of a duplicated
microcircuit is

San = Si/(2N), (3.12)

where S, is the area of the duplicated microcircuit, 2N is
a number of cells in a duplicated microcircuit.
With account of (3.3), (3.1), (3.12) from (3.6):

Pan = @5 W/(2N). (3.13)

By substituting in (3.13) (3.11) we will find fault proba-
bility of a duplicated microcircuit:

Py = [@,(S5,/2) W1%/N. (3.14)
By designating @,(S,/2) W= P, we will get from (3.14)

Py~ P2)N, (3.15)
which practically coincides with (2.7).

Thus, two different derivations of the formula of a fault
probability of a duplicated microcircuit produce identical
results and prove correctness of the formula in [5, 6, 8].

4. Account of a probability of fault of interconnections

The estimations of a fault probability of a microcircuit
in [7] and the estimations of this probability offered in given
article, do not reveal the content of "the cells" of a micro-
circuit or the content of the conditional components, each
of which occupies one cell. For simplification reasons we
assumed that all the components were identical. It was
meant, that the complexity and the functions of the com-
ponents can vary, and their role could be played by the
logic elements or their components, for example, semi-
conductor devices, and also interconnections. But for the
considered estimation of a fault probability of a microcir-
cuit under the influence of irradiation a concrete func-
tional filling of a cell has no importance, i.e. it is absolutely
not necessary to take into account the functions and cir-
cuits of the components placed in the cells. However it is
necessary to take into account various actions of irradia-
tion on the materials of which different functional parts of
a cell are made. In the considered example of estimation
of probability W of a fault of a cell under the formula
(1.12), for simplification reasons it is assumed, that a cell
contains only one substance (material). In the example
and also in [7] the influence of irradiation on the inter-
connections is not taken into account.

Actually, a microcircuit contains several different ma-
terials. Generally, it is possible to allocate in it k number
of areas, each of which can include the parts generally
separated and not adjoining among themselves, having a
general sign, characterizing a common function of these




parts and their covering material. To such areas belong, for

example:

o the area occupied with the electronic (semi-conductor)
devices,

e the area occupied with interconnections.

Each of the above areas can be subdivided into subareas
by the material covering them. For simplification reasons
we will consider, that each area is covered by one material.

Let us present area S, of a nonredundant microcircuit
as the sum of the areas of the specified areas of a micro-
circuit:

Sy =St ot Syt ot Sy (4.1)

where S,; is the total area of i (i = 1, ..., k) area of a non-
redundant microcircuit; 7 is the area number; k is the
number of areas.

Shares R; of these areas in area S, of this microcircuit
will be:

R, = 8,/S, 4.2)
where all the values and the bottom indexes were defined
above.

Values of R; (i = 1, ..., k) can be set for a microcircuii.
We will assume that a hit of one particle simultaneously in
different specified areas are inconsistent events.

Let us consider, that all the conditional components in
the cells are identical, but consist from k parts — subcom-
ponents. As average shares of these subcomponents in one
cell we will assume values of R; (i = 1, ..., k).

In case of such a complex structure of a conditional
component and of a cell a question arises, how to choose
the number N of the cells. Generally speaking, the choice
of the value N can be wide enough. However it seems to
be more convenient to choose as N the number of the logic
elements in a nonredundant microcircuit.

The area of a cell still defined from (1.10) we will
present in the following form:

Sqn = Sapl T T Sqp T Sg 4.3)
where s, (P =1, ..., k) is the area, occupied in a cell by
I subcomponent,

Sﬂ,H—i = Risﬂ,H' (4-4)

Taking into account (4.3) and (4.4), the probability W
of a fault of one cell when hit by a particle is:

W=RW + ..+ RW,+ ..+ RW,. (45
where all the values were defined above.

Probability W; of a fault of one subcomponent of i-type
(i=1, ..., k) when hit by a particle can be presented in a
similar way (1.12):

W: = oind;f;

1

(4.6)

where all the values in the right part of the formula were
defined for (1.12).

The materials in a cell can be semiconductors, metals
and dielectrics.

In an elementary case it is possible to assume £ = 2 and
consider that i = 1 corresponds to the area occupied with
the electronic devices, and i = 2 — to the area occupied

with interconnections. The width of the interconnections
is taken into account in the area of their subcomponents
and in coefficients f;.

We will use (4.5) and (4.6) for calculation of probability
P, by (1.11), and probability P, by (2.1) and probability
P, of a fault of a duplicated microcircuit by (2.7). Thus,
the account of the materials of the components of a mi-
crocircuit, including interconnections, is done only by the
formula for calculation of probability W of a fault of one
cell when hit by a particle, and in the formulas of the
probabilities W;, comprising it, at that, the general proba-
bilities of a fault of a nonredundant and a duplicated mi-
crocircuits are not changed.

Conclusion

The method of estimation of a fault tolerance of the na-
no- and microelectronic integrated circuits during their ir-
radiation, named as an area-based method and applied to
the microcircuits constructed on the basis of the proposed
way of a component-wise duplication, allows us to take in-
to account a probability of damage of the microcircuits by
a flow of irradiating particles. By its means it was demon-
strated that the proposed method of a component-wise du-
plication essentially increases the period of a non-failure
operation of a microcircuit in the conditions of an irradi-
ation and admissible fluence (in particular, more, than by
7 orders). The method can be further developed for esti-
mation of the fault tolerance of the irradiated electronic
systems constructed by the other methods of constant
reservation.
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BBenenue

OnHo U3 HampaBJIeHUI Pa3BUTHUS DJIEKTPOHUKU —
nepexo K KBasuHyabMepHbIM (0D) HaHOCTpyKTypam —
kBaHTOBBIM ToukaM (KT) u kBaHToBbIM KosblaM (KK).
TemnepaTypHasi cTaOUIBHOCTh CBOWCTB M BO3MOX-
HOCTb YMpaBJeHUs CIEKTPAIbHBIMU XapaKTePUCTU-
KaMu 00eCITeYrBaIOT MePCIEeKTUBHOCTb TPUMEHEHUS
cnoeB KT n KK B KauecTBe aKTMBHOU 30HBI JIa3€pOB
[1, 2] u ¢oTomerexkTOpoB [3, 4].

Y KK Ha6mogaetcs apdext AapoHoBa—boma B
MarHutHoM Tnojie [S]. Ilpu Hajamuuu moasspu3aluuu
MOXeT BO3HUKATh 9KCUTOHHBIN 3(ppekT AapoHoBa—
Bowma [6].

OaHO 13 BaXKHEHUIIIMX 3a1a4 TIPU MOTYYEeHUN Mac-
cuBoB KK u KT mns dyHamaMeHTanbHBIX MCCeaoBa-
HUI Y TIPpUOOPHBIX MPUMEHEHUI SIBJIIETCS YIpaBJe-
HHE TT0 BO3MOXHOCTH HEe3aBUCUMO U B IIIMPOKUX TIpe-
Jlejgax MX napamMeTrpamMyd — MOBEPXHOCTHOW TIUIOTHO-
CTBIO, pazMepamMu, GOpMOI, XUMUIECKUM COCTaBOM.

HawubGonee mmpokye BO3MOXHOCTU IS CO3OaHUS
MaccuBoB 0D HaHOCTPYKTYp TpeaoCTaBIIsSIeT Kamnesb-
Has snutakcus (KO) [7]. BTo ocobbiit pexkum MoJe-
KyJsipHO-JyueBoi anutakcuun (MJID) nmns momayrpo-
sonuukos A'BY. KD coueraer pa3HooOpasue ao-
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CTYIHBIX CTPYKTYp [8—25] ¢ TMOKOCTBIO B BEIOOpE Ma-
TEpPUAJIOB U TIOMIOXKEK, HE3aBUCUMBIM YIIPaBICHUEM
MMOBEPXHOCTHOM TJIOTHOCTBIO M pa3MepaMiu HaHOCTPYK-
Typ [12]. 310 BEIrOAHO OoTAMYaeT KD ot pexxuma poc-
ta CtpaHcku—KpacTtaHOBa, OCHOBAaHHOTO Ha YIIPYTHUX
HANPSDKEHUSIX M TIPUTOIHOTO MJIsS PelIeTOYHO-HECOo-
[JIACOBAaHHBIX CUCTEM MaTtepuajoB [1].

ITo pesynbraTam pabot [8—25] U COOCTBEHHBIX UC-
cliefoBaHUil TocTpoeHa (a3oBast auarpamMmma Mopdo-
Jiorun HaHOCTPYKTYp GaAs/AlGaAs B 3aBUCUMOCTH OT
TEMIIEPATYPBbI TIOAJIOXKKU U IaBIeHUS As, IIPU UX KPU-
crajm3auuu (puc. 1). Pa3nuuHbIMM cMMBOJIAMU yKa-
3aHbl onuHOouYHble KK, koHueHTpnyeckue KK, HaHo-
nucku, HaHokpatepbl, KT, napueie KT, a Takke Ha-
HOCTPYKTYpPHI ¢ BKJIIOUeHHEM XUAKOro (Ga, KOTopble
BO3HUMKAIOT Ipu Temieparypax Huxke 200 °C. M306pa-
xkeHust (ckanel ACM, CTM u POM) B34THl U3 paboT
[9—11, 13, 19—24].

Hecmotpst Ha OOLIMPHBINA B3KCOEPUMEHTAIbHBIN
Matepuan o K9 mns GaAs/AlGaAs, ciabee usyueHa
K9 B cucreme In,Ga;_  As/AlGaAs [25—27]. Jobas-
JieHue In yBennmuuBaeT ryOMHY MOTEHIUATbHOU SIMBI
JIJIST HOCUTEJICH, YTO MOXET ObITh IOJIE3HO IJISI ONTH-
yeckux npuioxeHuit. Kpome Toro, atromsl In Oojee
MOJABUXHbBI B pacCMaTpMBaeMOM Avarna3oHe TeMrepa-
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Fig. 1. Dependence of morphology of GaAs nanostructures, obtained by DE from the growth

parameters. The samples Al, A2, C1—C3, obtained in this work are emphasized

Typ, yeM Ga [28], uTo MoxXeT BausITh Ha npoiecc K3.
B ornuume or meroma CrpaHcku—KpactaHoBa Iipu
K3 BHOCMMOe In HamnpszkeHHne He UTpaeT pellarolieit
poiau B 00pa30BaHUM HAHOCTPYKTYP, UTO TMO3BOJISIET
KCITIOJIb30BaTh CKOJIb YTOJHO Maylo aoJiio In.

YcioBust pocTa W MapaMeTpbl 00Pa3IoB

Metogom MJID Ha MONMYU30INPYIOIINX ITOIT0KKAX
GaAs ¢ opuenTtanueii (001) BripalieHbBl 00pa3lbl Ha-
HoretepocTpykTyp ¢ KK In Ga;_ As [29, 30]. IIpu
temneparype 580 °C BeipaiuuBaics cioi Aly ,3Gag 7,As
TOMIMHO#M ~200 HM JUIS CO3NAHMS TIOTEHLMATBHOTO
bapbepa HOCHUTEISIM TOKa, IOCJIe Yero TeMIlepaTypy
onyckanu go 200...325 °C u npoBoauiu K3:

1) ocaxnenne okono 5 MC (MoHocnoeB) Ga nipu 3a-
KPBITOM MCTOYHUKE ASy JUIST (DOPMUPOBAHUS AHCAMOIIA
HaHOpPa3MEepHBIX Karlesb;

2) BKIIIOYEHUE TTOTOKA AS, JUI KPUCTAJUIM3ALIAN Ka-
nenb Ga B KBaHTOBbIE KoJbla GaAs (naBneHue As, —
0,2...1,3+ 107> Topp).

YcnoBus pocTa 1 pe3yabTaT OTpakKeHbl B TaOIUIIE U
Ha puc. 2, 3.

Hnst o6pasuoB A2 u B1—B4 mosepx maccuBa KK
BBIPALLMBAIIM IIOKPOBHbIH C110it Al ,3Gay 7,As. Bo ns-
oexaHue aud@y3noHHOro pa3MbITUsS CHPOPMUPOBAB-
IIerocsl aHcaMOJIsI HauaJIbHYIO CTaInIO pOCTa JAHHOTO
CJI0S1 IPOBOAMIM MPU HU3KOH TeMIepaType MOUI0XK-
ku. Ilocne BeipammBanus 6, 20 MC A10,28Ga0’72As
st oopasuoB A2 u B1—B4, cooTBeTCTBEHHO, POCT
MIPePBIBAJICS, M TEMIIEPATYPY MOITOXKKHN TTOBBIIIATIM.
HaneHeiiiiee BoipalmnBanne Aly ,3Gag 7oAs mpouc-
XOOWJIO Ipu Oojiee BBICOKOHM TemIiepaType. st u3y-

yeHUs1 Mopdosoruu aHcamOJIs Mac-
cuB KK BocrnpounsBeaeH Ha OTKpPhI-
TOM MOBEPXHOCTHU IIPU TEX XKe YCIIO-
BUSIX, YTO W BHYTPEHHMI CJI0M (CM.
puc. 2).

st obpasua A2 mpu HU3KO-
TeMIIEpaTypPHOM POCTE TTOKPOBHOTO
CJIOSI MCITOJIB30BaJIM pexkuM MJID ¢
YMEHBIIIEHHON CKOPOCTBIO Ocaxkie-
Hus. Jnsa obpasuoB B1—B4 ucnolib-
30BaJii MUIPALIMOHHO-YCUJIECHHYIO
3MUTAKCHUIO, KOTOPasl TMO3BOJISET M0~
JIY4UTh COBEpIIEHHbIE KPUCTAJIU-
yeckue ciou AlGaAs mpu TeMmIiepa-
Type pocta 250...350 °C [31]. ITocTy-
ieHne noTokoB Aly ,3Gag 7p 1 Asy
Ha TMOBEPXHOCTb ‘ICpéI[OBa.J'II:I, YTOOBI
00ecrneunTb aTOMHO-CJIOEBOM POCT.
JITUTENbHOCTD IIMKIIa OCAXKIAEHNS AS,
BapbupoBanu: 1,1 ¢ nas obpasua Bl,
1,2 cmnst B2 u 1,5 ¢ mist B3, B4, nna
Al »3Gag 7o LUK cocTaBu 1 ¢ st
Bcex o0pas3loB.

VYcI0BHS POCTA W OEHOYHBIE MAPAMETPHI MOJNYYEHHBIX 00pPa30B

KK In,Ga;_ As

Growth conditions and estimated parameters of obtained samples

of In,Ga;_As OR

CpenHuii
JIaMeTp
The average Kon-
P Tun diameter, nm LEH-
X | 11, | Ty, Asb | KK Tpauus,
Neo n 1073
% | °)C| °C OR Bue- | Buyr- | Concen-
Torr | yype | wmee | pentee | tration,
KOJIBLIO | KOJIBLO | ym™2
Outer Inner
ring ring
Al| 0 [220]220| 1,3 | OnuH. 51 141
Single
A2| 0 |280] 280 0,55 | dBoiiH. 120 42 22
Double
BlI| 5 |250]250| 5,0 | OmuH. 75 51
Single.
B2| 10 | 250( 250 5,0 | OnuH. 76 38
Single
B3| 20 | 250( 250 5,0 | OnuH. 78 34
Single
B4| 20 | 200( 200| 5,0 | OnuH. 63 51
Single
Cl| 0 |325|325| 0,2 | OnuH. 22 32
Single
C2| 0 |325(220| 0,2 | ABoiiH. 79 31 33
Double
C3| 0 |325|325| 1,0 | ABoiiH. 69 27 73
Double
(T, — TemMneparypa NOMIOXKKH TIPU OCAXIEHUN Karesb, 1), —
TeMmIiepaTypa pocTa KoJjelr)
T, — the substrate temperature during the deposition of
droplets, T, — temperature of rings growth)
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Mopdosoruio NnoBepxXHOCTU 00Pa3LOB U3ydalu C
MOMOUIbIO PACTPOBOM 3JEKTPOHHON MUKPOCKOIMUU
(PDM) BBICOKOTO pa3pelleHtsl, a TakKe aTOMHO-CHIIO-
Boii Mukpockonuu (ACM). Kak nokazaau POM-cka-
HHI (cM. puc. 3), Ha MoBepxHOCTU obpas3uoB Al u Cl1,
a Takxke B1—B4 (ckaHbl MOCIeAHUX HE MPUBEIEHBI)
copmupoBanuchk aHcam6au omuHouHbIXx KK, a Ha
noBepxHocTH 06pa3uoB A2, C2 u C3 — nBoiinbix KK.
MexaHu3mbl (OPMUPOBAHMS OAMHOYHBIX U BOWMHBIX
KK paccmotpensr B padorax [32, 33] u aBropamu [30].
®opMupoBaHre OMMHOYHBIX M IBOMHBIX KK MOXHO
00BSICHUTB, paccMaTpuBas n1uddysuto aromoB Ga (In)
1 As Ha TMOBEPXHOCTU M BHYTPU Kariu. Pe3ynabTaThl
aHaJIN3a XOPOIIO COTIACYIOTCS C SKCIIEPUMEHTOM.

INoBepxHOCTHAA KOHILIEHTpALUs KOJIeIl M3MepeHa
no POM- u ACM-ckaHam pa3MepoM IPUMEPHO
10 x 10 MxMm. B pesynbTate cpaBHeHUsI 0Opa3lioB B
npeaenax OJHOW CepuM MOXHO cZejiaTb BbIBOJ, UTO
TMOBEPXHOCTHASI KOHILIEHTPAIINsI 3aBUCHUT OT TeMIIepa-
TYpbl TIOUVIOXKM Ha aTamne (GopMHUpOBaHUS Kalleslb
[12, 24, 29], yMeHblIAsICb C POCTOM TEMIIEpaTyphl.
Taxske oHa yMEHbIIAeTCs ¢ YBETUYSHUEM COACPKAHUS
In B kamsx [29], no-BuarMoMy, BCIAEACTBAE MEHbIIIE-
ro 6apbepa audhy3un aist aToMoB In Ha TTOBEpXHOCTU
GaAs(001) [28].

B nmomonHeHMe K OMMCAaHHBIM CTPYKTypaM Ha II0-
BEPXHOCTU HEKOTOPHIX 00pa3uoB (A2 u b2) obHapy-
JKeHbI 00J1ee KpYITHbIE U pa3pexXeHHble aHcaMOJIu Tap-
Hbix KT (ITKT), oprieHTUpOBaHHBIX MO KPUCTAJLIOrpa-
¢uueckomy HanpasieHuo [011] (puc. 4). Kaxmast mapa
COCTOUT U3 OOJIBIION U MaJIoll TOYEK, MpUYeM OO0Jb-
1Iasi TIPeaCcTaBsIeT cOOOM SIPKO BBIPAXXKEHHYIO TpeX-
rpaHHylo mupamuay. Beicota mupamuasl 50 u 60 HM,
IIMpUHA OCHOBaHUs B HampasieHuu [011] 350 u
300 HM, TJIOTHOCTh 0OBEKTOB Ha ToBepxHocTH 0,61 1
0,25 MKM ™2 mist o6pasuoB A2 u B2, cOOTBETCTBEHHO.

ITosiBieHUE 3TUX OOBEKTOB BEPOSTHO BbI3BAHO HE-
JIOCTAaTKOM AS TIpY MIepBOHAYATBHOM POCTE ITIOKPOBHO-
ro ¢JIosl 11 00pa3loB, YTO IIPUBOIUT K 00pa30BaHUIO
Kamnenb Al ,4Gag 75 ¥ MX cerperalu Ha MOBEPXHOCTb.
DTOT MexaHU3M ﬁoz[TBepmaeTcg CpPaBHEHUEM DPEXHU-
Ma TIepBOHAYAIEHOTO POCTa TTOKPOBHOTO CJIOS C TIO-
MOIIBIO MUTPALIMOHHO-YCUJIEHHOM 3MUTAKCUM I 00-
pa3uoB cepun B. YMeHblIeHIe BpeMeHN OCaKIeHUS As
3a umki Ha 0,1 ¢ gig B2 o cpaBHeHuio ¢ B1 npuBeno
K o6pazoBaHuio [TKT. Tak kak TeMneparypa NoI0KKU
npu pocTe MOKpoBHOro cios gocrturana 550 u 580 °C
1711 A2 u B2 cOOTBETCTBEHHO, KOHIIEHTpAlWs Karesb
yYMEHbIIaJach MPU POCTE TeMIlepaTypbl B COOTBETCT-
BUM ¢ 3aKoHOM Appenuyca N ~ exp(E,/kT), a ux pas-
Mep YBEJMUYUBAICS MPU COXPAHEHUM KOJIMYECTBA Ma-
Tepuaa.

HeoObrunyto crpykTypy ITKT MbI CBSI3bIBaEM € aHU-
30Tponueil peKOHCTpyKLuii moBepxHoctu GaAs(001)
(Takux xak 2 X 4 u 4 x 6) [34], Ha KoTopoi hopMupy-
10TCs Karuiv. Takasi MoOBepXHOCTh COCTOUT U3 Yepemylo-




muxcsl psinoB B HanpasieHuu [011] wupuHoit ~1 HM,
pas3IMyaolIMXcs Mo BbiCOTe U cooTHOolIeHUIo Ga/As.
[Mo-BunnmMomy, HaHOpa3MepHBIE KaIUld MeTajlJla BhbI-
TSITMBAIOTCS BAOJIb 3TUX PSIAOB. DTO aHAJIOTUYHO ITO-
BEICHUIO MUKPOMETPOBBIX Kareslb BOIbI Ha IOBEPX-
HOCTH C YepeayIlIUMUCS MOJ0CaMU CUJIBHOTO U cJla-
6oro cmaunBaHus [35]. Kamiu Boabl BHITSTUBAIOTCS B
HaIpaBJIeHUU TI0JI0C, MpUHUMas (Gopmy, OJU3KYIO K
SJUIMIITUYECKOM, HO C IJTIOCKOI I'paHulIeid BIOJb 00JIb-
LLIOM TIOJIyOCH.

AcummMmetpus ITKT BeposiTHO BbI3BaHa ClIEAYIOIIN-
MU TpuurHamu. I[lpu KpucTaiiuzauuu Karuisi UCTo-
IIAETCS, OMHAKO €€ TPaHMWIA HMCITBITHIBAET MUHHUHT
BCJICICTBYEC JIMHEHOTO HaTsKeHUs [36]. DTo mpuBoO-
IWAT K YMEHBIIEHUIO KPaeBOTo yIjia M YBEIMUEHUIO Ha-
MpsCKEHYs B TOBEPXHOCTHOM cjioe. Ha HekoTopoMm 3Ta-
1€ TIPOMCXOIUT Pa3pbiB CMAYMBAIOIIETO CJ10s (dewetting)
[37], npuyeM AJist yMeHbILIEeHUS TIOBEPXHOCTHOM 3HEp-
r'Md oOpasyeTcsl eIMHWYHAs Karulsl ¢ YBeJIMYEHHBIM
KpaeBBbIM YIJIOM, KOTOpas CTAaHOBUTCS HAMOOJBIIEH
n3 IIKT.

3akiouenue

B pabGote ucciaegoBaHO BIMSIHUE YCJIOBUII pocTa
MeronoM KO Ha Mopdojoruio KBaHTOBBIX KOJEIl
In,Ga;_,As/AlGaAs. IIpoBeneHbl aHaIM3 U 006001LIE-
HUE DPe3yJbTaTOB MpelllecTByoMX pador nmo KO B
cucteMe GaAs/AlGaAs. [TokazaHo, YTO OfHY U Ty Xe
MPOLEAYPY MOXHO MCIIOJIb30BaTh /I CO3MaHUsI Mac-
CHMBOB HAaHOCTPYKTYp pa3IMyHON (hOPMBI M pa3Mepa B
3aBUCUMOCTH OT TEMIIEPATYPhI POCTA U JAABIECHUS Asy.

[TponeMoHCcTprpOBaHa BO3MOXHOCTb HE3aBUCUMO
KOHTPOJUPOBATH (OPMY, IMMOBEPXHOCTHYIO TUIOTHOCTD
1 pa3Mepbl HAHOCTPYKTYP. TI10THOCTH HAHOCTPYKTYP
omnpeessieTcsl TeMNEepaTypoil MOMJOXKU Ha 3Tare
ocaxXJIeHUs Kallelib, IToc/e Yero TeMIepaTypy MOxXHO
W3MEHUTD UIST TIOJIYYeHUST HAaHOCTPYKTYP XKeJTaeMOM
Mopdoaoruu.

ITokazaHo, KaKk HEJOCTATOK MBIIIbsIKA MPU POCTE
IMOKPOBHOTO CJIOS MOXKET MPUBOAUTL K 00pPa30BaHUIO
Ha ITOBEPXHOCTU YIOPSITIOYEHHBIX HAHOCTPYKTYp —
acMMMeTpUYHBIX TapHBIX KT, He3aBUCUMO COCYIIECT-
Bytolux ¢ KK. O0bsicHeH MexaHU3M UX (hopMUPOBa-
HMSI, B OCHOBE KOTOPOTO JIEKUT aHU30TPOITHSI TIOBEPX-
Hoctu GaAs(001). Mcnionb3oBaHue IJ1s1 pOCTa TTOKPOB-
HOTO CJIOSI MUTPAITMOHHO-YCHJIEHHOM 3ITUTAKCUM JaeT
BO3MOXXHOCTB TTPEIIM3UOHHOTO KOHTPOJISI CTEXUOMET-
pUM, TIO3BOJISISI U30eXaTh AEHEKTOB U UyKEePOMHBIX
HAHOCTPYKTYP.

Paboma evinoanena npu noddeprcke Munucmepcmea
obpazosanus u Hayku PD 6 pamkax KomniekcHoeo npo-
exma wugp "2013-218-04-050"; nocmanoeénrenue [lpa-
seumenvscmea P® om 9 anpens 2010 e. Ne 218 ¢ ucnhono-
308aHuem oo6opydosanus ILIKII "TemepocmpykmypHas
CBY-anexmponuka u @usuka wupoKo30HHbIX NOAYAPO-
600nuKko8" HUAY MUDHU.
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Introduction

One of the areas of electronics development is transi-
tion to zero-dimensional (OD) nanostructures, quantum
dots (QD) and quantum rings (QR). The temperature sta-
bility of the properties and ability to control the spectral
characteristics provide a lot of promises for application of
QD and QR Ilayers as the core of lasers [1, 2] and photo-
detectors [3, 4].

Aharonov-Bohm effect in a magnetic field is observed
in QRs [5]. In the presence of polarization, exciton Aha-
ronov-Bohm effect can occur [6].

One of the most important tasks in the preparation of
arrays of QR and QD for basic research and device appli-
cations is to control their surface density, size, shape,
chemical composition as much as possible independently
and in a wide range of parameters.

Droplet epitaxy (DE) provides the greatest potential
to create arrays of OD nanostructures [7]. This is a special
mode of molecular beam epitaxy (MBE) for III—V sem-
iconductors. DE combines a variety of available struc-
tures [8§—25] with flexibility in the choice of materials and
substrates, independent control of the surface density and
size of the nanostructures [12]. This sets DE apart from the
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Stransky-Krastanov mode of growth, which is based on
elastic stresses and suitable only for lattice-mismatched
material systems [1].

According to [8—25] and our research, the phase dia-
gram of morphology of GaAs/AlGaAs nanostructures was
constructed, depending on the substrate temperature and
pressure As, at their crystallization (fig. 1). Different sym-
bols specify a single QR, concentric QR, nanodiscs, na-
nocraters, QD, paired QD and nanostructures with the in-
clusion of liquid Ga, which occur at temperatures below
200 °C. The images (AFM, STM and SEM scans) were
taken from [9—11, 13, 19—24].

Despite to the extensive experimental material on DE
for GaAs/AlGaAs, DE in the In ,Ga,_,As/AlGaAs sys-
tem [25—27] is poorly studied. Addition of In increases
the depth of the potential well for carriers, which may be
useful for optical applications. Furthermore, atoms of In
are more mobile than Ga in the considered temperature
range [28], which may affect the DE process. During DE
process, unlike the Stransky-Krastanov method, the stress
introduced by In does not play a decisive role in formation
of the nanostructures which allows to use an arbitrarily
small fraction of In.




Growth conditions and parameters of the samples

The samples of nanoheterostructures with In,Ga;_  As
QR [29, 30] were grown by MBE method on semi-
insulating GaAs substrates with orientation (001). The
Al ,3Gag 7,As layer with the thickness of ~200 nm was
gro{)vn at 580 °C for creating of a potential barrier to the
charge carriers. Then the temperature was dropped to
200...325 °C and the DE was held:

1. The deposition of about 5 MLs (monolayers) of Ga at
closed source of As, to form an ensemble of nanoscale drop-
lets.

2. Introduction of the As, flux for crystallization of
Ga drops into GaAs quantum rings (As, pressure — 0,2...
1,310 Torr).

Growth conditions and results are shown in the table
and in figs. 2—3.

The Al ,4Ga 7,As capping layer was grown over the
QR array for the samples A2 and B1—B4. The initial
stage of growth of the layer was carried out at a low tem-
perature of the substrate to avoid diffusion blur of the
formed ensemble. Then, after growth of 6, 20 MLs of
Al ,3Gag) 7,As, for the samples A2 and B1—B4 respec-
tivély, the growth was interrupted and the substrate tem-
perature was increased. Further growth of Alj 53Ga) 7As
occurred at a higher temperature. To examine the mor-
phology of the ensemble, the QR array was reproduced on
the open surface under the same conditions as the inner
layer (fig. 2).

MBE mode with reduced deposition rate was used for
the sample A2 at a low temperature growth of the capping
layer. The migration-enhanced epitaxy, which allows to
get the perfect crystalline layers of AlGaAs at growth tem-
peratures of 250...350 °C [31], was used for the samples
BI—B4. Delivery of Al 53Ga 7, and As, fluxes on the sur-
face was alternated to prov1de the atomic-layer growth.
The duration of As, deposition cycle was varied from 1,1 s
for sample Bl to 1,2 s for B2 and 1,5 s for B3, B4; for
Al »3Gay 7, the cycle was 1 s for all the samples.

The surface morphology of the samples was examined
by the scanning electron microscopy (SEM) of high res-
olution and by the atomic force microscopy (AFM). As
the REM scans shown (fig. 3), the ensembles of single
QRs were formed on the surface of the samples Al and Bl
(as well as the samples BI—B4 — the scans are not pre-
sented) and the double QRs were formed on the surface of
the samples A2, B2 and B3. The mechanisms of formation
of single and double QRs were discussed in the literature
[32, 33] and by the authors [30]. Formation of single and
double QRs can be explained by considering the diffusion
of Ga (In) and As atoms on the surface and inside of the
droplet. The analysis results are in good agreement with
experiment.

The surface concentration of the rings was measured on
REM and AFM scans with the size of about 10 X 10 pum.
After comparison of the samples in the same series it can
be concluded that the surface concentration depends on
the substrate temperature during the droplets formation
[12, 24, 29], and decreases with increasing of temperature.
Also it decreases with increasing of In content in the drop-

lets [29], apparently due to the lower diffusion barrier for
In atoms on the surface of GaAs (001) [28].

In addition to the described structures, the larger and
more sparse ensembles of QD pairs (QDP) were found on
the surface of some samples (A2 and B2), oriented along
the crystallographic direction [011] (fig. 4). Each pair con-
sists of larger and smaller dots, the lager one represents a
triangle-based pyramid. The height of the pyramids is 50
and 60 nm, the width of the base in the [011] direction is
350 and 300 nm, the density of the objects on the surface is
0,61 and 0,25 um_z for the samples A2 and B2, respectively.

The formation of these objects is likely caused by the
lack of As at the stage of initial growth of the capping lay-
er for the samples, which leads to formation of the
Al 3Gay 7, droplets and their segregation to the surface.
This mechanism was confirmed by a comparison of the
initial stage of growth of the capping layer by a migra-
tion-enhanced epitaxy for the samples of B series. Re-
duction of As deposition time for the cycle by 0,1 s for
B2 in comparison to B1 led to the formation of QDP. As
the substrate temperature during the growth of the coat-
ing layer reached 550 and 580 °C for A2 and B2, respec-
tively, the concentration of the drops decreased with in-
crease of the temperature according to the Arrhenius law
N ~exp(E,/kT), and their size was increased while main-
taining the amount of material.

The unusual structure of QDP we associate with the
anisotropy of GaAs (001) surface reconstructions (such as
2 X 4 and 4 X 6) [34], where the droplets were formed.
This surface consists of alternating rows along the [011] di-
rection with the width of ~1 nm, varying in height and by
Ga/As ratio. Apparently, the nanoscale metal droplets ex-
tend along these rows. This is analogous to the behavior
of micron-size water droplets on the surface with alter-
nating bands of weak and strong wetting [35]. The drop-
lets of water extend in the direction of the bands taking
the shape close to elliptical, but with a flat boundary
along the major axis.

QDP asymmetry is probably caused by the following
reasons. The droplet is depleted during crystallization, but
its boundary is pinned due to the line tension [36]. This
leads to decrease of the contact angle and increase in stress
in the surface layer. The dewetting occurs at some stage
[37], and the single drop with the increased contact angle
forms to reduce the surface energy, which becomes the
largest of QDP.

Conclusion

The influence of growth conditions of DE method on
the morphology of quantum rings In,Ga;_ As/AlGaAs
was investigated. The analysis and generalization of the re-
sults of the previous work on DE in the GaAs/AlGaAs sys-
tem was made. It is shown that the same procedure can be
used to create arrays of nanostructures of various shapes
and sizes depending on the growth temperature and As,
pressure.

The possibility to independently control the shape, size
and surface density of nanostructures was demonstrated.
The density of nanostructures is determined by the sub-
strate temperature on the droplets deposition stage, where-
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upon the temperature can be adjusted to obtain the na-
nostructures with the desired morphology.

It was shown how the lack of arsenic during the growth
of the capping layer can lead to the formation of ordered
nanostructures (asymmetric QD pairs) on the surface, in-
dependently coexisting with QRs. The mechanism of
their formation was revealed, which is based on the an-
isotropy of GaAs (001) surface. Use of the migration-en-
hanced epitaxy for growth of the capping layer allows to
precisely control the stoichiometry, avoiding formation of
the defects and unwanted nanostructures.

This work was supported by the Ministry of Education
and Science of the Russian Federation in the framework of
a comprehensive project (code 2013-218-04-050, the Decree
of the Government of the Russian Federation on April 9, 2010
No 218) using the equipment of CUC "Heterostructure-based
microwave electronics and physics of wide-bandgap semicon-
ductors"” of National Research Nuclear University MEPhI.
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ONTUYECKUE M ®OTOIAEKTPUYECKUE CBOMCTBA
HAHOIETEPOCTPYKTYP Si/Ge C KBAHTOBbIMU TOYKAMU Ge

ITlocmynuna 6 pedaxyuro 25.11.2014

IIpedcmasnen anaus Hay4HO-mMeXHUHECKOU AUMEPAMYPbL NO ONMUMECKUM U (POMOINEKMPUHECKUM CEOUCMBAM HAHOZemepo-
cmpykmyp Ge/Si. Onucanbl 0cobeHHOCMU NOAYNPOBOOHUKOBLIX CIPYKMYD C HAHOPA3MEPHbIMU BKAIOYEHUSMU, UX ONMuUYecKue U
gomoanexmpuyeckue ceoticmea. I[lposeden 00630p 21eKMPOHHOU CMPYKMYPbL U ONMUYECKUX CEOUCME MAMepuanos Ha OCHOee
Si/Ge ¢ keanmosvimu moukamu Ge. [Iposederno cpasnenue cnekmpoe omosroMUHeCUeHYULU, IANCKMPONIOMUHECUEHUUU CIPYKMYD
0aHHO20 Muna, CReKmpog (HomonposooOUMOCMU, PACCMOMPEHO ABACHUE OMPULAMENbHOL (OMONPo8oOUMOCMU.

Karoueevie caosa: Hanoeemepocmpykmypul, K6aHMOBble MOUKU, KPEMHUU, eepMAHULL, COAHeYHble dNeMeHmbl, (pomonpeodpa-

30eamenu, ¢0m03/1eicmpu'1ecxue xapakmepucmuxku

Bsenenue

HM3yyeHne onTuyeckKuXx M (HOTOIIEKTPUIECCKUX
CBOWCTB TMOJIYIIPOBOIHUKOBBIX CTPYKTYp Ha OCHOBE
KPEeMHMUSI ¢ KBAHTOBBIMU TOYKAMH T€PMaHMS SBIISICTCS
aKTyaJbHOM 3aJadeil B CBSI3U C HEOOXOIAMMOCTBIO I10-
JIy4eHMST TTOMOOHBIX CTPYKTYP ¢ YHUKATbHBIMKA (PU3U-
YEeCKMMM CBOMCTBAMU JJIsI TIEPCIIEKTUBHBIX TPUOOPOB
OITORIEKTPOHNKN. MHTEpec K IMOTOOHBIM CTPYKTY-
paM U MX CBOMCTBaM CBsI3aH C MEePCIEKTUBHOCTDHIO Te-
TepocTpykTyp Ge/Si ns co3maHusi COJTHEUHBIX dJie-
MEHTOB U (DOTONETEKTOPOB, B TOM YHUCJIE MJIs1 OJIVDKHE -
ro mHdpakpacHoro nramnaszona (1,3...1,55 mxm) [1—6].

DOTO3NEKTPUYECKIE XApAKTEPUCTUKUA  TeTepO-
CTPYKTYP C KBAHTOBBIMM TOYKAMU F'epMaHUs Ha KpeM-
HUU MOTYT MCCJIEIOBAaThCS M3MEPEeHUEM cIieKTpa ¢o-
TO- U BJICKTPOJIOMUHECLICHIIMM, OTIpeeIEHUEM CITeK-
Tpa (OTONPOBOIUMOCTH.

B 0030pe paccMOTpeHBI OCOOEHHOCTH IIOJYIpPO-
BOIHWKOBBIX CTPYKTYP ¢ KBaHTOBEIMU Toukamu Ge B Si,
HX ONTHYECKMEe U (HOTOINEKTPUUYECKHE CBOMCTBA, Me-
TOIVKY WX U3MEPEHUS.

®oromomuHecennusa cTpykryp Ge/Si

OnuH u3 Hambosee BaXXHBIX METOAOB MCCIIEeI0Ba-
HUS ONTUYECKUX W (HOTOINEKTPUUCCKIX CBOMCTB TTO-
JIyITPOBOAHMKOBBIX MaTepPUaJOB ¢ HAHOPa3MEePHBIMU
BKJTIOUEHUSIMU — U3MEPEHHE CIIeKTpa (DOTOITIOMUHEC-
LIEHLIMU, TaK KaK OHO JaeT HanboJiee MOJIHYIO0 KapTUHY
00 SHEPreTUYECKON CTPYKTYpe MaTepHaa.

HeraabHO MCCIIeqoBaHBI M3TydaTeJIbHbIC CBOMCTBA
CTPYKTYp KBaHTOBbIX Touek Ge B MaTpule Si, BbIpa-

1eHHbIX B pexkuMe CtpaHckoro— KpacrtaHoBa. Oka3za-
JIOCh, YTO OHM 3aBUCST OT TeMIIEpaTyphl pocta. Tak, mpu
CpaBHUTEILHO HU3KUX TemIiepaTtypax (okoso 400 °C)
CO3IAI0TCS CTPYKTYPHI, CIIOCOOHBIE M31y4aTh (POTOHBI
C DHEpPTUE, Jake MeHBIIIeH, YeM IIIMPHHA 3aIpelleH-
HOI1 30HBI TepMaHUsI, @ UMEHHO B AUaria3oHe Mpuoiu-
surenbHo oT 0,6 mo 0,9 3B [1, 7, 8]. Takas Bo3MOX-
HOCTh 00ycClIOBJIeHa TeM, 4To Touku Ge B Si oOpa3sy-
0T TIOJTYTIPOBOTHUKOBYIO T€TePOCTPYKTYPY 2-TO THIIA,
B KOTOPOUl B M3Ay4yaTeJIbHYI0O pPeKOMOWHAIIUIO BOBJIE-
KaloTCs OBIPKY, 3aXBaY€HHBIC B TIOTCHIIUATBHBIC SIMBI
KBAHTOBBIX ToueK Ge, U 3JIeKTPOHBI U3 OKpYKalolle-
ro Si, JIOKaIM30BaHHBIC HA TpaHMIE C TOYKAMU Tep-
maHus. MznyyaTenbHble CBOMCTBA CTPYKTYpP KBaHTO-
BBEIX TOUYEK 3aBUCSIT OT TeMITepaTyphbl pOCTa M APYTUX
napaMeTpoB, TAKMX KaK CKOPOCTh ocaxkaeHusi Ge, Toj-
IIMHA HambuisieMbiX cioeB [4, 9—11], ypoBeHb Jieru-
poBaHus [12].

CTpyKTypHl, BBIpalllcHHBIC TIpH 00Jiee BBICOKUX
temrneparypax (okojo 600 °C), uznydaoT (GOTOHBI B
Oonee y3koM auana3zoHe sHepruii Boymsu 0,8 3B Hesa-
BMCHMO OT pa3Mepa KBaHTOBBIX ToUeK Ge, OT TOIIIMHBI
cjtoeB Si, pa3meNsIolIMX CJIOM TOYeK IrepMaHHus. DTO
MOXKET OBITh CBSI3aHO C TeM, YTO 3(PMEKT MPOCTPaAHCT-
BEHHOTO KBAaHTOBaHUs B To4YKax (Ge, BBIpALICHHEIX B
pexxume CtpaHckoro—KpacTtaHoBa, MOXET OBITh He-
3HAYNTETLHBIM M3-3a UX OOJIBIIOro pasmMepa. MHTepec
K CTPYKTYpaM, M3Jay4aroluuM (GOTOHBI C 3HEprueu
okouio 0,8 3B, BEI3BaH NCIOJIB30BAHNEM 3TOI 00JIaCTHA
CIEKTpa B ONTOBOJIOKOHHBIX cpelacTBax cBs3u [1]. Ha
puc. 1 n300pakeHBI TIPUMEPHI U3MEPEHUI CIIEKTPOB
(hoToNOMUHECLIEHLIMM HaHOTeTepocTpyKTyp Ge/Si.
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S, vy

| o M Ge(Si), BbIpallleHHBIMU Ha pe-

JIAKCUPOBAHHBIX Oy(MepHBIX CIO0SIX
SiGe/Si(001) n 3aKIIOUYEHHBIX Me-

55T

IlokazaHo, 4TO NMPMU YMEHBIIEHUU

TeMreparypbl pocTa B HHTepBaJe
700...630 °C nmuk GoToTIOMUHECLIEH-
mun (DJI) ocTPOBKOB cMelaeTcd B
00JIaCTh MEHBILIMX YHEPIUiA, YTO 00Yy-
CJIOBJIEHO YBEJIMUEHUEM COMEPXKaHUS

Puc. 1. Cnektpsl ¢oTOTIOMIHECHEHINH HAHOCTPYKTYP, BbIpAMIEHHbIX (@—d) HA OKHCJIEHHOM
TMOBEPXHOCTH KPEMHHs B pe3yJibTaTe ocaxkaeHus (a, b) cJiost 0CTPOBKOB repMaHMs, MOKPHITHIX
cioem Kpemuusi, u (¢, d) TOJBKO CJios KpeMHHsA, a Takke (e, /) B pexxume CTpaHCKOro—

Kpacranosa [1]; Ip; — mATeHCHBHOCTDL (h)OTOIOMAHECICHIAA

Fig. 1. Photoluminescence spectra of the nanostructures grown (a—d) on an oxidized surface of
silicon during sedimentation (a, b) of a layer of islets of Ge, covered with a silicon layer, (c, d)
only a silicon layer, (e, f) in Stranski-Krastanov mode [1]; Ip; — intensity of photoluminescence

Crpyktypbl Ge/Si, BbIpallleHHble HA OKUCJIEHHON
MOBEPXHOCTU KpeMHMUsI, n3ay4aior B obnactu 0,8 3B ¢
MHTEHCUBHOCTbIO, Bo3pacTatolleidi Ha 1—2 mopsiaka
Ipy yBeJIMYEeHMU TemIiiepaTypbl oTxkura go 1000 °C
(puc. 1, b). Crpykrypsl Ge/Si, BbIpallleHHbIE B peXrMe
Crpanckoro—KpacraHoBa ¥ OTOXKEHHbIC IIPU TEMIIE-
parypax Boiie 700 °C, mpakKTU4eCKM MOJHOCTBIO Te-
PSIIOT CIIOCOOHOCTH K (DOTOJIIOMUHECLEHIIM, CBSI3aH-
HOI ¢ KBaHTOBBIMUM TOUKamu repmanus (puc. 1, f) [1].
Takast 3aBUCUMOCTb (DOTOJIOMUHECLICHIIMU OT TeMIIe-
paTypbl OTXHUra 4acTO MCIIOJb3YeTCsl KaK KpUTepUid
JIJI TIOATBEPXKACHUST MPOUCXOXICHUS (DOTOIOMUHEC-
LIEHIINM OT KBAHTOBBIX TOUECK TepPMaHUsI, a HE OT KPH-
CTAJIINYECKUX Ae(EKTOB B OKPYXKAKOIIEM KPEMHUU.
Takum 00pa3oM, Bo3pacTaHWE€ WHTEHCUBHOCTU (OTO-
JIIOMUHeCLIeHIIMK Ha 1—2 mopsiaka B oonacti 0,8 3B B
crpykrypax Ge/Si, BbIpallleHHbIX Ha OKUCJIEHHOI I10-
BEPXHOCTU KPEMHMSI U OTOXCKEHHBIX TIpU TeMIlepaTrype
Boiire 700 °C, He MOXeT OBITh CBI3aHO C KBAaHTOBBIMU
ToukaMu Ge, a IIPOUCXOOUT BCIEACTBUE ONTUUECKON
PEKOMOVHALIMY B 3aKPhIBAIOIIEM CJIOE€ KPEMHUS.

Takum o0Opa3oM, CHEeKTphl (OTOJIOMUHECIECHIINA
Ha puc. 1, b MoKa3bIBAIOT, YTO CJIOM KPEMHUS, BhIpa-
LIIEHHBbIE Ha CJI0e OCTPOBKOB T'€pMaHMsI Ha OKUCJIEH-
HOI1 TTOBEPXHOCTU KPEMHUSI, CITIOCOOHBI U37Ty4aTh CBET
TOJIbKO TIpU 3Heprusix B objactu 0,8 3B, T. e. uMeloT
9 PEeKTUBHYIO IIUPUHY 3aIlpellleHHON 30HBI, 3HAYM-
TEJIbHO MEHBIIYI0, YeM KPUCTAJUTMYECKUI KPEMHUIA.
DTO CBUAECTENLCTBYET O CYLISCTBEHHOM OTJIUYMU
aTOMHOW CTPYKTYPbI 3TUX CJIOEB, KOTOPbIE MOTYT OBbITh
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Ge B OCTpOBKax M MoJaBJIeHUEM pa3-
MbITHSI HaIpsLKeHHBIX Si-cioeB. O6-
. HapyXeHO CMellleHHe M1MKa B 00J1acTh
OOJIBIIINX SHEPTUI TIPYU TTOHKCHUH
Temmeparypsl pocta ¢ 630 go 600 °C
(puc. 2). 910 CBSI3aHO C U3MEHEHU-
€M THUIIa OCTPOBKOB ¢ dome Ha hut.
s TOBBIMICHUS JIOKATU3AIIIN
BJIEKTpOHOB B padore [11] ObLIO
npemioXeHo ucmoab3oBatb Ge(Si)-
CTPYKTYPbI ¢ CaMO(OPMUPYIOIIMMKCS OCTPOBKAMH,, BbI-
palleHHBIMM Ha penakcuposanHoMm Sij_ Ge,/Si(001)
Oy(depHOM cCJI0€ M BCTPOCHHBIMM B HAIIPSKCHHBIN
Si-cnoit (e-Si-cnoit). Ilpu sTOM OH sBIsSeTCs 3¢-
(GeKTUBHOU TMOTEeHUUATIbHON SIMOI 11 3JE€KTPOHOB

(puc. 3).
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Puc. 2. Cnektpsl (oTOMNOMUHECHEHIMH CTPYKTYP € OCTPOBKAMH
Ge(Si)/Si, chropmupoBannbivu nipu Temnepatypax 700 (1), 600 (2),
630 (3) u 600 °C (4). Temnepatypa usmepennii 77 K [7]

Fig. 2. Photoluminescence spectra of the structures with islets of
Ge(Si)/Si, formed at 700 (1), 600 (2), 630 (3) and 600 °C (4).
Temperature of measurements — 77 K [7]
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Puc. 3. CxemaTnynoe M300paKkeHne NMOMEPEYHOr0 CEYEHHS reTepo-
cTpykTyp ¢ Ge(Si)-camodopMupyOIMMICS OCTPOBKAMHE, 3aKIIOYEH-
HbiMH Mexay e-Si-cioamu [11]: 1 — SiGe-6ydepHsblii crioit, 2 —
Si-ciou nmoa u Hax octpoBKamu, 3 — Ge(Si)-camodopmupyrolyecs
OCTPOBKU, 4 — MOKPOBHBIN SiGe-cioii, 5 — 3aluTHBIN cloit Si
Fig. 3. Image of a cross-section of the heterostructures with Ge(Si) self-
forming islets between the e-Si layers [11]: 1 — SiGe — buffer layer,
2 — Si layers above and under the islets, 3 — Ge(Si) self-forming islets,
4 — covering SiGe layer, 5 — protecting Si layer
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Puc. 4. Cnekrpot DJI crpykryp ¢ Ge(Si)/e-Si-ocrposkamu (7= 77 K)
[11]
Fig. 4. PL spectra of the structures with ¢ Ge(Si)/e-Si islets at 77 K [11]

IMomoxeHne sHEPTETUIECKUX YPOBHEH 3JIEKTPOHOB
B TaKOi siME€ MOXHO KOHTPOJUPOBATb, MEHSISI COCTaB
oygpepHoro SiGe-cnost u TomuuHy e-Si-cios. IToka-
3aHa BO3MOXHOCTb 3(h(heKTUBHOTO YIIPaBJICHMUS MOJIO-
xxeHueM nuka ®JI oT oCTPOBKOB 3a CUET U3MEHEHUSI
TOJIIUH e-Si-cioeB HaJ U oA OCTPOBKAMU.

W3 puc. 4 BUaHO, YTO NMPU YMEHBUIEHUU TOJILLUH
e-Si-c10eB Hax (a’ls‘) W TI01 (dZS‘) OCTPOBKAaMHU OT 3 HM
1o 1 HM noJiokeHue Nuka (POTOTIOMUHECLIEHIIUU OT
Ge(Si)/e-Si-ocTpoBKOB cMellaeTcsi B 00JacTb 0O0Jb-
mux sHepruii. OOHapyXeHHOe CMELIeHUE CBSI3aHO C
TeM, UTO MPU YMEHbIIEHUU TOJIIMH e-Si-CJIoeB B pe-
3yJbTaTe KBAaHTOBO-pa3MEpPHBIX 3(PHEKTOB MPOUCXO-
AT BBITATKWBAaHUE TTIEPBOTO SHEPTETUUECKOTO YPOBHS
3JIEKTPOHOB B €-Si-CJI0sIX KO THY 30HbI IPOBOAUMOCTH.

Taxxxe B padote [11] npoaeMOHCTPUPOBAHO YBEIU -
YeHUe Ha MOPsI0K MHTEHCMBHOCTU cUrHaja (oToo-

muHecueHuuu rpu 77 K ot Ge(Si)-ocTpoBKOB, BCTPO-
€HHBIX B HAIPSDKEHHBbIN €-Si-CJIoii, M0 CpaBHEHMIO C
curHajaoM DJI ot Ge(Si)-ocTpOBKOB, BhIpAllIEHHBIX HA
HeHanpspkeHHbIX Si(001)-nomioxkax. YBeanueHe UH-
TEHCUBHOCTH (DOTOJIOMUHECIICHIINY CBSI3BIBACTCS C
3¢ GEeKTUBHON JIoKaIM3alluell 3JeKTPOHOB B IOTEH-
LIMAJILHBIX IMAaxX, 0O0pa30BaHHBIX €-Si-CJI0sIMU Ha U
MOoJl OCTPOBKAMMU.

®oTonpoBoaMMOCTh CTPYKTYp Si/Ge

Hzyuenme mnatepasbHON (OTOIMPOBOOAUMOCTH B
Si/Ge-cTpyKTypax, coaepxalluX caMOOpPraHU3YIOLIe-
¢ KBaHTOBBIe TOUKM Ge, aKTyaJlbHO B CBSI3W C BO3-
MOXHOCTbIO MCIIOJIb30BaHUSI 3TUX CTPYKTYP B OITO-
BJIEKTPOHHBIX Tpubopax [12].

Ha puc. 5 npuBeneHa crnieKTpaibHasi 3aBUCUMOCTb
MPOJOILHON (hoTonmpoBOAUMOCTH CTPYKTYphl Ge/Si ¢
KBaHTOBBIMU TouKaMu Ge (KpuBasi /) mpyu KOMHATHOM
teMmmneparype. J1si cpaBHEHMST TaKKe MPOBEICHBI M3-
MEpeHUs CITEKTPaIbHON 3aBUCHUMOCTH TTPOJOILHOM
(hoTOIPOBOIMMOCTH CTPYKTYP ¢ HEOTHOPOIHBIMU JIBY-
mepHbiMU (2D) cnosimu Ge (KpuBas 2) U obpasia Mo-
HOKpucTaganyeckoro Si (c-Si), KOTOphIi He comep-
xkan Ge (kpuBag 3). [lomoxeHne NIMHHOBOJIHOBOTO
Kpasi U3MEPEeHHBIX CIIEKTPOB yKa3bIBaeT Ha TO, YTO
¢doTOTOK 00YCIOBJIEH TeHepalueil HepaBHOBECHBIX
HOCHUTeJIel 3apsima 3a CYeT HEeNPSMBbIX 30Ha-30HHBIX
nepexoaoB B Si.

CTpyKTypa c KBAaHTOBbIMU ToukaMu Ge oOHapy-
KWJIa 3HAYUTETHHO OOJBIIYIO (POTOUYBCTBUTEIIBHOCTD
B obmactu sHepruit kBaHtoB 1,0 < Av < 1,11 3B, MeHb-
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Puc. 5. CnekrpanbHble 3aBUCHMOCTH NPOJOJIBHOH ()OTONPOBOIMMO-
cTH retepocTpykTypsl Ge/Si ¢ KBanToBbiMu TOUKaMu Ge (kpusas 1),
CTPYKTYpbI ¢ AByMepHbIMH ciosivu Ge (xpuBas 2) u obpasua c-Si
(xpusas 3) npu 290 K [3]; Ipy — doroTok

Fig. 5. Spectral dependences of the longitudinal photoconductivity of
Ge/Si heterostructure with Ge quantum dots (curve 1), structures with
two-dimensional Ge layers (curve 2), and c-Si sample (curve 3) at 290 K
[3]; Ipy — photocurrent
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Puc. 6. CnekrpajibHble 3aBUCHMOCTH NMPOAOJIbHOM (OTONPOBOINMO-
cTH retepocTpykTypsl Ge/Si ¢ KBanToBbIMM TOUKaMu Ge (kpuBas 1),
CTPYKTYpbI ¢ HeonHopoaubsivMu 2D cinosvmu Ge (kpusas 2) u c-Si 00-
pasua (kpuBas 3) mpu 7= 77 K. Ha BcTaBKe — 30HHAs AMArpamMMa
reTepocTpykTypsl Ge/Si ¢ KBaHTOBBIMH TOUKamu [3]

Fig. 6. Spectral dependences of the longitudinal photoconductivity of
Ge/Si heterostructure with Ge quantum dots (curve 1), structure with
nonuniform 2D Ge layers (curve 2) and c-Si sample (curve 3) at 77 K.
On the insert is a band diagram pf Ge/Si heterostructure with quantum
dots [3]

IIUX IUMPUHBI 3aNIPELIEHHON 30HbI C-Si MPU KOMHAaT-
HOIi TeMIleparype (Eg = 1,11 »B). Kak usBectHo, op-
Ma creKkTpa BOJIM3U JUIMHHOBOJHOBOIO Kpast (poTo-
MMPOBOAVMMOCTH OIIPENeISIeTCSl CIeKTPaJbHON 3aBU-
CUMOCTBIO CMEKTpa ONTUYECKOTo MorioleHust. Takum
o0pa3zoM, OTJIMYHME CIIEKTPOB (HOTONPOBOIAMMOCTH
00YCJIOBJIEHO U3MEHEHUSIMU B ONITUYECKOM MOTJIOLIe-
HUM TeTePOCTPYKTYP C KBAaHTOBBIMU TOYKamu |[3].

B cBoto ouepenn, ahdekThl pa3MepHOro KBaHTOBA-
HUS B CTPYKTYpaX ¢ KBAHTOBBIMU TOYKAMU OIPEICIIs-
I0TCS1 pa3dMepaMy HAHOKJIACTEPOB U, BOBMOXHO, YIIpy-
MMM HANPSDKEHUSIMU B CUCTEME.

3amMeTHO OoJblIKUN (POTOOTKIUK CTPYKTYPHI C
KBAaHTOBBIMU TOUKaMU B MHOpaKpacHoil obiactu
1,0...1,11 B MOXHO OOBSICHUTH TEM, UYTO CXKATbie 00-
Jlactd Si BOJIM3U HAHOOCTPOBKA UMEIOT MEHBIIYIO 111 -
PUHY 3allpellieHHOM 30HHI IO CpaBHEHUIO ¢ Henedop-
MUpOBaHHOU Si-Marpuiieii. HepaBHOBeCHbIE HOCUTE-
JIM 3apsiga, TeHepupyeMble B CKaThIX 00JacTax Si, ma-
10T BKJag B ¢otoToK B obnactu 1,0...1,11 3B.

30Ha-30HHBIE TEPEXONbl B KPEMHMEBBIX CTPYKTY-
pax ¢ KBaHTOBBIMM TouKaMu Ge u3ydanucs B [12] me-
TOJIOM CIIEKTPOCKOMNUM (POTOTOKA MPHU IOMEPEUYHOM
HamnpaBJIe€HUU MPUIIOXKEHHOIO HATPSIKeHUST CMellle-
Hust. ®oTouyBcTBUTENBHOCTL ~10 MA/BT B obnactu
900...1200 M3B o0ObsicHSIIaCh HEMPSIMBIMU 3KCUTOH-
HBIMU TIePEXOAaMU MEXIY ABIPOUHBIMU COCTOSIHUSIMU
B Ge u JIOKaJIM30BaHHBIMU B Si 3JIEKTPOHHBIMU CO-
CTOSTHUSIMU.

MoXHO MPeAnoJoXUTb, YTO B CTPYKTYpax ¢ KBaH-
TOBBIMU Toukamu Ge ToriolleHUue B 00JacTu
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900...1200 m3B 00ycioBiIeHO KaK HEMPSIMBbIMU TIepe-
XollaMHu, TaK U IepexomamMu B JaeOpMHPOBAHHBIX
SIIUTAKCUAIBHBIX CJIOSIX Si BOJM3M HAHOKJIACTEPOB.
OTHOCHUTENTLHBIM BKJIa KaXIOrO0 MeXaHW3Ma ITOTJIO-
IIEHUST, BEPOSITHO, 3aBUCHUT OT TUIOTHOCTU KBAHTOBBIX
TOYEK, UX pa3Mepa U OJHOPOAHOCTU pacIpeiesieHUs],
YTO TpeOyeT AOIOJHUTEILHOIO UcciaeaoBaHus [3].

IIpu ymenbuienun temmnepatypsl 1o 7 < 120 K B
TeTepOCTPYKTYpax ¢ KBAHTOBEIMM TOYKAMH OOHapyKe-
Ha ¢dorouyBcTBUTENbHOCTL 0,4...1,15 3B B uHdpa-
KpacHoO obnactu, rae ¢-Si aBisieTcst mpo3payHbiM. Ha
puc. 6 IpuUBeIeHbl CIICKTPaJIbHbIE 3aBUCUMOCTH IIPO-
JOJTBHOM (hOTOTIPOBOINMOCTH CTPYKTYPHI C KBAHTOBBI-
MU ToOYKaMu (KpuBasi 1), CTPYKTYphI ¢ HEOTHOPOIHBI-
mu 2D cnosimu Ge (kpuBas 2) 1 obpasiia c-Si 6e3 Ge
(xkpuBast 3), uamepennsie npu 77 K.

Hns1 oObSICHEHUSI HEIPEPHIBHOIO BO3pAacTaHUS
(hoTOOTKIIMKA TIpM YBEIMYEHUM /v B CIIEKTPATbLHOM
obmactu 0,4...1,15 3B rerepocTpyKTyphl ¢ KBAHTOBHI-
MM TOUYKAMM CJIEIyeT paCCMOTPETh 30HHYIO TUarpaMmmy
Ge/Si. OO1IETTPUHSITO OTHOCUTD 3TU CTPYKTYPHI K TU-
my II, B KOTOpHIX MOTeHUMAIBbHAS sIMa CYIIECTBYET
TOJIbKO JUISI HOCUTENIeH 3apsiaa OIHOro 3Haka. DHep-
T'YsT MIOHU3AIIM OCHOBHOTO COCTOSIHUS IBIPOK B KBaH-
TOBOI TOUKE MO OTHOLIEHMIO K BaJIeHTHOM 30He Si co-
crasisieT npumepHo 400 maB [3]. Ha BctaBke K puc. 6
NpUBeAeHA 30HHAs AMarpaMMa CTPYKTYpbl BAOJb IUia-
HApHOT'O HAIIpaBJIEeHUSI, IIPOXOISIIETO Yepe3 HaHOKJIIA-
crep Ge. M306paxkeHHbIe U3rMOBI 30H BOJU3H TeTEepPO-
rpaHulbl 0OYCIOBIEHBI HEOMHOPOIHOU nedopMaliuei.
B pesynsrate BOMM3U reteporpaHul] Ge/Si B KpeMHUU
BO3HUKAIOT TTOTEHIIMAIBHBIC SIMBI VTSI 9JIEKTPOHOB.

HMccnenoBanbl CrieKTpbl MPOAOJbHON (POTOMPOBO-
JUMOCTH MHOTOCJONHBIX CTPYKTYp Si/Ge ¢ KBaHTO-
BeIMU Toukamu Ge [16, 17]. HaGmoganuch TMHUM OMI-
TUYECKUX MEPEXOJ0B MEXAY AbIPOYHBIMU YPOBHSIMU
KBaHTOBBIX TOUEK M BJIEKTPOHHBIMU COCTOSTHUSIMU Si.
Ha puc. 7 nmokazaHbl CIEeKTpbl (POTOMPOBOAUMOCTH
JIBYX 00pa3loB, u3MepeHHbIe Ipu 78 K B nuamna3oHe
0,3...1,2 »B. YcraHoBjeHa BO3MOXHOCTb YIPaBICHUS
CIIEKTPOM 3JIEKTPOHHO-ABIPOYHBIX COCTOSTHUI MacCH-
Ba KBaHTOBBIX To4eK Ge ¢ TTOMOIILI0 U3MEHEHUS T1a-
paMeTpoB pocta cTpykTyphl Si/Ge [16].

3HaueHue IIMPUHBI 3ampelleHHOM 30HBI  Si
(Eg = 1,12 3B) nokazaHo Ha puc. 7 BepTUKaJIbHOI
ITpuxoBoii TuHUeir. O6pasen; / ¢ MACCMBOM KBaHTO-
BbIX ToueK Ge oOHapyXuBaeT IUPOKUI MUK (POTOOT-
Kkirka B guamnasone 0,6...0,9 3B. Bugno, uto ero ¢dop-
Ma SBJIAETCS PEe3YJIbTaTOM HAIOXCHMS JTUHUM Tpex
ny0JIeTOB, KOTOPBIE MPOSIBISIIOTCS B BUIE CIa0bIX OCO-
OeHHOCTeM, OTMEYeHHbIX Ha KpuBoit / (cM. puc. 7) ma-
JILIMU cTpesikamu. JlyGeTHoe paculerjieHHe COCTaB-
Jsiet 30 MaB, a paccrosiHue Mexay nydieTaMy paBHO
80 maB. Ctpykrypa cnektpa (POTOIIPOBOAMMOCTH XO-
POIIIO0 BOCIPOM3BOAUTCS TSI OOpa3loB C MEHBIIUM
cofepxkaHueM MceBIOMOPGhHBIX KBAHTOBBIX Touek Ge
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Puc. 7. Cunexrpsi (hoTONPOBOAMMOCTH ABYX 00Pa310B MHOTOCIOMHBIX
crpykryp Si/Ge ¢ kBantoBbiMu Toukamu Ge npu 78 K: /, 2 — 00-
paslibl, MOJYyYeHHBIe IIPY pa3HbIX YCIOBUsIX pocTa [17]

Fig. 7. Photoconductivity spectra of two samples of Si/Ge multilayered
structures with Ge quantum dots at 78 K: 1, 2 — samples received under
different conditions of growth [17]

B MaccuBax (~50 %). B aTux ciydasix OCHOBHOM IITH-
POKUII MUK YXe pa3MbIT B HEIPEPHIBHO CIamaoliee
KPbLIO U3-32 HEOJHOPOMHOM peakcaluy HaMpsDKeHUN.
Takum ob6pa3oM, HajauuMe MajblX MUKOB (CM. pucC. 7,
KpuBasi I, Majble CTpeJKMU) IOKa3blBaeT, YTO JOCTa-
TOYHO OOJIbILIOE YMCJIO TICEBIOMOP(MHBIX KBAHTOBBIX
Touek Ge comepXUTCsl B UccaeayeMoM maccuse [17].

OO6pazen; 2, crnekTp (HOTOMPOBOAMMOCTU KOTOPOro
TakxKe MpYBeAeH Ha puc. 7 (KprBasi 2), MOJydeH Mpu 060-
Jiee BBICOKO# Temmeparype pocra cinoes Si (7~ 500 °C),
yeM obpasewt / (7 = 450 °C). B stom ciyyae 3Haue-
HUE HAIPSLKeHUS B KBAHTOBBIX TOUKAX YMEHBIIIACTCS
Ha 20 %, a UX pa3Mepsl YBEJIMIUBAIOTCSI B pe3yiIbTaTe
B3aMMHOTO TIepeMEIIMBAHNS KOMITOHEHTOB TP POCTE.
HybnetHast cTpykTypa (cM. puc. 7, KpuBasl 2, TuHUU A
U B) cBsi3aHa ¢ 3JIeKTPOHHBIMU YPOBHSIMMU Si, 00pa3o-
BaHHBIMA B Je(OpMAIlMOHHON ITOTEHIIMAIEHON sIMe
BOMM3u reteporpanul; Si/Ge. Iluku criektpa doto-
MPOBOJAMMOCTH, OTMEUEHHbIE Ha KPUBOU 2 cTpeJiKa-
MU, OOYCJIOBJIEHBI ONITUYECKUMU TMEPEXOTaMU MEXKITY
IBIPOYHBIMU YPOBHSIMU KBAHTOBBIX TOUEK M COCTOSI-
HUSIMU 30HBI IpoBoauMocTtu Si [17].

B pa6orax [18, 19] akcniepuMeHTaIbHO OOHapyKe-
HO SIBJICHME OTpHUIaTeIbHON (hOTONPOBOAUMOCTH B
KBaHTOBBIX Toukax Ge/Si, 3akioyarolieecss B yMEHb-
IIEHUX TIPOBOAMMOCTH CJI0SI ¢ KBAHTOBBIMU TOYKAMU
MPU OCBELLECHUM.

MexaHuU3M SIBJICHUSI OTPHIIATEIHLHON (POTOIIPOBO-
JTHUMOCTH 3aKJjitoyaeTcs B cieaytomeM. Paccmorpum Si
n-TUTIA, B KOTOPBIM BCTPOSHBI HAHOOCTPOBKM HEJICTH -
poBaHHoro Ge. B TeMHOTe MPOBOAMMOCTb CHCTEMBI

OIIpeessIeTCs CBOOOTHBIMU 3JIEKTPOHAMU B 30HE TPO-
BOOVMMOCTH Si, TTOMTABIIMMHM TyJA B pe3yJIbTaTe TEPMU-
YeCcKO MOHM3aluuu 10HOPoB [18].

B oTcyTcTBHME B KBAHTOBBIX TOYKAX ABIPOK Ha TETe-
porpanuue Ge/Si CyllleCTBYeT MEJIKOE COCTOSTHUE TSI
3JIEKTPOHA ¢ 3Heprueil ceasu E, ~ 9 MoB Bcnencrsue
HEOTHOPOIHBIX AeopMaInii, MPUBOASIINX K 00pa3o-
BaHUIO MOTEHUMAIBHON SIMBI 115 2JieKTpoHa. IloaTo-
MYy paBHOBECHasI KOHIICHTpAlLMs 3JEKTPOHOB B 30HE
TPOBOAMMOCTHY OYIeT MOHIKEHA 3a CUeT 3axBara dJIeK-
TPOHOB Ha 3TOT YPOBEHb.

I1pu morJIomeHNM CBeTa, BBI3LIBAIOIIETO MEX30H-
HbIE TIepeXoIbl M 00pa3oBaHMe Tap 3JIEKTPOHOB U JIbI-
POK, IBIPKY HAYHYT HAKATIJIMBATHCS B KBAHTOBBIX TOY-
Kkax Ge, 3apsokas UX TTOJIOKUTETbHO. B pesynbraTe Ha
reteporpanunax Ge/Si B KpeMHUU BO3HUKHYT MMOTEH-
LIMAJIbHBIE SIMBI JJIS DJIEKTPOHOB, B KOTOPBIX HAYHYT
aKKyMyJTHUpOBaThes oTo31eKTpoHBI. C pOCTOM YHCIa
IBIPOK B OCTPOBKaX (IIpH YBEJIWYEHUU WHTECHCUBHO-
CTU OCBELLEHMSI) DHEPrus 3ajeraHust "M30bITOYHOro"
BJIEKTPOHHOTO YPOBHS yBeTmunBaeTcs. [10CKOIBKY 1Mo
Mepe 3ariIyoJieHusT YPOBHS CTEIIeHb ero 3aIlOJTHEHUS
3JIEKTPOHAMHU PACTeT, KOHIIEHTPALMS 3JEKTPOHOB B
30HE IMPOBOAMMOCTHU JOJKHA YMEHBIIIUTHCS, a TIPOBO-
IUMOCTh CUCTEMBI CHU3UTHCSI.

DJIeKTpoIOMHHECTEHIHSA CTPYKTYp Si/Ge

B pa6otax [20, 21] ucciaenoBanuch (hOTOITEKTPU-
YyecKHWe CBOMCTBA U 3JieKTpositoMuHecueHust (DJI)
p—Ii—n-auonoB Ha ocHOBe retepocTpyKryp GeSi/Si ¢
HaHokJiactepamu GeSi B i-obnactu. s uzmepeHus
BJI Ha MOBEPXHOCTU 0OPA3IIOB CO CTOPOHBI CTPYKTYPhI
(opmupoBaica omMuueckuii KoHTakT Au/Ti nuamer-
pom 0,5 mMm. Bropoit oMuyeckuii KOHTakKT (hOpMHUPO-
BaJICSI HAHECEHMEM CIUIOIIHONM ruieHKu Al Ha obpart-
HYIO CTOPOHY NOAJOXKH. CTPYKTYphl ¢ KOHTaKTaMU
pacKajblBaJIMCh Ha OTACIbHBIE KYCOUKM (YMIIbI) pa3-
mepoM 2 X 2 mM. MamepeHust cniektpoB BJI npoBo-
IWJIM HA YUIax B UMITYJbCHOM DEXMMeE, YTOObI U3-
O6exaThb neperpesa oo6pasioB. AIMTeTbHOCTh UMITYJIb-
COB cocTaBJisuia 4 Mc, TIepuoJl MOBTOpeHUsT — 25 Mc.
CnekTpbl DJI perucTpupoBaIv ¢ TOMOLIBIO OXJIaXKaAae-
Moro xugkum azotom Ge:Au-poronpueMHuka. Ha-
omonmanack DJI mpu pa3anuHBIX TeMmeparypax. O0Ha-
PYKEHO, UTO CTPYKTYPHI C OCTPOBKAMM, BHIPAILICHHBIMK
npu 600 °C, o6mamaoT HauOOJIbIIe NHTEHCUBHOCTBIO
curdHana BJI rpu KOMHATHOI TemIiepaType B 00JacTu
amvH BoiH 1,3...1,55 MM (puc. 8).

Otxur cTpykTyp ¢ Ge(Si)-ocTpoBKaMu MPUBOAUT K
YBETMYCHUIO WHTEHCUBHOCTH cuTHayma DJI mpu Hm3-
KUX TeMIIepaTypax, HO yXyIlIaeT TeMIepaTypHYyIo cTa-
OMJBHOCTB ATOTO cUTHasA (puc. 9), UTo CBA3BIBAETCS C
JOTOJHUTEIbHOI nuddy3ueil Si B ocTpOBKU BO BpeMs
OTXMUTA.
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OOHapyXeH CYILIeCTBEHHBI pPOCT MHTEHCHUBHOCTU
curHasna BJI ¢ yBeanyeHUeM TOJIUMHBI pa3aeJuTesb-
Horo Si-cios (puc. 10). DTo CBI3bIBaeTCS C YMEHbIIIE-
HHUEM YIPYTHX HANpPSDKEHWH B CTPYKTYpe C yBeJTHMYe-
HHUEM TOJIIIMHBI 3TOTO CJIOS.

B pesyabTaTe npoBeIeHHOro CpaBHEHUSI CIIEKTPOB
(hOTONMOMUHECHIEHIIMY 1 3JEKTPOJIOMUHECLICHIINU
HaHoreTepocTpykTyp Si/Ge ¢ KBaHTOBBIMU TOUKAMU
Ge, MOJIyYUeHHBIX PA3TUYHBIMM CITOCOOaMU, MOXHO
3aKJIIOUYNTh, YTO KBaHTOBBIC TOUKM Ge, BHEAPEHHBIC B
00beMHYI0 MaTpUILy Si, BHI3BIBAIOT MOSIBIIEHVE ITUKA B
obnactu 0,7...0,9 3B, 4TO COOTBETCTBYET AMANa30Hy
nnvH BoaH 1,3...1,55 mxm. Ilpu 3TOoM 1IMpUHA U MO-

1.55 pm 1.3 pm

lslands | a

Puc. 8. CnekTpbl 3/1€KTPOTIOMAHECHEHIH p— i— n-THONHBIX CTPYK-
Typ ¢ Ge(Si)-ocrpoBkamu, Beipamennsix npu 550 (1), 600 (2) n
650 °C (3). Cnektpsbl u3mepennl npu Temnepatypax 77 (a) u 300 K (b).
IInoTHOCTH TOKA HAKAYKM 1A BCEX CTPYKTYp — 5 A/cM2 [21]; I —
HHTEHCHBHOCTD JJIEKTPOTIOMHHECIEHIHA

Fig. 8. Electroluminescence spectra of p-i-n-diode structures with Ge(Si)
islets, grown at 550 (1), 600 (2) and 650 °C (3), and measured at 77 K
(a) and 300 K (b). The density of the pump current for all the structures

is 5 A/cmZ [21]; Iy is intensity of electroluminescence
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Puc. 9. CnekTpbl 3JeKTPOJIOMHHECHEHIIMA TUOTHOH CTPYKTYPbI C
Ge(Si)- ocTtpoBkamu, Beipamennoii npu 600 °C xo orxura (1) u no-
cie orxura npu 650 (2) n 700 °C (3). Cnexrpsl u3mepens: npu 300 K
[21]

Fig. 9. Electroluminescence spectra of a diode structure with Ge(Si)
islets, grown at 600 °C, before annealing (1) and after annealing at
650 (2) and 700 °C (3), and measured at 300 K [21]

{gp | arb.units

Puc. 10. CnekTpsl 3J1€KTPOTIOMHHECIIEHIMH THOJHOH CTPYKTYpPBI C
Ge(Si)-ocrpokamu, Beipamennoi npu 600 °C, ¢ TommuHoi Si pa3-
nenuteabHoro ciost 25 (1) u 32 um (2). CnekTpsl U3MepeHbl NPH
300 K [21]

Fig. 10. Electroluminescence spectra of a diode structure with Ge(Si)
islets, grown at 600 °C, with thickness of Si of the dividing layer of 25 (1)
and 32 nm (2), and measured at 300 K [21]

JIOXKeHWEe MaKCHUMYMOB CHUTHaja (POTOTIOMHHECIICH-
LIMY U 3JIEKTPOTIOMUHECLIEHIIMH, CBSI3aHHOTO C KBaH-
ToBbIMU Toukamu Ge, ompeaesseTcss pa3dopocoM Iia-
paMeTpoB KBAaHTOBBLIX TOUYEK, MX pa3MepaMu, IUIOTHO-
CTBIO B MaccuBe, a Takxke aud¢ysueit Ge u Si.

B cnexkrpax ¢oronpoBogumoctu cTpykTyp Si/Ge,
colepxXalnx KBaHTOBbIe Touku Ge, HabmomaeTcs




npomieHue poroorkianka B UK obiacte 10 3HaueHUU
sHepruu ¢doroHoB 0,4...0,9 3B. Oriuuue crieKTpoB
(¢ OTOIPOBOAMMOCTH OOYCIOBICHO U3MEHEHUSIMU B OIT-
TUYECKOM TOMIOLIEHUN TeTePOCTPYKTYP ¢ KBAaHTOBbI-
MU Toukamu. B cBoio ouepenb, a(pdeKkThl pa3zMepHOTo
KBaHTOBaHMSI B CTPYKTypaxX ¢ KBAHTOBBIMU TOUKaAMU
OIIpeIe/STIOTCST pa3MepaMy HaHOKJIACTEPOB U, BO3MOXK-
HO, YIIPYTUMU HAIpSIKEHUSIMU B CUCTEME.

3akimoueHue

ITposeneH 0030p 37AEKTPOHHON CTPYKTYpPhI U OI-
TUYECKUX CBOWCTB MarepuasioB Ha ocHoBe Si/Ge c
KBaHTOBBIMU TOUKaMM, 0030p JIUTEPaTyphl MOCIETHUX
JIET, TIOCBSIIIEHHOMN MCCIIeNoBaHNIO0 (DOTORIEKTpUUe-
CKMX CBOMCTB HaHoreTepocTpyktyp Ge/Si ¢ KBaHTO-
BbIMU Toukamu Ge.

Bricokast 3heKTUBHOCTD TTONIOIICHIS U3TyIeHMS,
MOJISIPU30BAHHOTO B IIJIOCKOCTH BBIPAIIIMBAHUS, KOTO-
past HabOJoaaeTcsl 1o JaHHBIM CITEKTPOCKONUU (HOTO-
MMPOBOINMOCTH JJIsT CTPYKTYp p-Si/Ge CBUIETENbCTBY-
€T 0 MePCIEKTUBHOCTH UX TIPUMEHEHHUS B TETEKTOPAX
nns cpenHero MK nuamaszoHa, a Takke B MaTpuliax,
TPeOYIOIINX HOPMAJILHOTO TTAACHUS M3TYYCHUS U BbI-
COKOM OTHOPOAHOCTU IUKCEJICH.

Hcenedosanus evinoanenbl npu UHAHCOBOL NOOOepic-
ke PODU 6 pamkxax nayunoeo npoexma p_Cubupv _a
Ne 13-02-98023.

Cnicok auTepaTypbl

1. IIknsen A. A., Muukasa M. [IpenenbHo TUIOTHBIE MacCU-
Bbl HAHOCTPYKTYP TepMaHUsl U KpeMHus // Ycnexu hpusnyeckux
Hayk. 2008. T. 178, Ne 2. C. 139—169.

2. BoiinexoBckuii A. B., Kyapunnknii H. A., MeibHnkos A. A.,
Hecmenos C. H., Koxanenko A. II., Jlososoii K. A. TexHoso-
TWS CO3MAHUSI CTPYKTYP C KBAHTOBBIMU TOYKAMU MOJIEKYJISIPHO-
sydeBoii anurakcueir Ge/Si // HaHo- n MukpocucremHas Tex-
Huka. 2014. Ne 9. C. 20—30.

3. Kongparenko C. B., Hukosenko A. C., Bakynenko O. B.,
T'onoeunckuii C. JI., Kospipes 10. H., Pyoexanckaa M. IO.,
Boasaauukmii A. U. TlpogonbHas ¢GOTONMPOBOAMMOCTh TeTEpPO-
ctpyktyp Ge/Si ¢ kBaHTOBBIMM Toukamu Ge // ®OTII. 2007.
T. 41, Ne 8. C. 955—958.

4. Eropos B. A., Ilpipun I'. 3., Tonknx A. A., Tananaes B. I'.,
Makapos A. TI., Jlengeanos H. H., Yctunos B. M., Zakha-
rov N. D., Wernert P. Si/Ge HaHOCTPYKTYpPBI JIsT TPUMEHEHUIA
B ontoanektponuke // ®TT. 2004. T. 46, Ne 1. C. 53—509.

5. BoiinexoBckuii A. B., Koxanenko A. Il., Jlo3oBoii K. A.,
Typanun A. M., Pomanos M. C. ®oTouyBCTBUTENIBHbBIE CTPYK-
TYpBl HA OCHOBE HAHOTEeTepOCTPYKTYp Si/Ge Wi onThYecKux
cucTeM Tniepenayn nHdbopManny // Ycrexu MpukiIagHoi husu-
ku. 2013. T. 1, Ne 3. C. 338—343.

6. Muenskos O. II., Boaxosursnos l0. B., JIBypeueH-
ckuii A. B., Cokousios JI. B., Hukudopos A. U., SAxkumos A. U.,
®Doiixtnenaep b. KpemHwuii-repmaHueBble HaHOCTPYKTYPBI C
KBaHTOBBIMU TOYKAMW: MEXaHU3MbI 00Pa30BaHUS U JIEKTPUYE-
ckue cBoiictBa // @TII. 2000. T. 34, Ne 11. C. 1281—1299.

7. Illanees M. B., HoBukoB A. B., fIononcknii A. H., Ky3ne-
o O. A., JIposnos 10. H., Jlooanos JI. H., Kpacunbhuk 3. ®.

BnausHue temmepaTypbl pocTa Ha (OTOTIOMUHECLIEHILIMIO ca-
Modopmupyrommxcs octpoBKoB Ge(Si), 3aKIT0YeHHBIX MEXITy
HanpsikeHHbIMu ciostmu Si // OTIIL. 2007. T. 71, Ne 11.
C. 1375—1380.

8. Li H., He T., Dai L., Wang X., Wang W., Chen H. Tem-
perature dependence of photoluminescence from self-organized
Ge quantum dots with large size and low density // Science Chi-
na. Physics, Mechanics and Astronomy. 2011. V. 54, N 2.
P. 245—248.

9. BoctokoB H. B., Kpacnibnuk 3. ®@., Jlooanos /I. H., Ho-
BuKkoB A. B., Illanees M. B., Aononcknii A. H. Briusaue cko-
pocTtu ocaxneHuss Ge Ha poCT U GOTOTIOMUHECIIEHIIMIO CaMO-
dopmupyrommxcst ocrpoBkoB Ge(Si)/Si(0001) // OTT. 2005.
T. 47, Ne 1. C. 41—43.

10. IITamup3saes T. C., Cekcendaes M. C., XKypasaes K. C.,
Huxkudopos A. U., Yabsanos B. B., ITueaskos O. I1. ®otoito-
MUHECIIEHIMSI KBAaHTOBBIX TOUEK TEpPMaHUS, BBIPAIIEHHBIX B
KpeMHUU Ha cybmoHocnoe SiO, // @TT. 2005. T. 47, Ne 1.
C. 80—82.

11. IITanees M. B., Hoeukos A. B., SIononckuii A. H., Ky3-
Henos O. A., Jipo3znos 0. H., Kpacuabnuk 3. ®. BiusHue Ha-
npsckeHHoro Si-ciios Ha doTtomomuHeceHunio Ge(Si) camo-
opmupyrommMxcst OCTPOBKOB, BHIPAIIIEHHBIX HA PETaKCUPOBAH-
veix SiGe/Si-6ydepubix cnosx // OTIL. 2007. T. 42, Ne 2.
C. 172—176.

12. Ieraii O. A., Mapkos B. A., Hukudopos A. U. Uunyuu-
poBaHHasi MEX30HHBIM CBETOM CTyneHyartass (OTONMpPOBOIM-
MocTh CTpyKTyp Si/Ge ¢ kBaHTOBbIMU Toukamu // OTT. 2004.
T. 46, Ne 1. C. 77—79.

13. Brunner K. Si/Ge nanostructures // Rep. Prog. Phys. 2002.
V. 65, N. 21. P. 27—72.

14. Wang K. L., Tong S., Kim H. J. Properties and application
of SiGe nanodots // Material Science in Semiconductor Proces-
sing. 2005. V. 8. P. 389—399.

15. Boucaud P., Sauvage S., Elkurdi M., Mercier E., Brunhes T.,
Thanh V. Le, Bouchier D. Optical recombination from excited
states in Ge/Si self-assembled quantum dots // Physical review
B. 2001. V. 64. P. 155310 (1—6).

16. Tanoukun A. B., Yucroxun W. B., Mapkos B. A. Ilpo-
nosibHasT GOTOTMPOBOANMOCTH MHOTOCTOWHBIX Ge/Si-CTpyKTyp
¢ kBaHTOBbIMU TouKamu Ge // ®TII. 2009. T. 43, Ne 8.
C. 1034—1038.

17. Tanouknmn A. B., Yncroxun U. B. ®DoTonpoBoamMocThb
MHOTOCJIOMHBIX CTPYKTYp Si/Ge ¢ KBaHTOBbIMM ToukKamu Ge,
nceBnoMopdHbIMU K Si-mMatpuie // OTII. 2011. T. 45, No 7.
C. 936—940.

18. JiBypeuenckmii A. B., SIkumos A. . KBaHTOBbIC TOUKHY 2 TH-
ma B cucreme Ge/Si // ®TIIL. 2001. T. 35, Ne 9. C. 1143—1153.

19. AnronoB A. B., Anemkun B. f., I'aspunenko B. U., Kpa-
cuabnuk 3. @., Hosukos A. B., IIlanees M. B. Otpuiarein-
Hast (GOTONPOBOAUMOCTh B cpeaHeM MK-auanazoHe ceaeKTUB-
HO JIETMPOBaHHbIX reTepocTpyKTyp SiGe/Si:B ¢ nByMEpHBIM IbI-
pouHbIM razoMm // @TT. 2005. T. 47, Ne 1. C. 47—49.

20. Makcumos I'. A., Kpacwibnuk 3. ®@., ®Punaros /1. O.,
Kpyraosa M. B., Mopo3zos C. B., Pemu3zos JI. 10., Hukoin-
gyeB /1. E., Illenarypos B. I'. ®oToanekTpuieckue CBOMCTBA U
3JICKTPOTIOMUHECIICHIINSI p——H-TUOIO0B Ha OCHOBE TeTEPOCT-
DPYKTYp ¢ caMOOpraHM30BaHHbIMU HaHoKJacTtepamu GeSi/Si //
OTT. 2005. T. 47, Ne 1. C. 26—28.

21. Jlobanos JI. H., HoBukos A. B., Kyapssues K. E., IIlenry-
pos JI. B., [Ipo3nos 10. H., SIononckuii A. H., IlImarun B. B.,
Kpacunsnuk 3. ®@., 3axapos H. JI., Werner P. Biusiaue napa-
MeTtpoB Ge(Si)/Si(001) camodopMUpPYIOLIIAXCS OCTPOBKOB Ha UX
SJIEKTPOJIIOMUHECIIEHIIMIO TpU KOMHATHOU Temmeparype //
OTII. 2009. T. 43, Ne 3. C. 332—336.

HAHO- 1 MUKPOCUCTEMHAS TEXHHKA, Ne 3, 2015 37




A. V. Voitsekhovskii!, Prof., N. A. Kulchitskiy’, Pof., A. A. Melnikov>, Prof., S. N. Nesmelov', Senior Scientist,
A. P. Kokhanenkol, Prof., K. A. Lozovoyl, Graduate Student, V. G. Satdarovl, Student

I National Research Tomsk State University, Tomsk, Russia

2 Moscow State Institute of Radio Engineering, Electronics and Automation (Technical University), Moscow,
Russia, e-mail: n.kulchitsky@gmail.com

Optical and Photoelectrical Properties of Ge/Si Nanoheterostructures
with Ge Quantum Dots

Study of optical and photoelectrical properties of semiconductor structures based on silicon with germanium quantum dots is an
important task for researchers today because there is a demand for creation of structures with unique physical properties for fab-
ricating new promising optoelectronic devices. In this paper analysis of scientific and technical literature on optical and photoelec-
trical properties of germanium on silicon nanoheterostructures is given. Peculiarities of semiconductor structures with nanodimen-
sional inclusions, such as quantum dots, their optical and photoelectrical properties are described. A review on electronic structure
and optical properties of germanium on silicon nanoheterostructures with quantum dots is conducted. Methods of measurement of
optical and photoelectrical properties of such structures are described. Photoelectrical characteristics of heterostructures with quan-
tum dots of germanium on silicon may be characterized by traditional methods of measuring photoluminescence and electrolumi-
nescence spectra and defining photoconductivity spectrum. These important methods of investigations of semiconductor materials give
full information about energy structure of material. A comparison of photoluminescence, electroluminescence and photoconductivity
spectra of such structures is done. An attention is given to the phenomenon of negative photoconductivity. The results of conducted
review show that absorption of radiation polarized in the plane of growth has high efficiency. This fact was observed from the data
of photoconductivity spectroscopy for p-Si/Ge structures. It argues for good perspectives of using of such structures in photodetectors
of mid-infrared range and their matrices that require normal incidence light and high homogeneity of pixels.

Keywords: nanoheterostructures, quantum dots, silicon, germanium, solar cells, photodetectors, photoelectrical properties

Introduction

Studying of the optical and photo-electric properties of
the semi-conductor structures on the basis of silicon with
quantum dots of germanium is an important task because
of necessity to obtain structures with unique physical
properties for perspective devices of optoelectronics. The
interest to such structures and their properties is due to
the prospects of Ge/Si heterostructures for the solar el-
ements and photodetectors, including for a near IR range
(1,3...1,55 pm) [1—6].

The photo-electric characterises of the heterostruc-
tures with quantum dots of germanium on silicon can be
investigated by measurement of the spectrum of photo-
and electroluminescence, and determination of the spec-
trum of photoconductivity.

The review is devoted to the specific features of the
semi-conductor structures with quantum dots of Ge in Si,
their optical and photo-electric properties, and techniques
for their measurement.

Photoluminescence of GeiSi structures

One of the most important methods for research of the
optical and photo-electric properties of the semi-conduc-
tor materials with nano-sized inclusions is measurement of
their photoluminescence spectrum, because it gives the
fullest picture of the energy structure of a material.

The radiating properties of the structures of Ge quan-
tum dots in a Si matrix, grown in a Stranski-Krastanov
mode have been thoroughly investigated. It turned out that
they depend on the growth temperature. So, at rather low
temperatures (about 400 °C) the structures are formed, ca-
pable to radiate photons with energy even smaller, than the
width of the forbidden Ge zone, namely, in the range from
about 0,6 up to 0,9 eV [1, 7, 8]. This is possible, because
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Ge dots in Si form a semiconductor heterostructure of the
second type, in which the radiating recombination in-
cludes the holes, trapped into the potential pits of Ge
quantum dots and the electrons from the surrounding Si,
localized on the border with the dots of germanium. The
radiating properties of the structures of the quantum dots
depend on the temperature of growth and other parame-
ters: speed of sedimentation of Ge, thickness of the de-
posited layers [4, 9—11], and the level of doping [12].

The structures which were grown at higher tempera-
tures (about 600 °C), radiate photons in an narrower range
of energies, close to 0,8 eV, irrespective of the size of the
Ge dots and thickness of the Si layers dividing the layers
of Ge dots. This may be connected with the fact that the
effect of the spatial quantization in Ge dots grown in
Stranski-Krastanov mode can be insignificant because of
their big size. The interest to the structures radiating pho-
tons with energy of about 0,8 eV is due to the use of this
spectrum range in the fiber-optical communication fa-
cilities [1]. Fig. 1 presents examples of measurements of
the photoluminescence spectra of the Ge/Si nanoheter-
ostuctures.

The Ge/Si structures grown on the oxidized surface of
silicon radiate in the range of 0,8 eV with the intensity in-
creasing by 1—2 orders in case of an increase of the an-
nealing temperature up to 1000 °C (fig. 1, b). The Ge/Si
structures grown in Stranski-Krastanov mode and an-
nealed at over 700 C lose practically completely their pho-
toluminescence ability connected with Ge quantum dots
(fig. 1, e) [1]. Such a dependence is often used as a crite-
rion for acknowledgement that the origin of a photolumi-
nescence is Ge quantum dots, but not crystal defects in the
surrounding silicon. Thus, an increase in the photolumi-
nescence intensity by 1 or 2 orders in the range of 0,8 eV




in Ge/Si structures grown on an oxidized surface of silicon
and annealed at temperature over 700 °C, cannot be due
to Ge quantum dots, but it occurs due to an optical re-
combination in the covering layer of silicon.

Thus, the photoluminescence spectra presented in
fig. 1, b show that the layers of the silicon, which were
grown on a layer of Ge islets on an oxidized surface of sil-
icon, can radiate light only at energies in the range of 0,8 eV,
i. e. they have an effective width of the forbidden zone
considerably smaller, than the crystal silicon. This testifies to
the fact that the atomic structure of these layers, which can
be considered as layers of a nanostractured silicon (ns-Si),
are different from the structure of the crystal Si [1].

The work [7] contains study of the influence of the
temperature of growth on the photoluminescence of the
structures with Ge(Si) islets, grown on the relaxed buffer
layers of SiGe/Si(001) and situated between the strained
Si-layers. It was demonstrated that with lowering of the
growth temperature in the range of 700...630 °C the pho-
toluminescence (PL) peak of the islets was shifted to the
area of smaller energies, which was due to an increase in
the content of Ge in the islets and suppression of blurring
of the strained Si-layers. With a fall of the growth temper-
ature from 630 down to 600 °C (fig. 2) a shift of the peak
to the area of big energies was discovered. This can be ex-
plained by a change of the type of islets from a dome type
to a hut type.

For a higher localization of the electrons in [11] it was
proposed to use Ge(Si)-structures with self-forming islets
grown on relaxed Si;_,Ge,/Si(001) buffer layer and em-
bedded in the strained Si-layer (e-Si-layer). At that, it was
an effective potential hole for the electrons (fig. 3).

Position of the energy levels of the electrons in such a
hole can be controlled by changing the composition of the
buffer SiGe-layer and thickness of the e-Si-layer. Feasi-
bility was demonstrated of an efficient control of the po-
sition of PL peak in relation to the islets due to changing
of the thickness of e-Si-layers over and under the islets.

In fig. 4 it is visible, that with a reduction of the thick-
ness of e-Si-layers above (dlSi) and under (dzsi) the islets
from 3 nm down to 1 nm the position of the peak of pho-
toluminescence from Ge (Si)/e-Si-islets is shifted to the
area of high energies. The discovered shift is connected
with the fact that a reduction of the thickness of e-Si-lay-
ers due to the quantum-dimensional effects results in ex-
pulsion of the first energy level of the electrons in e-Si-lay-
ers to the bottom of the zone of conductivity.

Besides, the work [11] demonstrated roughly a one-or-
der increase of the signal strength of photoluminescence at
77 K from the Ge (Si) islets embedded in the strained
e-Si-layer, in comparison with PL signal from the Ge (Si)
islets grown on unstrained Si (001) substrates. The increase
in intensity of the photoluminesccnce was connected with
an effective localization of the electrons in the potential
holes formed by e-Si-layers above and under the islets.

Photoconductivity of Si/Ge structures

Studying of the lateral photoconductivity in the Si/Ge
structures, containing self-organizing Ge quantum dots, is
important in connection with the prospects of such struc-
tures in optoelectronic devices [12].

Fig. 5 presents a spectral dependence of the longitudi-
nal photoconductivity of Si/Ge structure with quantum
dots of Ge (curve 1) at a room temperature. For compar-
ison reasons also presented are the measurements of the
spectral dependence of the longitudinal photoconductivity
of the structures with nonuniform two-dimensional (2D)
layers of Ge (curve 2)) and a sample of monocrystal Si
(c-Si), which did not contain Ge (curve 3)). The position
of the long-wave edge of the measured spectra points to
the fact that a photocurrent is caused by generation of the
nonequilibrium charge carriers due to the indirect band-
to-band transitions in Si.

A structure with quantum dots of Ge demonstrated a
considerably higher photosensitivity in the area of ener-
gies of quanta of 1,0 < Av < 1,11 eV, of a smaller width
of the forbidden zone of c-Si at a room temperature
(E, = 1,11 eV). As is known, the form of the spectrum
near the long-wave edge of photoconductivity is deter-
mined by a spectral dependence of the spectrum of optical
absorption. Thus, the difference between the spectra of
photoconductivity is due to the changes in the optical ab-
sorption of the heterostructures with the quantum dots [3].
In their turn, the effects of the dimensional quantization
in the structures with quantum dots are determined by the
sizes of the nanoclusters and, probably, elastic strains in
the system.

A considerably bigger photoresponse of the structure
with the quantum dots in IR-area 1,0...1,11 eV can be ex-
plained by the fact that the compressed Si areas near a na-
no-islet have smaller width of the forbidden zone in com-
parison with a non-deformed Si-matrix. The nonequilibri-
um charge carriers generated in the compressed Si areas
contribute to the photocurrent in the range of 1,0...1,11 eV.

The band-to-band transitions in the silicon structures
with the quantum dots of Ge were studied in the work [12]
by the method of photocurrent spectroscopy in case of a
cross-section direction of the applied shift voltage. The pho-
tosensitivity of ~10 mA/W in the range of 900—1200 meV
was due to the indirect excitonic transitions between the
hole states in Ge and the electronic states localized in Si.

It is possible to assume, that in the structures with the
quantum dots of Ge the absorption in the range of
900...1200 meV is caused both by indirect transitions, and
the transitions in the deformed epitaxial layers of Si near
the nanoclusters. A relative contribution of each mecha-
nism of absorption, possibly, depends on the density of the
quantum dots, their sizes and uniformity ot distribution,
which demand an additional research [3].

With a reduction of temperature down to 7' < 120 K in
the heterostructures with quantum dots a photosensitivity
was discovered in the IR area of 0,4...1,15 eV, where c-Si
was transparent. Fig. 6 presents the spectral dependences
of the longitudinal photoconductivity of a structure with
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quantum dots (curve ), a structure with nonuniform 2D
layers of Ge (curve 2) and a sample of c-Si without Ge
(curve 3) at 77 K.

In order to explain a continuous increase of the
photoresponse with an increase of Av in the spectral range
of 0,4...1,15 eV of a heterostructure with quantum dots it
is necessary to consider the zone diagram of Ge/Si. Usu-
ally these structures are considered to belong to type II, in
which a potential hole cxisls only for the charge carriers of
one sign. Energy of ionization of the basic state of the holes
in a quantum dot in relation to the valent zone of Si is ap-
proximately 400 meV [3]. The insert to fig. 6 presents a
zone diagram of the structure along the planar direction,
passing through Ge nanocluster. The depicted bends of the
zones near the heteroborder are due to a nonuniform de-
formation. As a result, potential holes for the electrons ap-
pear near the heteroborders of Ge/Si in silicon.

The spectra of the longitudinal photoconductivity of
the multilayer structure of Si/Ge with Ge quantum dots
[16, 17] were studied. Lines of optical transitions between
the hole levels of the quantum dots and the electronic
states of Si were observed. Fig. 7 presents the spectra of
photoconductivity of two samples, measured at 78 K in the
range of 0,3...1,2 eV. Feasibility of control of the spectrum
of the electronic-hole states of a mass of Ge quantum dots
by means of changing the parameters of growth of Si/Ge
structure was established [16].

The value of the width of the forbidden zone of Si
(Eg = 1,12 eV) is shown in fig. 7 by a vertical stroke line.
Sample 1 with a mass of Ge quantum dots demonstrates
a wide peak of photoresponse in the range of 0,6...0,9 eV.
It is visible, that its form is a result of a superposition of
the lines of three doublets, which are shown in the form
of weak features marked on curve 7 (fig. 7) by small ar-
rows. The doublet splitting is equal to 30 meV, and the dis-
tance between the doublets is 80 meV. The structure of the
photoconductivity spectrum is well reproduced for the sam-
ples with a smaller content of pseudomorphous Ge quantum
dots in the mass (~50 %). In those cases the basic wide
peak is already washed away in the continuously falling
down wing because of a nonuniform strain relaxation. Thus,
the presence of small peaks (fig. 7, curve I, small arrows)
shows, that a rather big number of pseudomorphous Ge
quantum dots arecontained in the investigated mass [17].

Sample 2, the spectrum of photoconductivity of which
is also presented in fig. 7 (curve 2), was obtained at a high-
er growth temperature of the Si layers (7, ~ 500 °C), than
sample / (T, = 450 °C). In this case the value of the strain
in the quantum dots decreases by 20 %, and their sizes in-
crease as a result of a mutual mixing of components dur-
ing growth. The doublet structure (fig. 7, curve 2, lines 4
and B) is connected with the electronic levels of Si formed
in a deformation potential hole near the hctcroborders of
Si/Ge. The peaks of the spectrum of photoconductivity
marked by arrows on curve 2, were caused by the optical
transitions between the hole levels of the quantum dots
and the states of the conductivity zone of Si [17].

40 HAHO- I MUKPOCUCTEMHAS TEXHHKA, Ne 3, 2015

The works [18, 19] the authors experimentally discov-
ered the phenomenon of a negative photoconductivity in
the quantum dots of Ge/Si, consisting in a reduction of
conductivity of a layer with the quantum dots under illu-
mination. The mechanism of the negative photoconduc-
tivity consists in the following. Let us consider Si of n-type
with embedded nanoislets of unalloyed Ge. In the dark-
ness the conductivity of the system is determined by free
electrons in the zone of conductivity of Si, which appeared
there as a result of a thermal ionization of the donors [18].

In their absence in the quantum dots of the holes on
the heteroborder of Ge/Si there is a small state for an elec-
tron with a binding energy of E,~ 9 meV owing to the non-
uniform deformations leading to formation of a potential
hole for an electron. Therefore, a balanced concentration
of the electrons in the zone of conductivity will be lowered
due to their trapping on this level.

During absorption of light causing band-to-band tran-
sitions and formation of pairs of electrons and holes, the
holes start to accumulate in the Ge quantum dots, charg-
ing them positively. As a result on Ge/Si heterobordcrs
potential holes for electrons appear in silicon, in which
photoelectrons will start to accumulate. With a growing
number of holes in the islets (due to an increase in the in-
tensity of illumination) the energy of the deposited "su-
perfluous” electronic level increases. With the progress of
embedding of the level, the degree of its filling with elec-
trons grows, the concentration of the electrons in the zone
of conductivity decreases, and the conductivity of the sys-
tem goes down.

Electroluminescence of Si/Ge structures

In works [20, 21] the photo-electric properties and
electroluminescence (EL) of p-i-n diodes on the basis of
GeSi/Si heterostructures with GeSi nanoclusters in i-area
were investigated. For measurement of EL an Au/Ti ohm-
ic contact with diameter of 0,5 mm was formed on the sur-
face of the samples on the side from the structure. The sec-
ond ohmic contact was formed by deposition of a contin-
uous A 1 film on the reverse side of the substrate. The
structures with contacts were broken into separate slices
(chips) with the size of 2 X 2 mm. Measurements of EL
spectra were done on the chips in a pulse mode in order
to avoid overheating of the samples. Duration of the pulses
was 4 ms, the repetition period — 25 ms. The EL spectra
were registered by means of a photodetector cooled by
liquid nitrogen. EL was observed at various temperatures.
It was discovered, that the structures with the islets grown
at 600 °C possess the greatest signal strength of EL at a room
temperature in the range of wavelengths of 1,3...1,55 pm
(fig. 8).

Annealing of the structures with Ge(Si)-islets leads to
an increase of EL signal strength at low temperatures, but
worsens the temperature stability of this signal (fig. 9),
which is due to an additipnal diffusion of Si in the islets
during annealing.

An essential growth of EL signal strength was discov-
ered with an increase of the thickness of the dividing Si-




layer (fig. 10). 1 his was explained by a reduction of the
elastic stress in the structure with an increase of the thick-
ness of this layer.

As a result of comparison of the phololuminescence
spectra, of the electroluminescence of Si/Ge nanoheter-
ostructures with Ge quantum dots, obtained in various
ways, it is possible to conclude, that these dots introduced
in the volume matrix of Si, provoke appearance of apeak
in the range of 0,7...0,9 eV, which corresponds to the
range of the wavelengths of 1,3...1,55 um. At that, the
width and position of the maxima of the photolumines-
cence and electroluminescence signals, connected with
Ge quantum dots, is deftermined by scattering of the pa-
rameters of the quantum dots, their sizes, density in a
mass, and also diffusion of Ge and Si.

In the photoconductivity spectra of the Si/Ge struc-
tures, containing Ge quantum dots, a prolongation of the
photoresponse is o erved in the IR area up to the values of
the photon energies of 0,4...0,9 eV. The differences in the
spectra of photoconductivity are due to the changes in the
optical absorption of the heterostructures with the quan-
tum dots. In turn, the effects of the dimensional quanti-
zation in thc structures with the quantum dots are deter-
mined by the sizes of the nanoclusters and, probably, by
the clastic stresses in the system.

Conclusion

A review was done of the electronic structure and op-
tical properties of the materials on the basis of Si/Ge with
quantum dots, and of the literature devoted to the research
of the photoelectric properties of Ge/Si nanoheterostruc-
tures with with Ge quantum dots.

High efficiency of absorption of radiation, polarized in
the plane of growth, which is observed according to the
data of spectroscopy of photoconductivity for p-Si/Ge
structures, testifies to the good prospects of their application
in the detectors for medium IR range, and also in the ma-
trixes demanding normal falling of radiation and high uni-
formity of pixels.

The research was done with the financial support of RFFI
within the framework of the scientific project r_Siberia_a
No [3-02-98023.
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CUHTE3 TOPOUAAABHBIX HAHOCTPYKTYP B INMAPAX
YITAEPOACOAEPXALWLETO IF'A3A U NMPOrHO3MPOBAHUE X CTABUABHOCTH

[locmynuna 6 pedaxuyuro 22.09.2014

IIpedcmasaenst pesyrvmamot IKCHEPUMEHMANBHBIX U MEOPeMUYeCKUX UCCAe008aHUT Y2AepOOHbIX MOPOUIANbHBIX HAHOCIDYK -
myp. Paspabomana Hoeas mexHon02Us CUHME3UPOBAHUs HAHOMOPO8 HA YACMUYAX KAMAaau3amopa npu 6biCOKOBOALMHOM UM-
nyabcHom paspsde 6 napax amanona. C nOMOUbI0 OpUSUHAALHOU MemoOUKY pactema noas A0KAAbHbIX AMOMHbIX HANPANCCHUL
npo6edeHo NPOSHO3UPOBAHUe CMAOUNLHOCIU CUHME3UPYEMbIX HAHOMOPOS. YCMAaH06AeHO, YO OCHOBHbIM PaKmopom, npedonpe-
deasowum cmaobuibHOCMb HAHOMOPA, A6AeMCs COOmMHouleHue "duamemp mopa/ouamemp mpyoxu". [lokazano, umo gopmupo-
6aHUe CMAabUAbHBIX HAHOMOPO8 OYy0em 0CYu,ecmensmoves npu COOMHouleHuU ouamemp mopa/ouamemp mpyoxKu, pasHom 7,5.

Karouegvie caosa: HAHoOmMopol, BbICOK0BONbMHDBLU lany/leHblIJ pa3pﬂ6, AMOMHO-CUN06A MUKDPOCKONUSA, MOAEKYAAPHAA duna-

MUKa, cma6u/zbﬂocmb, JN0KA/bHOE HAanpAicerHue

Bsenenue

ITocne orkpeiTusa Mosekynbl ¢ymepeHa Cq, B
1985 r. [1] u yriaepoaHbix HaHOTPYOOK B 1991 1. [2]
HAyaJIoCh aKTMBHOE MCCJIENOBAHUE CIOXHBIX (opm
YTJIEPOIHBIX HAHOCTPYKTYp. K 1MogoOHbIM 00beKTam
OTHOCSITCSI U HAHOTOPHI [3]. BriepBble HAHOTOPHI ObLIN
CUHTE3UpPOBaHLI B 1997 I. MeTOAOM JIa36pHOTO pa3o-
rpesa [4]. Tlo3gHee miIsl MOJyYeHUSI HAHOTOPOB MC-
MTOJTb30BAJIM TaKWe KCIIEPUMEHTATbHBIC TEXHOJIOTHH,
Kak o0paboTKa yJabTpa3ByKoM [5], opraHuyeckue pe-
akuuu [6], METOA XMMUYECKOIO OCAXKICHHUS U3 Ta30-
Boil (a3l [7]. MHTEpec K HaHOTOpaM OOYCJIOBJIEH B
TOM YHCJIe TIepCIeKTUBAMM MX MCITOJIb30BaHUS B Ka-
YeCcTBE MACAIBPHOTO HAHOMACIITAOHOTO 3JIEKTpoMar-
HUTHOTO CTPYKTYPHOTO 3JIEMEHTa B COBPEMEHHBIX Ha-
HOBJIEKTPOMEXaHNYeCKUX cucTeMax [8]. YrimeponHbie
HAHOTOPHI 00JIATAIOT MHOTUMU MHTEPECHBIMM (DU3H-
YeCKMMHM CBOMCTBAMMU, TAKUMU KaK 3(PPEKT OCLMILIS-
uuu AapoHoBa—boma [9], nuddysus Monekya Boabl
BHYTpb HaHoTopa [10] u ap. B 10O ke Bpems mjis1 pac-
IIUPEHUS TPaHUIl TTPUMEHUMOCTH YIJIEPOIHBIX HAHO-
TOPOB HeobOXxoauma pa3padoTKa I'MOKOM TEeXHOJIOTUU
CHHTE3a IS MaCCOBOTO TTPOM3BOMICTBA TOPOUIATBHBIX
CTPYKTYP, UMEIOIINX BBICOKYIO CTAOMILHOCTD U IIPOY-
HOCTb. C TTOMOIIBIO CYIIECTBYIOIIMX TEXHOJIOTUI hop-
MMPOBAHMUSI HAHOTOPOB NaHHYIO 3a7ady MoKa He yaa-
JIOCh PEILUTh.

Lens nanHOM paboThl — pa3pabOTKa HOBOM Tex-
HOJIOTMM CUHTE3UPOBaHUs YIJIEPOJHBIX HAHOTOPOB U
MPOrHO3UPOBAHME CTAOUIBLHOCTHY MOJYYEHHBIX CTPYK-
Typ METOJaMU KOMITbIOTEPHOI'O MOJEIUPOBAHMUSI.
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YcranoBka il CMHTE3a YIJIEPOAHBIX HAHOCTPYKTYP
B MMITYJIbCHOM BBICOKOBOJIbTHOM pa3psjie
B Mapax 3TaHoJAa

Bbruta co3maHa ycTaHOBKA CUHTE3a YIJIEPOTHBIX Ha-
HOCTPYKTYP B MMITYJIbCHOM BBICOKOBOJIBTHOM pa3psi-
ne. McTOUHMKOM yriiepona SIBISTIOTCS Maphbl YIJIepO-
coJepxallei Xuakoctu (cnupToB). CxeMaTUUeCKUIA
YyepTexX YCTaHOBKM MpuBeaeH Ha puc. 1, a. Peakrop
MIPEACTABISIET COOOM TePMETUIHYIO B3PHIBO3AIIUIIICH-
HYIO METAJUIMYECKYIO0 EMKOCTb C BBOJIOM TEXHUYECKUX
ra3oB, Mapora3oBoil CMeCH, 3JeKTPOAaMU BBICOKOTO
HaMpsDKEeHUsI, OCHAIIIEHHBI CMOTPOBBIM OKHOM, a TaK-
K€ BO3MOXXHOCTBIO BaKyyMHPOBaHUS M OTBOAA OTpa-
0OTaHHBIX ra30B Yepe3 XOJIOAWIBHUK M BOISHOM 3aTBOP.

ITaporazoBasi cmech (III'C) mopmaercst mon masJe-
HUEM B KaMepy yepe3 IITYLEP ¢ OOpaTHBIM KJIallaHOM.
IMoaroroska III'C mpoucxoaut mocpeactsomMm 6ap0o-
TaXXHOW JO3aLIMU BO34yXa Yepe3 KUITSLIM 96 % -Hblii
aTaHoJI IIpu Temiepatype 78,4 °C. s mpegoTBpalie-
HUSI KOHJEHCAllMM apa Ha CTeHKax Mojaloleil Maru-
CTpaju ee pasorpeBatoT. HackileHHbIe Tapbl 3TaHOJIA
CMEILMBAIOTCS ¢ aTMOC(EPHBIM BO3AYXOM B COOTHO-
mienuu 1:6. CkopocThb MmoToka coctasisier 30 oM’ /MUH.

K snekrponam moakiaroyaeTcsl 3JeKTPOHHBIN 010K
yIpaBJieHUs, TeHEePUPYIOIINI TOCIeA0BATETbHOCTH
WMITYJIbCOB C aMIUIMTYa0i 12 B 1 TOKOM B epBUYHOM
00MOTKe TOBBIIIAIOIIETO TpaHC(opMaTopa mopsiaKa
10 A. 3a BpeMs1 OKOJIO 5 MKC CepIeYHHUK MOBHIIIAIO-
1Iero TpaHcopMaTopa HachIIIIaeTcs, IOCje YeTro 010K
MUTaHUS OTKJIIOYaeT Moaayy SHEPruu B MEepBUYHYIO
LieTb, MPUBOJIA 3a cueT 3(pdekTa oOpaTHOU caMOUH-
JIYKIIMU K BICOKOBOJIBTHOMY BBIOPOCY BO BTOPUYHOM




pabaThIBaeT 3a KaXIbI UMITYJIbC 10
40 mJIxx sHeprMy NpU MaKCUMAaJb-
HoM HanpstkeHuu 10 xB. CeepTka
PaACTYIINX YIIEPOTHBIX HAHOTPYOOK
B TIpoOLIecce MoJieTa MEXAY JIEKTPO-

JaMM1 B KOJbLHO IIPOUCXOIUT IIOL

JNEMCTBUEM BJIEKTPOMAarHUTHOTO T0-
o paspsiaa. s yecunenus apdexra
B KaMepy BBEIEH COJICHOWI BIOJb
OCHU paspsiia, MarHUTHOE TMoJie KOTO-
poro pasHo 0,3 Tn. Ha puc. 2 npen-
cTapjieH OOLIWI BUJ YCTAaHOBKU.
OTIMYUTEbHON — OCOOEHHOCTDIO
MIPeIJIOKEHHOM KOHCTPYKIIUU SIB-

JISIeTCs pas3aesieHre IIpoLeccoB Ghop-
MMPOBAHHUS MCTOYHUKOB YIJIepoaa
M KaTaJM3aTopa: eCJIM KJIacTephl Ka-
Tanu3aropa (OPMUPYIOTCS 3a CUET
pacIbUIEeHUSI MeTajla aHoma IIpu
JIYTOBOM pa3psiie, TO YLJIEPOI BBO-
ouTcsl B (hopMe ITapoB M 3aIlOIHSIET
BCE PEaKLMOHHOE IPOCTPAHCTBO B
paboueii kaMmepe, a He TOJIbKO B y3-
KOM IIPOBOJI€ IIA3MEHHOIO LIHYpa.

Puc. 1. Cxema ycraHoBku (a) ¥ (opMa BBIXOAHOTO HMIYJIbCA MEXKIY BbICOKOBOJbTHbHIMHU
ayiekrpoaamu (b): [ — nepxaTenu >1EKTPOIOB C COOCHOM TTonaveii ra3os; 2 — Hamyck [1T°C;
3 — cucrema noaJaepKaHusi MeX3JIEKTPOAHOTO 3a30pa; 4 — HaTeKaTeslb ¢ OOpaTHBIM KJla-

MaHoOM; 5 — CMOTPOBOE OKHO

Fig. 1. Installation scheme (a) and form of the output pulse between the high-voltage electrodes (b):
1 — holders of the electrodes with a coaxial supply of gases; 2 — GVM puffing; 3 — system
for maintaining of the interelectrode gap; 4 — inlet valve with a back valve; 5 — observation port

uenu. Ha puc. 1, b, npuBeaeH BUA HaNPsDKEHUs BO BTO-
PUYHOI LIENM TOBBILIAIONIEro TpaHchopmaTopa. Mak-
CUMaJIbHO BO3MOXHAasl SHEPIusi, HaKOIJIEHHas cep-
JMEYHUKOM TTOBBIIIAIOIIETO TpaHc(opmaropa, CoCTaB-
jsteT okojio 50 m/Ix.

Brum Mcnonb30BaHBl pa3IMYHbIE KOH(PUTYpAITUN
9JIEKTPOAOB: METALTIMYECKUE, YTOJbHbIE, KOMOUMHUPO-
BaHHBIC, C Pa3TUYHBIMU TUTIAMU METAJJIOB U CITOCO-
0aMu BBeJEHMSI MaporasoBoil cMecHu B paspsia. B pe-
3yJIbTaTe SKCIIEPUMEHTOB YCTAaHOBIIEHO, YTO ONTHUMAJTb-
HBIM SIBJISIETCSI MCMOJIb30BAaHUE 3a0CTPEHHBIX METal-
JIMYECKUX DJICKTPOIOB B Tapax yIJIepoAcomepXKaleit
KUIKOCTH. Takass KOH(PUTYpaIrs 3JIEKTPOIOB MO3BO-
JISIET TIOJTy4YaTh YIJIepOIHbIe HAHOKOJIBIIA, B TO BpeMs
KaK yTOJIbHBIE 3JICKTPOIBI, TIPOMMMTAHHBIE 30J1b-TeJb
KaTaJu3aTopoM, TTO3BOJISIOT MOJy4yaTh TOHKHUE, TUa-
MeTpoM 1...2 HM, yIrJepoaHble HAaHOTPYOKHU.

brumm HalimeHbl mapaMeTphl, TIPXU KOTOPBIX TTPOKC-
XOIOUT POCT YIIEPOTHBIX HAHOTOPOB. DTUMU TTapaMeT-
paMH SBIISIIOTCSI YacToTa paspsiaa, paBHast 120 I'u, u pac-
CTOSTHUE MEXIY 2JIeKTpoaaMu, paBHoe 8 MM. CTeH]1 BbI-

ITono6Hoe pa3aeeHne pexXrMOB Ie-
Hepaluuy KOMIIOHEHTOB CUHTE3a Ha-
HOCTPYKTYp MO3BOJISIET WMETh He-
CKOJILKO PEaKLMOHHBIX 30H: 30HY
BBICOKO3HEPTeTUUECKMX aTOMOB Ka-
Talln3aTopa, 30HY KJIACTEpOB KaTa-
JIN3aTopa, 30Hy aKTUBHOIO YIJIepO-
Ja, 30Hy HArpeToro yrjaepojacomep-
Kalllero rapa.

B myroBoM paspsiie CylIeCTBEH-
HBbIM SIBJISIETCS HAJIMYME BBICOKO-
DHEPreTUUECKUX aKTUBHBIX YaCTULl, BI3BAHHBIX CXKU-
MAaloIMM MarHATHBIM TIOJIeM, MHAIYLIMPOBAHHBIM TO-
KoM paspsiaa (muH4Y-3p¢ekT). Takum 00pa3om, MOXKHO

Puc. 2. O0muii BUa ycTaHOBKH: / — peakIIMOHHasl Kamepa; 2 — CHC-
TeMa MOAepXXaHUs MEeX3JIEKTPOIHOTO 3a30pa; 3 — Kamepa MOoATro-
toBKU [1I'C; 4 — a1eKTpoHHBI OJI0K yripaBieHus; 5 — ¢GopBaky-
YMHBII HAcoC

Fig. 2. General view of the installation: 1 — reactionary chamber; 2 —
system for maintaining of the interelectrode gap, 3 — chamber for
preparation of GVM; 4 — electronic control unit; 5 — forevacuum pump
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Puc. 3. ®ororpacdus MMIyJIbCHOrO AYroBOro pa3psaa B napax 3TaHoJia
Fig. 3. Photo of the pulse arc discharge in the ethanol vapors

CUMTaTh, YTO MOTOK MOJIEKYJ YIJIEPOACOACPIKAILEro
rasza, MOCTYyIalolllero B KaMepy, HaxXoJAUTCS B KBa3M-
CTallMOHAPHOM PEXKMMe 0 OTHOLIEHUIO K YaCTULIAM,
BOBJIEUEHHBIM B ()OPMUPOBAHUE TJIA3MEHHOTO IITHY-
pa. HaGmopatorcst nBa yyacTka: Iia3MEHHBIN LIHYD
IaMeTpoM MeHee 1 MM U OoJiee MeJJIeHHbIE Bpalllalo-
1IMecsl YacTUlibl, BbUIeTalOlIMe U3 KaToaa (Ha puc. 3
cmpaBa).

B mnepexonHoii o6iacTu BOJIM3M ILJIa3MEHHOIO
IIIHYpa BO3MOXHO BO3HMKHOBEHUE CUTyallud Halu-
YUl pa30rpeThiX OBICTPHIX KATATUTAYECKU YACTHII, CO-
JiepKallluX aTOMBbl YIjiepoa, M MOAXBauyeHHbIX MHIY-
LIMPOBAaHHBIM TOKOM MArHUTHBIM IOJIEM, M CBOOO-
HOTO aKTUBHOTO aTOMAPHOTO YIJIepO/ia, HAXOISIIETO-
csl B KBa3MCTAallMOHAPHOM COCTOSIHUM OTHOCHUTEIBHO
BBICOKOSHEPreTUYECKMX YacTULl Karajauzaropa. Takum
00pa3oM, BO3MOXKHO JOMOJHUTENbHOE 3aKpyYMBaHUE
YACTUIL KaTaIM3aTopa B MPOLIECCE POCTa HAHOTPYOOK B
00JIacTU NEePEXOIHOIN 30HBI C OAHOBPEMEHHOI COpO-
LIMEeN aTOMOB aKTMBHOTO YIJIEpO/Ia, UTO SIBJSIETCS TIpel-
MOCBUTKOM UISI pocTa YIAepOAHbIX HAHOTOPOB.

Pe3syabTaThl CHHTE3A YIJI€POAHBIX HAHOCTPYKTYP
TPH UMIYJIbCHOM BBHICOKOBOJIbTHOM pa3psijie
B [Iapax 3TaHoJa

Pe3ynbraThl OocaxmeHUs MPOAYKTOB peaklMu U3
MMapoB 3TaHOJA B IIa3Me UMITYJIbCHOTO AYTOBOTO pa3-
psla Ha TTOBEPXHOCTh KPEMHMEBON IOMJIOXKK OBLIH
HCCIIe0BAaHBI METOTAMU aTOMHO-CHIIOBOM MUKPOCKO-
mmuu (Consep-1147, 3AO "Hanorexnomnornu — MJIT").
B o6pa3siie HapsiLy ¢ BOJIOKHOBUIHBIMUA 00pa30BaHMSsI-
mu girHou 1o 10 MkM 1 guametrpom a0 20 HM HaOII0-
nmatorcst Topsl paguycoM oT 100 go 500 HM, TOMIIMHONK
5...8 M (puc. 4).

MeHblIMit [uaMeTp HAaHOTOPOB MOXKHO TOJYYMUTh
pr MOTUGUKAIIMKA YCTAHOBKU IUIST pabOTHI B cpee
MU2JIEKTPUYECKON YriiepoAcoaepKalleid XUIKOCTH
(cmuprax OCY). DnekTpruueckuii pa3psiii B XUIAKOCTU
co3maeT 3JIeKTPOruapaBIndeckKuit 3¢deKT, CBI3aHHbIN
C PEe3KMM JIOKAJTBbHBIM TTOBBIIIIEHUEM JTaBICHUS BOJTU3U
mHypa paspsina. Kak cieactsue, Bo3HMKAeT ¢ dexT
KaBUTAIIMX Y BO3MOXKHOCTH JOTOJHUTEITLHOTO MeXa-
HUYECKOTO HAMPSIKEHUST 32 CYET CUJIbI TOBEPXHOCTHO-
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rO HATSKEHUST KaBUTAIIMOHHBIX My3bIPbKOB. MUHU-
MaJIBHBII TMaMETpP MOJYYEHHBIX HAHOKOJIEL] COCTaB-
nsteT 20...80 HM ¢ TommMHOi BojiokHa 1...2 HM (puc. 5).

Taxcke ObLTM TPOBEAEHBI 9KCIIEPUMEHTHI 110 "KJ1ac-
CHYECKOI cxeMe", Korga TpaduTOBbIC SJIEKTPOILI Ha-
MUTBHIBAUIM METALIMYECKUM KartaiauzatopoM. Ocanok
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Puc. 4. ACM-n300pakeHe HAHOTOPOB, MOJYYEHHBIX B JJIEKTPHYE-
CKOM pa3psiie B mapax CHMPTa: ¢ — OOLIMIA BUJ OCa/Ka Ha MOBEPX-
HOCTH TTOJIOXKU; b — YBETMYCHHOE U300pakeHUE OMMHOYHOTO TOpa

Fig. 4. AFM image of the nanotores, received in an electric discharge
in spirit vapors: a — general view of the sediment on the surface of the
substrate, b — enlarged image of a single tore
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Puc. 5. ACM-n300paxeHne HAHOKOJIEN, MOJYYEHHbIX B JJIEKTPHYE-
CKOM pa3psjie B XKHAKOCTH (3TaHOJI)

Fig. 5. AFM image of the nanorings, received in an electric discharge
in ethanol
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Puc. 6. ACM-u300paxkenne 0caika Ha MOBEPXHOCTH MOIOKEK MPH
CHHTe3€¢ MMIYJIbCHBIM JYTOBBIM METOIOM C MCNOJb30BaHHEM rpadu-
TOBBIX CTEPIKHEIl, HANMTAHHBIX KATAJIA3ATOPOM

Fig. 6. AFM image of the sediment on the surface of the substrates during
the synthesis by the pulse ark method with the use of the graphite rods
impregnated with a catalyst

MpeacTaBisieT coboil B OCHOBHOM MHOTOCJIOHHBIE Ha-
HOTPYOKM, BKJIIOYAsi CKpPyYEHHble B BUTKM BOJIOKHA
(puc. 6). Takum 06pa3oM, MOXKHO IIPEAIIOI0XUTh, YTO
pasneseHre MCTOYHUKOB KaTAIMTUYECKUX YacTUll U
yIiiepoma obecIeuynBacT JIydllie mapaMeTphl CHTE3a
YIJIEPOAHBIX HAHOKOJIEL U HAHOTOPOB MPU UMITYJIbC-
HOM IyroBoM ocaxaeHuu. OTMeTuM, 4TO B paboTe
[11] 6b11a McrTob30BaHa OJIM3Kasl MO MPUHIIAITY ACii-
CTBMSI CXeMa CHHTe3a M3 Mapora3oBoOil CMECH TIPU UM-
MyJIbCHOM JyrOBOM pa3psiie, HO 0e3 MCMHOJb30BaHUS
Karajus3aropa. beuin mony4yeHsl pa3inyHbie KOHPUTY-
pauny HaHOoTpyOOoK: mpsimble MCHT, Y-oG6pa3Hbie,
JIyKoBUILIeoOpa3Hbie. TakuM 0o0pa3oM, pojib CBOOO-
HBIX YaCTUI HaHOKaTaJau3aTopa, 3aKpyuMBaIOLIUXCS B
MarHMTHOM M0Jie TUTA3MEHHOTO IITHYpa, TaKXKe MOXeT
MMETh BaXKHOE 3HaUeHUe ISl 00pa3oBaHMsI HAHOTOPOB.

Tem He MeHee, TaK U He BbISICHEHA CTPYKTYypa CThl-
KOBOYHOTO 1IBa (hopMupyeMoro HaHotopa. IIpenmno-
JIOXKUTEJIbHO, B MpeijaraeMoil yCTaHOBKE IMPOLecC
CHHTE3a HAaHOTOpA IOJKEH MPOUCXOAUTh Ha HAXO.s-
IIMXCS B MAarHUTHOM IIOJIE YacTUlaX KaTaju3aTopa,
KOTOpPBII MHKATICYJIMPYETCS B HAHOTPYOKY B Mpoliecce

pocta. MOXHO OXMIAaTh, YTO POCT HAHOTOpPA 3aKaH-
YUBaeTCd MIPU KOHTAKTe YIJIEPOIHOTO BUTKA C KaTaJIv-
3aTOPOM U 00pa30BaHMEM KOJIbIIA CO IITBOM, TIPOXOIS-
IIMM TI0 KaTaJIuTU4YecKol yactuie. JanHoe mpemro-
JIOXKeHME MOATBepKaaeTcsl HabMogaeMbIMI Ha puc. 5
JIOKAJTbHBIMU YIIUPEHUSIMU KOJbIIA, KOTOPBIE MOTYT
OBITh CBSI3aHBI C BKJIIOUEHUEM KATAIUTMUYECKUX LIEH-
TpoB. OHaKO 1151 00Jiee TOYHOTO BBISICHEHUSI CTPYK-
TYpHI 1IIBA HEOOXOIMMAa Pa3paboTKa HOBBIX BHICOKOPA3-
PEIIAIIX METOIOB, 00ECIIEUNBAIOIINX BU3YATU3AIINIO
JIOKQJIbHBIX aTOMapHbIX MEePexoi0oB B HAHOTPyOKax, a
TakXKe MCCIeNOBaHUSA WX KUPaIbHOCTH. B KadecTBe
aJbTepHATUBLI B JaHHOI paboTe MpemiaraeTcsl UCTOb-
30BaTh METOIBI IIPOTHOCTUIECKOTO MOACIMPOBAHMS.

IIporno3upoBanue CTAOMJILHOCTH
YIIepOJAHbIX HAHOTOPOB

B uensax nmporHo3aupoBaHUsl BO3MOXHBIX CTaOUJIb-
HbIX HAaHOTOPOB NPOBEJAEHO HUCCIENOBAaHUE Psga TO-
pOMIAILHEIX CTPYKTYp nuameTpoM 3...20 HM, oOpa3o-
BaHHBIX OJHOCJIOWHBIMA HEKMPAJbHBIMUA W KUPaJb-
HbIMU HaHOTpyOKammu guamerpom 0,7, 1, 1,5 u 2 HM.
Hcrnonbp3oBaiicst METON MOJIEKY/ISIPHOM TMHAMUKY C TIPU-
MEHEHNEM MOAU(PULMPOBAHHOTIO ITOTeH1Mala bpeH-
HEpa VISl UCCIIEIOBAHUSI aTOMHOM CTPYKTYpPbl HAHOTO-
poB [12, 13] 1 opuruHaJbHBIM METOI IPOrHO3UPOBA-
HUS CTAaOMJIBHOCTH, Oa3MPYIOLIMICS HAa CKaHUPOBa-
HMHU KapThl JIOKAJIBHBIX HAIPSKEHWMA aTOMHOM CETKM
[14, 15]. Bce yncneHHbIe 3KCIIEPUMEHTBI OCYILEeCTBISUIU
¢ noMolipio nporpammuoro makera KVAZAR [16].

DKCMepUMEeHTabHO KUPAJIbHOCTh HE OIpeAesiiu,
MO3TOMY JIJII KaXJA0TOo Topa ObLIM PacCMOTPEHbI TpU
TUIIA HAHOTPYOKM — armchair, zigzag U KUpajbHbIE,
COOTBETCTBYIOILIME MTPpUOIM3UTEIbHO nuametpy 0,7; 1;
1,5 u 2 M. CTpyKTypHBIE MOJEJIM HaHOTOPOB OBbUIM
MHOJy4YeHbl B pe3yJibTaTe U3ruba HaHOTPYOKU COOTBET-
CTBYIOIIE KOH(UTYpALIMU 1 COSAMHEHUEM €€ KOHLIOB.
KoHdurypauus, oTBeuarolasi paBHOBECHOMY COCTOSI-
HUIO, OIpeaessyiach MUHUMU3ALMe TTOJTHOM SHeprumn
TOpa I0 KOOpIMHATaM BceX aToMoB. ISl Konumyect-
BEHHOW OLIEHKW CTAOMJbHOCTM HaHOTOPOB MbI pac-
CUUTHIBAIM MOJI€ JIOKAIbHBIX HAMPSKEHUM aTOMHOM
CETKM I10 aHaJIOTUM C MPOBEAECHHBIMU paHee UCCIeN0-
BaHUSMU CTAOUJIBHOCTHU rpadeHOBBIX HAHOJEHT, MO/ -
BEPTHYTHIX oceBOMy cxatuto [14], u 6ambykomnomo0-
HBIX HaHOTPYOOK [15]. Ilox HampsoKeHMEM Ha aToMe
CTPYKTYPBI IOHUMAETCSI PA3HOCTD IIJIOTHOCTU DHEPTUU
aToMa Topa U IJIOTHOCTU SHEPruM aToMa HaHOTPYOKHU,
U3 KOTOpOIi Top ObLT 00pa3oBaH. Pacuet HanpsokeHU
OCYILECTBJISICS TI0 CJeAyIolleMy aaropuTMy.

1. OnTumu3alMsi aTOMHOU CTPYKTYPbl MCXOIHOM
YIJIEpOAHOI HAHOTPYOKHY ITyTeM MUHUMM3ALINU TTOJIHOM
SHEPIUM C TTIOMOILIbIO0 AMIMPUIYECKOrO METOIA Ha OCHO-
Be MoIuUIIMPOBaHHOro noreHuuaisa bpexnnepa [12].
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Puc. 7. 3aBHCHMOCTb MAKCHMAJIBHOTO ATOMHOTO HANPSIKEHHS OT
JaMeTpa TOpa NpH Pa3jMYHBIX 3HAYEHHAX AMAMETPAa HAHOTPYOKH:
I—0,7um; 2— 1 1M; 3 — 1,5 aM; 4 — 2 HM

Fig. 7. Dependence of the maximal atom strain on the tore diameter at
various values of the nanotube diameter: 1 — 0,7 nm; 2 — 1 nm; 3 —
1,5nm; 4 — 2 nm

2. BbruucieHue pacnpeneneHusi 00beMHOM MI0T-
HOCTH DHEPTUM IO aToOMaM KapKaca HaHOTPYOKU.

3. OnTuMM3alusl CTPYKTypbl HaHOTOpa, oOpaso-
BaHHOTO B pe3yJbTaTe CBOpAYMBAHMSI MCXOTHOW Ha-
HOTPYOKM, ITyTeM MUHUMU3ALWM MOJHOU SHEPTUM.

4. BoruucieHue pacrpenaeiieHuss 00beMHOM ILIOT-
HOCTU DHEPIUM MO aToMaM KapKaca HaHOTOpaA.

5. PacyeT 1oJisi ToKaJabHbBIX HAIPSDKEHUM aTOMHOTO
Kapkaca Mo pa3HOCTU 3HAYeHUI OOBEMHBIX IJIOTHO-
CTell SHepPruu aTOMOB HAHOTOpPa M HAHOTPYOKM:

_ 0
o; = |w; = w;|,
rae w? — o0beMHas TIOTHOCTb DHEPTUM aToMa Ha-
HOTOpa; W; — OObEMHAas IUIOTHOCTb SHEPIUMM aroMma
HaHOTPYOKM, U3 KOTOPOil ObUT 0Opa3oBaH HAHOTOP.

PesynbTaThl pacueToB pacnpeneaeHUs] JOKaTbHbIX
HaNpsDKEHUI TT0 aTOMaM MCCIeIyeMbIX OObEKTOB I10-
Kaszaju, YTO MaKCUMaJIbHOE HaIpsiKEeHUe OnpeaeisieT-
csl IMaMeTpoM TpyOoK, oOpasylolvx TOp, U AUaMET-
poM Topa. Ha puc. 7 mpencraBieHbl pe3yJbTaThbl pac-
YETOB MAaKCUMAJIbHOI'O aTOMHOTI'0 HAMPSIKEHUSI B CTPYK-
Type TOPOB PAa3HOTO AUAMETPa U Pa3HbIX 00pa3yIOLINX
HaHOTPyOOK. Hamo oTMEeTUTh, UTO 3aMETHOI pa3HUILIbI
MEXy HEKMPaJbHBIMU U KUpaJbHBIMU TpyOKamu, 00-
pas3ylolMMU HAHOTOPHBI, HeT. OTpenesiouyo pojb B
pacnpeaesieHUM HanpsKeHU aTOMHON CeTKU UTpaer
nUaMeTp TpyOKW W AraMeTp Topa, TOYHee UX COOTHO-
meHue. Ha puc. 7 1MHUAMU 0TOOpaXxaroTcsl anmpok-
CUMUpYIOIIIME KPUBBIE, a CUMBOJIAMU — DPE3yJIbTaThl
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BBIYMCJICHUI B TIPOIIECCE YMCIEHHOTO SKCIIEPUMEHTA.
PesynbTaTthl pacueToB 1ist Tpydbok nuametpom 0,7 HM
TpeCTaBIeHBl YePHBIMUA KPYKKaMH M alllPOKCUMMU-
PYIOTCSI CIUIOIIHOM YepHON TMHUEN, IJisl TpPYOOK nua-
MeTpoM | HM — TIYyCTBIMH KBagpaTaMd M YacTOU
ILITPUXOBOM KPUBOM, sl TpyOOK 1,5 HM — MyCTbIMU
KPY>XKaM¥ U peKOW LITPUXOBOU JIMHUEMN, 1T TPYOOK
2 HM — KpPEeCTMKaMHU M LITPUX-MYHKTUPHON KPUBOM.
M3 paHHBIX HAIIMX YUCIEHHBIX 9KCIIEPUMEHTOB Clie-
JlyeT, 4YTO C yBeJWYeHHeM AuaMmeTpa TpyOKU TpU Oji-
HOM UM TOM XK€ IraMeTpe Topa HampsiKeHUe aTOMHOTO
Kapkaca BO3pacTaer.

OO0I1IMM B 3aBUCHUMOCTSX, MNpPeACTaBIEHHBIX Ha
puc. 7, sABAsSIETCS BbISIBJICHHAS aHAJIUTUYECKas 3aBU-
CUMOCTb HamnpsixkeHust P ot nuameTpa Topa D 1jist Bcex
TUNOB TPpyOoK. OHa MpeAcTaBIsgeTcs B BUAC BbIpaxe-
Hus In(P) = B+ In(D) + A. Koncrantel A u B onpene-
JISSIOTCSI COOTHOIIIEHUEM I1MaMEeTPOB Topa U TPYOKHU.

YTOoObl OTBETUTH HA BOMPOC O CTAOUJIBHOCTU TOPA,
HaMu OBUTa TIpOBeIeHA CepUsl YMCICHHBIX SKCIIEPH-
MEHTOB TMPU pPa3IWyYHBIX 3HAUYEHMSIX TeMIepaTyphl.
OCHOBHO1 BBIBOJI 3aKJIIOYAETCS B TOM, YTO KPUTHYE-
CKMM 3HaUeHHEM HAIPSIKeHUsI B aTOMHOI CeTKe Topa
apasieTcs 3HaueHue ~18—19 I'Tla. B ciayyae mpeBbI-
LLIEHUsI DTOTO 3HAUYEeHUsI HAHOTOP CTAHOBUTCS HeCTa-
OMJILHOM CTPYKTYpOI, KOTOpas pa3pyllaeTcsl yxKe
npu Temriepatype Boie 300 K. Ha puc. 8 npuBeaeHbl
pe3yabTaThl YUCICHHOTO MPOTHO3MPOBAHMS CTAOMIIb-
HOCTM HAHOTOPOB PA3JIMYHOIO JUaMeTpa 00paszylo-
11X ero HaHOTpyOoK. IIpeacTaBiaeHbI CTPYKTYPHI pa3-
HOW TOIMOJIOTMM B MOMEHTBI pa3pylleHUus] Mpu Mpu-
OJIM3UTEIbHO OJAMHAKOBOM HAIIPSIKEHUU aTOMHOM
cerku ~37 I'Tla.

OQHO3HAYHO MOXHO 3aKJIIOYUTb, YTO HaMpsKEeHUE
18—19 I'Tla siBngeTcst AIsd BceX HAHOTOPOB KPUTHYE-
CKMM, MPU KOTOPOM aTOMHBIN Kapkac Topa HecTabu-
JIEH U paszpyliaeTcs yxe Mpyu KOMHATHOI TeMIlepaType
WM JaXe He3HAYMTEJIbHOM BHEIIHEM BO3AeiCTBUU
(HampuMep, B BUIIEe BHEIIHEH MeXaHUYeCKOW Harpys-
ku). [Ipn 5TOM MIMHEI CBSI3€11 BHEILIHE YaCcTU COCTaB-
ssitot 0,17 HM, BHyTpeHHei# yacti — 0,13 HM. UMeHHO
Ha BHEIIHEH M BHYTPEHHEN 4acTsIX TpyOKU HaOIoma-
etcs paspymieHue C-C cBg3eil B IEpBYIO ouepeab, 1M0-
TOMY UTO B 3TUX OOJIACTSIX HANPsDKEHWE MaKCHUMAJTBHO.

Ha ocHoBe mNpuBeneHHBIX PacYETHBIX NAHHBIX U
MHOTOUYMCIEHHBIX CUMYJISILIMI MOBeAeHUsI HAHOTOPOB
MpU pa3IMYHBIX 3HAUEHUSIX TeMIlepaTypbl MOXHO 3a-
KJIIOUUTh, YTO B MPOLECCE CUHTE3a HAHOTOPOB OY@yT
00pa30BBLIBATHCS TOPBI C COOTHOILIIEHUEM "TUAMETP TO-
pa/muamMeTp TpyOKuW"', TpeBbIIaionmM 7,5. MMeHHO
TIPY BBITIOJIHEHUU TAKOTO COOTHOIIEHUS M BBILLIE HAHO-
TOPbI OCTAIOTCSI CTAOUIBHBIMU MPU OOBIYHBIX YCJIOBUSIX.

VYyeT HamUuMsl MHKANCYJIUPOBAHHOIO KaTaju3aTo-
pa u 1IBa B ero 00JlacCTU MOXET MOHU3UTh CTaOUJIb-
HOCTb CTPYKTYpPbl, TEM HE MEHee KUpaJbHOCTb TOpa
(opmupyeTcs B rpouecce pocTa Tejaa TpyoKu, U Mpe-




Puc. 8. JlecTpykuusi HaHOTOPOB: ¢ — auameTp Topa 4,8 HM, nuamerp Tpyoku 0,7 HM; b — nuameTp Topa 5,1 HM, nuameTp Tpyoku 1 HM;
¢ — auametp Topa 8,1 HM, muameTp Tpyoku 1,5 HM; d — nmuametp Topa 10 HM, TUaMeTp TPYOKU 2 HM

Fig. 8. Destruction of nanotores: a — tore diameter is 4,8 nm, tube diameter is 0,7 nm; b — tore diameter is 5,1, tube diameter is 1 nm; ¢ — tore
diameter is 8,1 nm, tube diameter is 1,5 nm; d — tore diameter is 10 nm, tube diameter is 2 nm

JIOXKEHHas MOJejdb MOXET 00eCleYynBaTh MPOTHO3M-
poBaHue (OpMHUPOBAHUSI HAHOTOPOB C 3aJaHHLIMU
CBOMCTBaMU.

3akimouyeHue

B pabote npemioxkeHa HOBasl TEXHOJIOTUSI CUHTE3M-
pOBaHUs YIIIEpPOTHBIX HAHOTOPOB Ha YaCTUIIAX KaTaJlH-
3aTopa, 00Pa3yIOIIUXCS B pe3yIbTaTe BBICOKOBOJBTHOTO
pa3psifia, ¢ TIOMOILbIO CllelMaIbHO CO3JaHHON ycTa-
HOBKU. OTIMYUTENIbHONW 0COOEHHOCThIO MPeMIOKEH-
HO# TEXHOJOTUM SIBIISICTCSI paslelicHHe ITPOIIECCOB
(opMUpoBaHUS UCTOYHUKOB YIJepojJa W KaTajlu3a-
Topa. B Xome umcmbITaHMSA CO3MaHHOW TEXHOJOTUU
ObLIO BBISIBIICHO BIMSIHME KOHGMUTYpallMU U MaTepua-
JIa 5JIEKTPOAOB Ha CTPYKTYPY IMOJIy4aeMBIX B IIPOIIeCcCe
CHHTE3a YIJIEpOIHBIX HAHO0ObekTOB. Hanbosnee ontu-
MaJIbHOM KOH(UTYpAIIUK 3JIEKTPOIOB IS TOTyUCHMS
VIJIEPOAHBIX HAHOTOPOB COOTBETCTBYIOT 3a0CTPEHHbBIC
MeTaJUIMIEeCKHE 3JICKTPOIBI B Iapax yriaepoacomepxKa-
men XKuakoctu. ONTUMABHBIMU MapaMeTpaMu, Mpu
KOTOPBIX TTPOMCXOAUT POCT YIVIEPOAHBIX HAHOTOPOB,
SIBJISTIOTCS YacToTa paspsaa, paBHag 120 I'n, u pac-
CTOSTHUE MEXIy 3JICKTPOIaMU, paBHOE 8§ MM.

Pe3ynabTaThl MPOrHOCTMYECKOIO MOMAEIMPOBAHUS
rnokasajiu: 1) KupaJlbHOCTb HAHOTPYOKH, 0Opasyoleit
TOpP, HE UrpaeT pelarolieil pojau B CTaOMILHOCTH Ha-
HOTOpA; 2) KPUTUYECKIM HATIPSDKEHUEM IUIST aTOMHOM
ceTKu Topa sBisiercs 3HadeHue 18—19 I'Tla, mocne
MIPEBHIIIEHNST KOTOPOTO CTPYKTYpa TiepecTaeT OBITh CTa-
OUNbHOI; 3) COOTHOIIEHWE AUaMETp Topa/AuameTp
TpyOKu, paBHOE 7,5, SIBISIETCS OCHOBHBIM (DAKTOPOM,
MpenonpeaessiolmM cTabuIbHOCTh HaHOTopa. MMeH-

HO IpH BBIMOJJHCHHUUM TAKOTrO COOTHOLICHUA M BBLILIC,
HAHOTOPbI OCTAIOTCHA CTaOMJIbHBIMH IIpu OOBIYHBIX
YCJI0BUAX.

Paboma evinoanena npu noddepicke Munucmepcmea
obpazosanus u Hayku Poccutickoti @edepayuu (Coena-
wenue No 14.575.21.0019), epanma Ilpe3udenma Poc-
cutickou DPedepauyuu 045 N000ePICKU MOAOObIX YUEHBIX —
Kanoudamoe Hayk (Ne 14.Y30.14.1922-MK) u Munu-
cmepcmea obpazosanus u Hayku Poccutickoi Pedepa-
Yuu 8 pamkax NPoeKmHOU 4acmu 20cy0apcmeenHo2o
3adanus 6 cgepe HayuHou OdesmeavHocmu (Npoexkm
Ne 3.1155.2014/K).
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Synthesis of Toroidal Nanostructures in the Vapors of Carbon-bearing Gas

and Forecasting of Their Stability

The authors present the results of the experimental and theoretical researches of the carbonic toroidal nanostructures. A new tech-
nology was developed for synthesizing of nanotores on catalyst particles at a high-voltage pulse discharge in the ethanol vapors. An
original method for calculation of the field of the local atom strain was used for forecasting of the stability of the synthesized na-
notores. It was established, that the major factor predetermining the stability of a nanotore was the "tore diameter/tube diameter"
correlation. It was demonstrated that formation of stable nanotores required the tore diameter/tube diameter correlation equal to 7,5.

Keywords: nanotores, high-voltage pulse discharge, atomic-force microscopy, molecular dynamics, stability, local strain

Introduction

After discovery of fullerene Cg, in 1985 [1] and carbon
nanotubes in 1991 [2] an active research of the complex
forms of carbon nanostructures began. Among such ob-
jects are nanotores [3]. For the first time they were syn-
thesized in 1997 by a laser heating [4]. Later, the methods
for obtaining of the nanotores included processing by ul-
trasound [5], organic reactions [6], and chemical deposi-
tion from a gas phase [7]. Interest to the nanotores is due,
among other things, to the prospects of their use as an ide-
al nanoscale electromagnetic structural element in the
modern nanoelectromechanical systems [8]. The carbon
nanotors have many interesting physical properties, like
Aaronov-Bom oscillation effect [9], diffusion of the water
molecules into a nanotore [10], etc. At the same time, ex-
tension of the sphere of application of the nanotores de-
mands a flexible technology for a mass production of the
toroidal structures of high stability and durability. The ex-
isting technologies still cannot help us to solve the task.

The aim of the given work is development of a tech-
nology for synthesis of the carbon nanotores and forecast-
ing of the stability of the obtained structures by computer
modeling.

Installation for synthesis of carbon nanostructures
in ethanol vapors in a pulse high-voltage discharge

An installation was developed for synthesis of the car-
bon nanostructures in a pulse high-voltage discharge. The
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carbon source is spirits vapors. The installation scheme is
presented in fig. 1, a. The reactor is a hermetically sealed,
explosion-proof metal capacity with an input of technical
gases, gas-vapor mixture (GVM), high voltage electrodes,
equipped with an observation port, and ensuring pumping
out and fume extraction through a refrigerator and a wa-
ter-gate valve.

GVM is supplied under pressure into the chamber
through a connecting pipe with an inverted valve. Prepa-
ration of GVM is done by a bubble dosing of air through
boiling 96 % ethanol at 78,4 °C. (In order to prevent con-
densation of the vapor on the walls of the submitting main
it is warmed up). The saturated vapors of ethanol mix up
with the atmospheric air in the ratio of 1:6. The speed of
the flow is 30 cm3/min.

A control unit is connected to the electrodes generating
sequences of pulses with an amplitude of 12 V and current
of about 10 A in the primary winding of the step-up trans-
former. In the period of time of about 5 us the core of such
a transformer is saturated, after that the power unit dis-
connects the energy supply to the primary circuit, which
results in a high-voltage emission in the secondary circuit
due a back self-induction. Fig. 1, b presents the kind of
voltage in the secondary circuit of the step-up transformer.
The maximal possible energy, which can be accumulated
by its core, is about 50 mlJ.

Various configurations of electrodes were used: metal,
carbon, combined with various kinds of metals and meth-




ods of introduction of GVM into a discharge. It was es-
tablished that optimal use is the use of the pointed metal
electrodes in the vapors of a carbon-bearing fluid. Such a
configuration allows us to obtain nanorings, while the car-
bon electrodes impregnated with sol-gel catalyst allow us
to obtain thin nanotubes with diameter of 1...2 nm.

The parameters were established, which ensure
growth of the carbon nanotubes: discharge frequency
equal to 120 Hz and the distance between the electrodes
equal to 8 mm. In each pulse the stand generates up to
40 mJ of energy with a maximal voltage of 10 kV. The
growing nanotubes are coiled during their flight between
the electrodes under the action of an electromagnetic dis-
charge. The effect is increased by a solenoid introduced in-
to the chamber along the axis of the discharge, the mag-
netic field of which is equal to 0,3 T. Fig. 2 presents the
general view of the installation.

A specific feature of its design is separation of the for-
mation of the sources of carbon and the catalyst: if the cat-
alyst clusters are formed due to dispersion of metal of the
anode during an arc discharge, the carbon is introduced in
the form of vapors and fills the reactionary space of the
working chamber, and not just a narrow conductor of a
plasma cord. Such a separation of the generation modes of
the components of synthesis of nanostructures allows us to
have reactionary zones of high-energy atoms of the cata-
lyst, clusters of the catalyst, active carbon and heated car-
bon-bearing vapor.

In the arc discharge very important is the presence of
the high-energy active particles caused by a compressing
magnetic field, induced by the discharge current (pinch-
effect). It is possible to say, that the flow of the molecules
of the carbon-bearing gas coming into the chamber is in
a quasi-stationary mode in relation to the particles in-
volved in formation of a plasma cord. One can observe a
plasma cord with diameter less than 1 mm and the slower
rotating particles flying out of the cathode (fig. 3, right).

In the transition zone, close to the plasma cord, there
is a high probability of occurrence of heated catalytically
fast particles containing atoms of carbon and picked up by
the current induced by the magnetic field, free active
atomic carbon, which is in a quasi-stationary mode in re-
lation to the high-energy particles of the catalyst. Thus,
additional twisting of these particles is possible during the
growth of the nanotubes in the transition zone with a si-
multaneous sorbtion of the atoms of active carbon, which
is a precondition for the growth of the carbon nanotores.

Results of synthesis of the carbon nanostructures
during a pulse high-voltage discharge
in the ethanol vapors

Sedimentation of the reaction products from the eth-
anol vapors in the plasma of a pulse arc discharge on a sil-
icon substrate were investigated by the methods of atomic-
force microscopy (Solver-P47, Nanotechnologies MDT
Co.). In the sample, alongside with the fiber-like forma-
tions with length up to 10 microns and diameter up to
20 nm, tores are also observed with a radius from 100 up to
500 nm, and thickness of 5...8 nm (fig. 4).

A smaller diameter of nanotores can be received due to
modification of the installation for operation in the envi-
ronment of a dielectric carbon-bearing liquid (spirits of
very-high-purity). An electric discharge in the liquid cre-
ates an electrohydraulic effect connected with a sharp lo-
cal increase of strain near the discharge cord. As a conse-
quence, cavitations arise, as well as a possibility of addi-
tional mechanical strain due to the force of the surface
tension of the cavitation bubbles. The minimum diameter
of the received nanorings is 20...80 nm with a fiber thick-
ness of 1—2 nm (fig. 5).

Classic experiments, when graphite electrodes were
impregnated with a metal catalyst, were also implemented.
The deposit is basically presented by multilayered nano-
tubes, including the fibers braided in coils (fig. 6). One can
assume that separation of the sources of the catalyst par-
ticles and carbon ensures the best parameters for the syn-
thesis of the carbon nanorings and nanotores during a
pulse arc sedimentation. In the work [11] the authors used
a principle close to the synthesis from GVM during a pulse
arc discharge, but without a catalyst. Various configurations
of nanotubes were received: straight MCHT, Y-shaped, and
bulb-shaped. Free particles of the nanocatalyst, twisting in
the magnetic field of a plasma cord, also can be of great
value for the formation of nanotores.

The structure of the connecting seam of the formed na-
notore is still unclear. It is assumed that in the proposed
installation the synthesis of the nanotores encapsulated in
a nanotube during growth should take place in the catalyst
particles, present in the magnetic field. It can be expected,
that the growth of a nanotore comes to an end, when a car-
bon coil comes in contact with the catalyst, and a ring with
a seam on a catalyst particle is formed. The assumption is
proved by the local ring broadening, which can be due to
inclusion of the catalyst centers (fig. 5). However, for a
more accurate investigation of the seam’s structure new
high-resolution methods should be developed, which
would ensure visualization of the local atomic junctions in
the nanotubes and research of their chirality. As an alter-
native a prognostic modeling is proposed.

Forecasting of stability of the carbon nanotores

For forecasting of possible stable nanotores a number
of toroidal structures were investigated with diameter of
3...20 nm formed by single-layered non-chiral and chiral
nanotubes with diameter of 0,7, 1, 1,5 and 2 nm. Molec-
ular dynamics was used with application of the modified
Brenner potential for research of the atomic structure of
the nanotores [12, 13] and the method for stability fore-
casting based on scanning of the map of the local strains
of the atom lattice [14, 15]. The numeric experiments were
done with the use of KVAZAR software package [16].

Chirality was not defined experimentally, therefore for
every Tore three types of nanotubes — armchair, zigzag
and chiral, approximately corresponding to diameters of
0,7, 1, 1,5 and 2 nm were considered. The structural mod-
els of the nanotores were received as a result of bending of
a nanotube of the corresponding configuration and con-
nection of its ends. The configuration corresponding to an
equilibrium state was defined by minimization of the full
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tore energy on the co-ordinates of all the atoms. For eval-
uation of the stability of the nanotores, the field of local
atom lattice strain was calculated by analogy with the re-
searches of the stability of the graphene nanoribbons sub-
jected to axial compression [14], and bamboo-like nano-
tubes [15]. The atom structure strain is understood as the
difference between the density of the energy of a tore atom
and the density of the energy of the atom of a nanotube,
from which the tore was formed. Calculation of the
strains was carried out in accordance with the following
algorithm.

1. Optimization of the atomic structure of the initial
carbon nanotube by minimization of the full energy by
means of an empirical method on the basis of the modified
Brenner potential [12].

2. Calculation of the distribution of the volume density
of energy by the atoms of a nanotube skeleton.

3. Optimization of the structure of the nanotore,
formed as a result of folding of the initial nanotube with
minimization of the full energy.

4. Calculation of the distribution of the volume density
of energy by atoms of a nanotore skeleton.

5. Calculation of the field of the local strain of an atom
skeleton by the difference of values of the volume density
of energy of the atoms of a nanotore and a nanotube:

_ 0
G; = |wi_ Wi |a

where w? — is the volume density of the energy of the at-
om of a nanotore; w; — is the volume density of the energy
of the atom of a nanotube, from which the nanotore was
formed.

Calculations of the distribution of the local strains by
atoms of the investigated objects demonstrated, that the
maximal strain is determined by the diameter of the tubes
forming a tore, and, and the diameter of a tore. Calcula-
tions of the maximal atomic strain in the structure of the
tores of different diameters and different forming nano-
tubes (fig. 7). It is necessary to point out, that there is no
appreciable difference between the non-chiral and chiral
tubes forming the nanotores. The decisive role in the dis-
tribution of strain of an atomic lattice is played by the di-
ameter of a tube and the diameter of a tore, by their cor-
relation, to be more exact. Lines in fig. 7 present the ap-
proximating curves, and symbols — the results of calcula-
tions in the numerical experiment. Calculations for the
tubes with diameter of 0,7 nm are presented by black cir-
cles and are approximated by a continuous black line, for
the tubes with diameter of 1 nm — by empty squares and
a thick dashed curve, for the tubes of 1,5 nm — by empty
circles and a thin dashed line, for the tubes of 2 nm — by
crosses and a chain curve. Our numerical experiments of-
fer a conclusion, that with an increase of the diameter of
a tube with the same diameter of a tore, the strain of the
atomic skeleton increases.

The common thing in fig. 7 is the analytical depend-
ence of the strain P on the diameter of tore D for all the
types of tubes. It is presented in the form of the following
expression: In(P) = B +In(D) + A. Constants 4 and B are
defined by the correlation of the diameters of a tore and
a tube.
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In order to answer the question about a tore stability,
a series of numerical experiments were done at various
temperatures. The basic conclusion is that a critical strain
in the atom lattice of a tore is at the level of ~18—19 GPa.
If this level is exceeded, a nanotore becomes an unstable
structure, which collapses already at temperature over
300 K. Fig.8 presents the results of a numerical forecasting
of the stability of the nanotores of various diameters of the
nanotubes forming it. Presented are the structures of var-
ied topology at the moments of destruction at approxi-
mately identical atom lattice strain ~37 GPa.

It is possible to conclude, that for nanotores the strain
of 18—19 GPa is critical. At this strain the atom skeleton
of a tore is unstable and collapses already at a room tem-
perature or even insignificant external influence (for ex-
ample, in the form of an external mechanical loading). At
that, the lengths of the bonds of the external part are equal
to 0,17 nm, and of the internal part — 0,13 nm. Exactly
on the external and the internal parts of the tube the de-
struction of C—C bonds is observed, first of all, because of
the maximal level of strain in these areas.

On the basis of the calculation data and numerous sim-
ulations of the behavior of the nanotores at various tem-
peratures it is possible to conclude, that during the syn-
thesis of the nanotores the tores are formed with the "tore
diameter/tube diameter” correlation exceeding 7,5. At this
value of the correlation and over the nanotores are stable
in regular conditions.

The account of the encapsulated catalyst and the seam
in its area can lower the stability of the structure. Never-
theless, a tore chirality is formed during the growth of the
tube body, and the proposed model can ensure forecasting
of formation of the nanotores with the set properties.

Conclusion

The authors proposed the technology for synthesis of
carbon nanotores with the help of a special installation on
the catalyst particles, formed as a result of a high-voltage
discharge. A specific feature of the technology is separa-
tion of the formation of the sources of carbon and catalyst.
During testing of the technology the influence of the con-
figuration and material of the electrodes on the structure
of the carbon nano-objects, obtained during synthesis, was
revealed. The optimal configuration for obtaining of the
carbon nanotores requires pointed metal electrodes in the
vapors of a carbon-bearing liquid. The optimal parame-
ters, which ensure growth of the carbon nanotores, are the
frequency of the discharge equal to 120 Hz and the dis-
tance between the electrodes equal to 8§ mm.

Modeling demonstrated: 1) the chirality of the nano-
tube, forming a tore, does not play the decisive role in its
stability; 2) the critical strain for an atom lattice of a tore is
18—19 GPa, and when this level is exceeded, the structure
becomes unstable; 3) the correlation of "tore diame-
ter/tube diameter” equal to 7,5 is the major factor pre-
determining the stability of a nanotore. Exactly this cor-
relation ensures stability of the nanotores in regular con-
ditions.
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MASHUMHAA NPOHUUAEMOCMb

KOHHCHTpaTOpr MAarduMTHOIO IIOJIA ITO3BOJIAIOT
CHU3UTHh HM2KHIOIO TpaHUIY JMara3oHa U3MEPACMBIX
MarHUTOYYBCTBUTEJbHBIMUA 3JIEMEHTAMU 3HAYCHUN
HaIpA>KE€HHOCTHU BHCITHETO MAarHUTHOTO ITI0JIA 3a CYET
HaMarHnuyvBaHusi. OCHOBHOI 3agayeii IIpu NpPOCKTU-

pPOBaHMUM KOHLCHTPATOPOB MAIrHMUTHOI'O IIOTOKA ABJIA-
€TCS NOCTUXKEHUE BBICOKMX 3HAUECHUU KOS(I)(bI/ILII/ICH-
TOB YCUJICHUA MAr"HuMTHOTIO IIOJA IIpU YMCHBINCHHUU
TCOMECTPNYCCKHNX pasMEPOB CaMOIO KOHIICHTpPATopa.
MaTepI/Ia)'I KOHILCHTpaTopa JOJLKCH obecrieuynBaTh HA3-
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KYI0 KO3PILUTHUBHYIO CHITY Y BEICOKYIO MaTHUTHYIO TIPO-
HunaemMoctsb [1]. TakuM TpeGoBaHUSIM COOTBETCTBYET
MarHUTOMSITKWI MaTepuall — mnepMaioii. dusnue-
CKH€ CBOMCTBA MJIEHOK MEePMAaJLJIOs OMPEAEsIIOTCS Me-
TOIOM MX nosydyeHusT. DU3NKO-XUMUYECKUE CBOMCTBA
CIUIABOB MPU BJIEKTPOXUMUUECKOM OCaXKACHUU OTJIM-
YaloTCA OT CIUIABOB, IMOJYUYEHHBIX TEPMUYECKUM Me-
TOAOM (HampuMep, MOHHO-JIYYEBbIM HaIlbLJICHHEM).

ITo naHHBIM paboTHI [2] BbICOKAsi MarHUTHAs TIPO-
HUILIAEMOCTb KOHIIEHTpaTOpa MarHMTHOIO TOJIS U3 Mep-
MaJlJIOsl JOCTUTAETCSI TIPU 3JEKTPOXUMUYECKOM OCaXK-
JeHUM TUJIEHKU Mepmajuioss ToaiuHoi 10...15 MKwm.
YBeauuyeHne TOMIIMHBI TJICHKA TTPOTUB OXUIAHUS He
YBEJIMYMBAET MarHUTHBIN MTOTOK HACBIIICHMUS, & BIMSI-
€T Ha OTHOCHUTEIbHYI0O MAarHUTHYIO IMPOHUIIAEMOCTb,
KOTOpasi yMEHbIIAETCsI, KaK CUMTAETCs, BCICACTBUE
pOCTa MEXaHWMJIECKUX HAMPSDKEHW B TOJICTHIX TICHKAX.

B narenre [3] onucaHa 3aeKTpOXUMUYECKasT sT4eii-
Ka, KOTopasi JaeT BO3MOXHOCTb MPOBOAUTDH 3JIEKTPO-
XUMHUYECKOe OCakKIeHNEe Ha IUIAaCTMHBI KpeMHus. [1pu-
MEHEeHHE MeTOoJa 3JEKTPOXMMUUYECKOIO OCaXKIACHUS
IUIEHOK MePMalJIosl Ha TUIaCTUHAX KPEMHUS TTO3BOJIS -
€T MOJYYUTh KOHLIEHTPATOPbl MAarHUTHOTO TIOJIS TOJI-
wyrHoi 10...15 MKM ¥ CHU3UTH B IUJIEHKAX MeXaHUYe-
CKME HaIpsiKeHUsI, KOTOpble MPUBOAAT K OTCIauBa-
HUIO TIJIEHOK OT TOMJIOXKH.

B pabore [4] moka3aHO, 4TO ocaXIeHHe IIJICHKHN
nepMauios ToamuHon 10 100 MKM BO3MOXHO B IJIy-
0OKMX KaHaBKaX Ha KPEMHUU MPU BLIOPAHHOM pPeXXU-
me (100 MA/CM2 anst MOMC-npuBoga). Mcnonb3o-
BaJICSI DJIEKTPOJIUT, B COCTABE KOTOPOTO COJIU 1IEI0Y-
HbIX MeTauioB: NiSOy, FeSOy4, Na;CcHs07, K,SOy,
C,H,5S04Na, C;H;SO,4NO5S.

HMcnonb3yeMblit B JaHHOW paboTe 3JEKTPOJUT
MpeacTaBiIsieT co00il BOMHBII pacTBOP COJIEH 2IeMeH-
TOB /151 oOpasoBaHus repmamiosa NiSOy, Fe,(S0y);,
NiCl,; no6aBok Komruiekcoodpasosatens H;BO;, ko-
TOpBII 0obJieryaeT pa3psii MOHOB MeTaloB [5] u ca-
xapuHa C;H;SO4NO;S, obecrieunBarolLero CHuxe-
HUE MEeXaHWMYECKUX HAIIPSDKEHWH B 0CAXKIAEMOM CJI0€.
PacTBOD TIIATEIBHO NIEpEMEILIUBANICS C IPUMEHEHUEM
MarHuTHoi mMewanku. OOHAKO LBET 3JEKTPOIUTA 3a-
METHO U3MEHSIJICSI B Mpoliecce MOCAeAYIOIEro XpaHe-
HUS CO CBETJIOTO XEJITO-3eJIEHOTO Ha KOPUYHEBATBIN C
MeTaUIMYeCKUM OTJIMBOM. OUYeBUIHO, YTO 0Opa3oBa-
HHE YCTOMYMBBIX KOMIIJIEKCOB IIPOMCXOIUT TOJBKO
MpU JJIUTESIHOM BBIAEPXKKE 3JIEKTPOJIMTA.

B pa6orte [6] mpoBemeHO OTOMETPpHUECKOE UCCITe-
JIOBaHHUE CIEKTpa ONTUYECKON IJIOTHOCTU PacTBOPOB
B 3aBCMMOCTHU OT COCTaBa 3JIEKTPOJIUTA U YCTAHOBJIE-
HO, YTO B pacTBOpe oOpa3yeTcsl 00JIbIIOe KOJINYECTBO
Pa3HbIX KOMILJIEKCOB, HE U3MEHSIOLLIUX TTPOBOAMMOCTD
9JIEKTPOJIUTA, KOTOPAask ONMpeaesieTcss MOHAMU OCHOB-
HBIX METaJUIOB.

OcHOBHOI1 3afa4eil sIBjIsieTCs onpeaeieHUue 3aBU-
CUMOCTM MArHUTHBIX CBOWCTB OCAXAEHHBIX TJICHOK
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MePMAJIJIOs C YYETOM M3MEHSIOIIETOCsI KOMITJIEKCO00-
pa3oBaHUSI B paCTBOPE BJEKTPOJIMUTA.

B pa6ote [7] Ob1 MccnenoBaH cIoco0 ITOTydYeHUs
TOJICTOIIJICHOUHOT'O KOHIIEHTPATOpa MAarHUTHOTO TTOJIsI
METOA0M BJIEKTPOXUMUYECKOTO OCaXKACHUS TepMal-
JIOSL ¢ MICTIOJIb30BaHMEM (POTOPE3UCTUBHOM MAaCKU Ha
MeTaJIIN3upoBaHHyI0 ¢ noMolnbio cioeB Al, NiCr u
Ni noBepXHOCTb KPEMHHUEBOM IUIACTUHBI, 3allMILEH-
HOI cioeM okcuna SiO, TomunrHOi 1 MKM TIpy BbI-
OpaHHOM pexXUMe INIOTHOCTU ToKa 14 MA/CMz. Amo-
MUHMEBas IUieHKa ToimuHou 0,5 MKM co3gaer Impo-
BonsLuMii ciioil. TieHka Hukenst TojawuHou 0,2 MKM
SIBJISIETCSI KATOAOM IPU 3JEKTPOXMMUYECKOM OCaXK-
JeHuu. Jis yaydlleHus aare3vu HUKeIs K alloMU-
HUIO WCITOJIB3YeTCST IIPOMEKYTOUHBIM CJIOM HUXpoMa
0,05 mxM. B kauecTBe aHOTHOTO 3JIEKTPOAA IPUMEHSI -
eTcsl HuKeJieBast (hojIbra. 3HauyeHre TOKa Ipu (PUKCUPO-
BaHHOM ILIOIIAAN OCAXACHUS OINpeaessieT CTeXMOMET-
PUYECKUIA COCTaB IJIEHKU MEPMaJIION U, COOTBETCTBEH-
HO, ee MarHUTHBIe cBolicTBa. [lomyyeHa 3aBUCUMOCTb
MAarHUTHBIX TTapaMeTPOB ITOJIy9aeMOTO0 KOHIIEHTPATO-
pa OT TOJILIMHBI OCAXKIAEMON MIEHKU TIepMalJIosl IpU
KOMHATHO# TeMrieparype 3aeKkrponuTa. [1pu ToammHe
TUIEHKU 4 MKM KO3PLMTUBHASI CUJIa cOCTaBisiia 5 B,
MAarHUTHBINA MOTOK HaMarHmunBaHus nocturai 20 HBO.
ITpu TommHe MaeHKU 12 MKM KOSPUUTUBHAs Cuja
cocTtapigia 3,5 B, MarHUTHBIN MTOTOK HaMarHWYMWBa-
Hus gocturan 40 HB6. HamarumymBanue 1, COOTBET-
CTBEHHO, MATHUTHBIN IMOTOK HACKIIICHUS YBEINYMBA-
€TCS C YBEeJIWYCHUEM TOJIINHBI TICHKU.

B nmaHHoI#i1 paboTe I co3maHusl KOHLIEHTPATOPOB
WCIIOJIB30BAJIM Ty XK€ TEXHOJOruio [7], HO IIOpLUIO
BJIEKTPOJIUTA TIepel 3AIUBKOM B 3JIEKTPOXUMUUECKYIO
q4eiiKy HarpeBajau no Temmepatypbl 50, 60, 70 wiu
80 °C. OcHOBHOI1I mapameTp mpoliecca — TOK 4Yepe3
BIIEKTPOIBI MOISPKUBAJICSI OMMHAKOBLIM. Bpemst ocax-
JIeHWsI cHayajia BeIOMpanu 45 MUH M3 coOOpakeHUs
obecrieueHUs aare3ny KOHIIEHTPATOPOB C TOKOIIPOBO-
JsiM ocHoBaHMeM. [10CKOIbKY HarpeB 3JIeKTpoIuTa
obecrieunBaeT yaydllleHre aAre3uu, BpeMsl OCakKICHUS
6nuT0 yBemmaeHo g0 60 muH. B Tabm. 1 mpencraBieHa
TOJIIIMHA TIJICHOK KOHLIEHTPAaTOPOB, U3MEPEHHasl C I0-
Moo aHaam3aTopa MukpocucteM MSA-500 B 10 Tou-
Kax Ha IIJIACTUHE ¢ OIpeAeeHUEM CPEIHETO 3HAUSHUSI
W CPEHETO KBaJIpaTUYHOTO OTKJIOHEHMUS.

HccnemoBaHe MarHUTHBIX XapaKTEPUCTHUK, KO3P-
LIMTUBHOM CUJIBI Y TIOTOKA MAarHUTHOTO T10Jis, OTpee-
JISIEMOr0 HaMarHMYEHHOCTbIO KOHLIEHTPAaTOPOB B CO-
cTaBe IUIACTUH, MPOBEACHO HAa aHAIM3aTOpe MarHuT-
HbIX cBOMCTB MeHok MESA-200. ITpu ncnoyib3oBaHUM
HarpeToro 3JICKTPOJIUTa YBEIUUMBAETCSI HAMAarHU4eH-
HOCTh ¥ YMEHBIIAETCS KOIPIUTUBHAS CHIIA.

HMccnenoBaHue cocTaBa TUIEHOYHBIX KOHLEHTpaTO-
pOB MarHUTHOro nojis mpopeaeHo B LIKIT "IuarHocTu-
Ka 1 MomuGUKaIs MAKpPO- 1 HaHOCTpYyKTyp" MUDT
¢ MOMOLIBIO SHEPTOAUCIEPCUOHHOTO PEHTTEHOBCKOIO




mukpoaHanusaropa Philips XL 40. Ha puc. 1 npen-
CTaBJIeHa 3JIEKTPOHHO-MUKpPOCKONMYecKas ¢oTorpa-
(s KoHIIEHTpaTopa Ha KpeMHWEBOM TiacTuHe. Ha
IJIATO — OCHOBHOM TJIOCKOCTH KOHIIEHTpaTOpa Cpe-
HUI COCTaB IUICHKM Ha IJIACTUHAX C IIOIOTPEBOM 3JICK-
tpoauta (Fe — 15,4 %, Ni — 82,4 %) 61130K K cO-
craBy nepmaiios (Fe — 19 %, Ni — 81 %). Kpaii koH-
IIEHTpaTopa HEMHOIO TOHbBIIE W COAEPXKMT OOJIbIIe
xenesa: Fe — 51 %, Ni — 38 %. JedekTnl Ha I0-
BEPXHOCTU KOHIIEHTpaTopa TUIIa "cHera", XOpOIIO
3aMeTHBIE Ha puc. 1, mMetor MHoro kene3a (Fe — 32 %,
Ni — 55 %) w nononuuTenbHBIE TTpuMecH Si, Al, O,
S, P, C, Cr, CL

Tabauua 1
Table 1
Pe3syabTaThl HCCIEA0BAHUS BIMSAHASA TEMIEPATYPBI JJIEKTPOJIATA
Research of the influence of the electrolyte temperature

IMnactuna
ITapameTtp Plate
Parameter
1 2 3 4
Temmepatypa 50 60 70 80

anekTponuTa, ‘C
Electrolyte temperature, °C

Bpemst ocaxaeHust, MUH 45 45 60 60
Time of deposition, min
TomumHa, MKM 59+1,3| 7,41£0,6| 9,4+0,4| 7,1+£2,2

Thickness, pm

KospuutusHas cuna, D 1,7 1,65 1,45 1,35
Coercive force, Oe
HamaranuenHocts, HBO 64 43 50 40
Magnetization, nWb
TMocne orxwura 120°C 65 38 47 38
After annealing at 120°C
Cocras Fe/Ni | mato 21778 | 16/81 16/81 | 14/84
Composition plateau
Fe/Ni nedextsl | 43/59 | 46/44 | 46/44 | 32/56
defects
Kpaii 50/45 | 63/32 | 62/29 | 52/43
edge
Tabauua 2
Table 2

HamaramueHHOCTb KOHIIEHTPATOPOB C XMMHYECKO# 3a4MCTKOI aHoaa
Magnetization of the concentrators with a chemical cleaning of the anode

Temneparypa
anekrposmta, “C HamaruuyeHHoctb, HBO
Temperature Magnetization, nWb

of the electrolyte, °C

50 30 55 34

60 31 58 45

70 30 63 53

80 32 53 42
3auucTka aHona Tpasurenb TpaBurenb Tpasurenb
Cleaning Marnbuesa st Al Marnbuesa
of the anode Maltsev etch Etch pazbasieH

for Al Deluted

Maltsev etch

Puc. 1. DnekrponHo-MuKpocKommyeckas (pororpaduss KOHIEHTpa-
TOpa HA KPEMHHEBO# IIACTHHE

Fig. 1. An electronic-microscope photo of the concentrator on a silicon
plate

HarpeB oayexkTponuTa yiaydinaer anre3vio Wid
yYMeHBIIIaeT HATIPSIKEHMS B CJIOE, a CaMoe TJIABHOE BBI-
paBHMBAET TOJIIMHY KOHIIEHTPATOpoB. OTXMT TIa-
ctrH 10 120 °C He u3MeHgeT MarHUTHBIE CBOMCTBA I10-
JIYYEHHBIX KOHLIEHTPATOPOB, YTO CBMIETEILCTBYET O
HE3aBUCUMOCTH MATHUTHBIX CBOWCTB OT CTPYKTYPHI
TUIeHKU. MarHuTHbIe CBOMCTBA IUIEHKH TTEPMaJLIOs OIl-
peneINsItoTCs ee COCTaBOM.

Ilepen mpoliieccoM ocaxkneHusI HUKEIeBYIO (DOJIbIy
aHoJa 3a4yullaiv B pa3daBiIeHHOM TpaButeje Masb-
HeBa (BOOHBINA pacTBOpP OpTO(GOCHOPHOI KHUCIOTHI).
[IpoBenmeH 3KCIIEpUMEHT C 3aUMCTKON aHOAa B Hepas-
0aBJIeHHOM TpaBuTesje MaiblieBa M B TpaBUTeJe IS
aJllOMUHUS (BOAHBIN pacTBop opTodocdopHOii U a30T-
Hoi1 kucior). B Tab1. 2 mpuBeaeH nmapaMeTp U3MepeH-
HBIX 3HAYeHWI MarHUTHOTO ITOTOKA, OIPEIEIISTIOIIIIA
HaMarHM4eHHOCTb KOHLEeHTpaTopoB. [lpu 3auymcTke
aHOIA B TpaBUTENE IJIST aTIOMUHUS TTOJIydaeTcsl Hau-
OoJiblllasi HAMArHUYEHHOCTb, YTO CBUIETEILCTBYET O
BBICOKOI MAarHUTHOW MPOHULIAEMOCTU IUIEHKU TMEp-
MaJlJIosl B KOHLIeHTpaTtope. OnTuMaabHasl TeMIiepaTy-
pa aaexktpoauta 70 °C.

HccnenoBaHue BpeMEHM CO3peBaHMSI pacTBoOpa
BJIEKTPOJUTA MPOBOAMIM Ha 12 obpasuax, M3roToB-
JIECHHBIX B CTAaHIAPTHOM PEXUME OCaXICHMS 65 MA,
60 MUH ¥ C HUKEJICBBIM 3JIEKTPOAOM, IPOTPABIEHHOM
B TpaBuTeJie s alloMuHus. Ha BochbMoOil eHb uc-
TOJTE30BAaHMS IBYX JIUTPOB 3JIEKTPOJIUTA C OTOOPOM
MOPILIMU Ha KaXIbIi Mpolecc OCaXIeHUs Ha TIJIeHKe
KOHIIEHTpaToOpa MpakKTUYeCKW HeT nedeKTOB THITA
"cHera", W BJIEKTPOJUT MUMEET CBETIBIN KeITo-3esie-
HBIN 1BeT. KeNThIil 0cagoK Ha 3JEKTpoAe He o0pa3y-
€TCs1 B OTJIMYKME OT MTPOILIECCOB C JIEKTPOJIUTOM Oe3 Ha-
rpeBa. Ha macTmHax mMeeTcsl TOHKAs TUTEHKA CEpHI,
yoajasiemasl Tpy IOCJenyIoleM WOHHOM TpaBJIEeHMMU.
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Puc. 2. Hamaramyennocts B, KoopuuTHBHas cnia H, nieHoK KoH-
LIEHTPATOPOB, MOJYYEHHBIX NMPU PA3HOM BPEMEHH ! XPAHEHHS IJIEK-
TPOJMTA Tepel NPOBeJEHHEM MNPOLECCa OCAKIEHHS IUIEHKH mep-
MaJios

Fig. 2. Magnetization B, coercive force H, of the concentrator films at
different time t of electrolyte storage before carrying out of a deposition
of a permalloy film
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Puc. 3. IleTns rucrepe3nca mIaCTHHBI, NOJYIEHHOMH U3 JIEKTPOIATA
C BBIIEPXKKOIi 9 aHei

Fig. 3. Loop of hysteresis of the plate obtained from the electrolyte with
exposure of 9 days

OOoralleHHbBII Xele30M Kpaill KOHLIEHTPaTOPOB YBeE-
JIMYMBAETCS Y Kpas IUIAaCTUHBI. B cepenmHe muracTUHBI
MPaKTUYECKU YHCTasl TJIeHKa KOHIEHTpaTopa M HeT
o0orauieHus1 Xeje30M KpaeB KOHIIEHTPaToOpOB, 4TO,
OYEBMIHO, CBSI3aHO C pacTeKaHMEM TOKa 10 TUTaCTUHE
1 Ha Kpasx KoHIeHTparopa. [1pn mccmenoBaHum Tiie-
HOK TIepMaJIJION, OCAKICHHBIX M3 3JICKTPOJIUTA C BHI-
OpaHHBIM COCTaBOM Ha IIOBEPXHOCTh KPEMHHEBOM
IUTACTUHBI, HIOKPHITOM MeIbl0, OBLIO YCTaHOBJIEHO [1],
YTO yBeJIMYeHUE TUIOTHOCTU TOKa OT 3 1o 26 MA/CM2
n3MeHsteT cocTaB TuieHK! oT Fe — 40 %/Ni — 60 % no
Fe — 15 %/Ni — 85 %. Jlis1 TOKaJIbHOTO OCaKICHMUS
TepMaIIos] HEOOXOIUM JPYTOM COCTaB BJIEKTPOIUTA, C
MEHBIIIEH 3aBUCMMOCTBIO COCTaBa OT INIOTHOCTHU TOKA.
[Tpu mocnenyolyx mpoleccax 3JeKTPOJUT COXPAHsI-
€T KeJITO-3€JICHBbII 1IBET, XEJATOro ocaika HeT HM Ha
9JIEKTPOJE, HUA Ha TJIacTUHE.
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TonmmHa MIeHOK, OCaXACHHBIX U3 3JIEKTPOJIUTA C
pa3Hoii BbIIEPKKOW 10 MPOBEAEHMS Mpoliecca, HEMHO-
IO YMEHBIIAETCS MPH YBEIMYCHUN BBIIEPXKU. BBICO-
Kasi HAMarHMYEeHHOCTh CBsI3aHa HEe C TOJIIMHON, a B
oTJIn4ure OT paboTHI [2], C COCTAaBOM IUICHKU.

Ha nnactuHax ¢ BpeMeHeM BblAepXKU 8—11 mHei
MOJIyYeHbl HaWJIy4ylliie MarHUTHbIE CBOWMCTBa, Mpe.-
CTaBJICHHbIC HA pHUC. 2 B BUJE 3aBUCMMOCTH HaMarHu-
YEHHOCTH M KO3PLUUTHUBHON CHJIBI OT BPEMEHM BHI-
NepKKU 2JIeKTposauTa. PekopaHble pe3yabTaThl MOJy-
YeHBI Ha TJTACTUHE C BBIICPXKKON 9 THEI: MAaTHUTHBIN
MNOTOK HaMarHuuuBaHusi — 81 HBO, KospuuTHUBHAS
cuna meHee 1 O. Iletnd rucrepesuca ajis 3Tol mia-
CTUHBI MpUBEIeHa Ha puc. 3.

HarpeB aJieKTpojiuTa mnepen 3aJIMBKOW B STYEHKY,
re MPOVCXOIUT BJIEKTPOXMMHUYECKOE OCaxKIeHUe Ha
IUIaCTMHAX, JaeT 0oJjiee POBHYIO IJIEHKY IepMalios.
Hau6oee poBHbIH poduib KOHILIEHTpaTOpa MarHuT-
HOTO TOJIsI TOJYYeH Ha MJIaCTUHE, TJe TOJIIMHA paBHA
9,4 MKM, a cpegHee KBaapaTMYHOE OTKJIOHEHHE CO-
crapnser 0,4 MxMm. HarpeB anekTponvra yiaydllaeT aj-
re3ui0 1 BBIPABHUBAET TOJIIMHY KOHIICHTPATOPOB, Kak
MoKa3zaHo Ha puc. 4 (CM. TPETbIO CTOPOHY OOJOXKM).

CocraB IJICHOK Ha TUIaTo GJIM30K K IepMalIolo Ha
BCeX IUIaCTMHAX C MOJOTPeBOM djieKTposuTa. Jdedek-
THI THMA "CHeTa" MMEIOT OOJIBIIION IPOLIEHT Xeje3a 1
JOTMOJIHUTEIbHBIE TpUMecH. Kpaii KoHlieHTpaTopa co-
JIEPXXUT MHOTO XeJie3a BCIIeACTBIE HEPABHOMEPHOCTH
MPOTEKAHMST TOKA.

O6paboTKa HUKEJEBOr0 aHoAa B TpaBUTeNe s
ATIOMMHUS aeT JIydIlIre pe3ylabTaThl 110 HAMAaTHUYM-
BaHMI0. BaXKHO OTMETUTD, UTO XUMHUUECKasi 00paboTKa
3JIEKTpoAa U3MEHSIET COCTaB, T€OMETPUI0O U MarHuT-
HbI€ CBOMCTBA IUIEHOK.

HMccnenoBaHue BpeMeHM CO3peBaHUSI pacTBoOpa
9JIEKTPOJIUTA B pe3yJibTaTe KOMILIEKCOOOpa30BaHMS
MOKa3bIBaeT, YTO B CTAHJAPTHOM DPEXUME OCaKIECHUS
W HUKEJIEBOM DJIEKTPOJIe, TPOTPABJICHHOM B TpaBUTE-
Jie JU1s1 amoMUHMS Ha 8-—11-i1 1eHb UCTIOb30BaHUS
9JIEKTPOJIUTA Ha IJIEHKE KOHIIEHTpAaTOpa MPakTUYECKU
HeT medeKkToB Tuma "cHera". MOXHO CUMATATh 3Ty BHI-
JIEepXKKy onTuMaibHoi. [1pu 3ToM HabM0AaI0TCSl HAU-
JIy4llIM€ MarHUTHbIE CBOMCTBA TIeHOK. CIIOXHBIN CO-
ctaB marepuana aedekToB TUma "cHera"' yxyIulaer
MAaTrHUTHBIE CBOICTBA TUICHOK Mepmaiiios. [lomydyeHue
CTaOMJILHOTO COCTaBa MOHOB METAJVIOB M KOMILIEKCO-
00pa3zoBaTeNsl B 2JIEKTPOJUTE B MPOLIECCE BBIACPKKU
co3/1aeT yCJIOBUS IJISI TTOJYyYeHUsI OMHOPOIHOIO COCTa-
Ba TUIGHOK MEpMajUiosl M YJIydlllaeT MX MarHUTHBIE
CBOICTBA.

HarpeB 3nekTposnTa BbIOpAaHHOTO COCTaBa, BbI-
Jep>KKa pacTBOpa 2JIEKTPOJIUTA A0 TMpoliecca ocaxie-
HUS U XUMMYecKas o0paboTKa 3JeKTpoaa aHomaa Io-
3BOJISIIOT T0JIyYaTh IUIEHKU MEPMasuiosi C BHICOKUMU
MAarHUTHBIMA TTapaMeTpaMM U ¢ MaJIBIM KOJIMYECTBOM
JnedeKToB Ha MOBEPXHOCTU KOHIIEHTPATOPOB.




IIpuMeHeHMe 2J1eMEeHTOB U3 (peppOMarHUTHHIX Ma-
TEpUaIoOB B COCTaBE MMKPODIJCKTPOHHBIX MPUOOPOB
MOXKET OBITH MCITOIb30BAHO IS PEIICHUS IBYX 3a1ad:
rnepBasi — yCUJIEHUE MAarHUTHOIO 110151 KOHLIEHTPATO-
paMM B 0OO0JIaCTUM PAacCHOJIOXKEHUS MArHUTOYYBCTBU-
TEJIbHOTO 3JIEMEHTa, a BTOpasi — 3KpaHUPOBAHUE Mar-
HUTHOTO MOJII B 3JIEMEHTaX, KOTOPbie HE IOJLKHBI
MOABEPraThCs €ro Bo3aeicTBrI0. B 000X cirygasx ag-
(EeKTUBHOCTD 3TUX 2JIEMEHTOB OYIET 3aBUCETh OT Mar-
HUTHBIX MTapaMeTPOB OCaXKIaeMbIX MaTepUaIOB.

Hccaedosanue moawjuHbl naeHOK Nepmaiton u mae-
HUMHBIX C8OUCME NPOEOOUAU C UCNOAb308AHUEM 000pY-
dosanus L[KII "@yukyuonasvhuiii KOHMpoab U OuazHo-
cmuka Mukpo- u Hanocucmemuou mexruxu" HITK "Tex-
Hoaoeuueckutl yenmp'".
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Obtaining of Magnetic Field Concentrators with the Use of Electrochemical

Deposition of Permalloy

The authors researched the properties of the thick-film magnetic field concentrator obtained by the method of electrochemical
deposition of a permalloy with the use of photoresistive masks on the metallic surface of a silicon wafer. The dependence of the mag-
netic parameters of the obtained concentrator on the temperature and time of exposure of an electrolyte, and treatment of anode was

investigated.

Keywords: thick-film concentrator, permalloy, electrochemical deposition, coercive force, magnetic permeability

The magnetic field concentrators allow to lower the
bottom border of the range of the values of intensity of the
external magnetic field, measured by the magnetic-sensi-
tive elements, due to magnetization. The main task in de-
signing of such concentrators is achievement of high val-
ues of coefficients for magnet field strengthening with a re-
duction of the geometrical dimensions of a concentrator
itself. The concentrator material should ensure a low co-
ercive force and high magnetic permeability [1]. These re-
quirements are met by a soft magnetic permalloy. The
physical properties of the permalloy films are determined
by the method of their obtaining. The physical and chem-
ical properties of the alloys obtained due to an electro-
chemical deposition differ from those of the alloys re-

ceived by a thermal method (for example, an ion-beam
deposition).

According to the work data [2], a high magnetic per-
meability of the concentrator of a magnetic field from a
permalloy is reached due to an electrochemical deposition
of a film with thickness of 10...15 um. Against expectation,
its growth does not increase a magnetic saturation flow,
but influences the relative magnetic permeability, which
decreases, as believed, due to the growth of the mechanical
stresses in the thick films.

The patent [3] describes an electrochemical cell, which
makes it possible to implement an electrochemical depo-
sition on the silicon plates. Application of this method al-
lows us to obtain concentrators of a magnetic field with
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thickness of 10...15 um and to lower a mechanical stress
in films, resulting in flaking of the films from a substrate.

The work [4] demonstrates that deposition of a per-
malloy film with the thickness up to 100 um is possible in
deep grooves on silicon in a selected mode (100 mA/cm2
for MEMS drive). The electrolyte used for this purpose con-
tained the following salts of alkaline metals: NiSO,4, FeSOy,
Naz;C¢H;504, K,SO4, Ci,H;5804Na, C;H5SO4NO;S.

The electrolyte used in the work was a water solution
of the salts of elements for formation of permalloy NiSOy,,
Fe,(S0y4)3, NiCly; additive of H3;BO5; which facilitates
the discharge of ions of metals [5] and saccharin
C;HsSO4NO;S ensuring a decrease of the mechanical
stresses in a layer. The solution was carefully mixed up.
The color of the electrolyte changed considerably during
the subsequent storage from light yellow-green to brown-
ish with a metal tint. It was obvious, that formation of
steady complexes occurred only during long exposure of
the electrolyte.

A photometric research of the spectrum of the optical
density of the solutions depending on the composition of
an electrolyte was carried out in the article [6]. It was es-
tablished that a considerable number of different complex-
es were formed, which did not change the conductivity of
the electrolyte, determined by ions of the basic metals.

The primary goal is determination of the dependence
of the magnetic properties of the deposited films of the
permalloy, taking into account the changing complex for-
mation in an electrolyte solution.

The work [7] presents research of the method for ob-
taining of a thick-film concentrator of a magnetic field by
an electrochemical deposition of a permalloy with the use
of a photoresistive mask on the surfaces of a silicon plate
metalized by means of layers of Al, NiCr and Ni, and pro-
tected by a layer of SiO, with thickness of 1 pm and se-
lected current density of 14 mA/cmz. An aluminum film
with thickness of 0,5 pm creates a conducting layer. A nickel
film with thickness of 0,2 um plays the role of a cathode
during the electrochemical deposition. In order to improve
the adhesion of nickel to aluminum an intermediate layer
of nichrome is used with thickness of 0,05 pum. The role of
the anode electrode is played by a nickel foil. At a fixed ar-
ea of deposition the current determines the stoichiometric
composition of the permalloy film and its magnetic prop-
erties. The dependence was obtained of the magnetic pa-
rameters of a concentrator on the thickness of the depos-
ited film of a permalloy at the room temperature of the
electrolyte. With thickness of a film of 4 um the coercive
force was 5 Oe, and the magnetic flow of magnetization
reached 20 nWb. With thickness of a film of 12 um the
coercive force was 3,5 Oe, and the magnetic flow reached
20 nWb. The magnetization and, hence, the magnetic
flow of saturation are increased with an increase of the
film’s thickness.

In this work technology [7] was used for production of
the concentrators, but before an electrolyte was poured in-
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to an electrochemical cell, it was warmed up to 50, 60, 70,
80 °C. The basic parameter — the current going through
the electrodes, was maintained at the same level. At first,
the deposition period was 45 min, the time necessary to
ensure adhesion of the concentrators to the current-con-
ducting basis. But, since heating of an electrolyte im-
proves the adhesion, the deposition time was increased
up to 60 min. Table 1 presents thicknesses of films of the
concentrators, measured by means of MSA-500 microsys-
tem analyzer in 10 points on a plate, with determination
of an average and mean-square deviations.

Research of the magnetic characteristics of the coer-
cive force and flow of the magnetic field, determined by
magnetization of the concentrators as components of the
plates, was done on MESA-200 analyzer of the magnetic
properties of films. Heating of an electrolyte increases the
magnetization and decreases the coercive force.

The research of the composition of the magnetic field
film concentrators was undertaken in MIET "Diagnostics
and Modification of Micro- and Nanostructures" with the
help of Philips XL 40 energy-dispersion x-ray microana-
lyzer. Fig. 1 presents an electronic-microscope photo of
the concentrator on a silicon plate. On the plateau — the
concentrator’s main plane, the average composition of a
film with heating of the electrolyte: Fe — 15,4 %, Ni —
82,4 % is close to the composition of the permalloy of
Fe — 19 %/Ni — 81 %. The edge of the concentrator is
much thinner and contains more iron: Fe — 51 %, Ni —
38 %. The defects of a snow type, clearly visible on the
concentrator’s surface, contain a lot of iron: Fe — 32 %,
Ni — 55 % and alloys of Si, Al, O, S, P, C, Cr, CL

Heating of the electrolyte improves adhesion or reduc-
es stress in a layer, and, what is most important, levels out
the thickness of the concentrators. Annealing of the plates
at temperatures up to 120 °C does not change their mag-
netic properties, which testifies to the independence of the
magnetic properties from the film structure. The magnetic
properties of a permalloy film are determined by its com-
position.

Before deposition the nickel foil of the anode was
cleaned up in diluted Maltsev etch (a water solution of the
orthophosphoric acid). An experiment was undertaken
with cleaning up of the anode in an undiluted etch and in
the aluminum etch (solution of the orthophosphoric and
nitic acids). Table 2 presents the values of a magnetic flow,
defining the concentrators’ magnetization. During clean-
ing of the anode the greatest magnetization appears in the
aluminum etch, which testifies to a high magnetic perme-
ability of the permalloy film. The optimal temperature of
the electrolyte is 70 °C.

Research of the time of maturing of an electrolyte so-
lution of was done on 12 samples produced in a standard
mode of deposition of 65 mA, 60 min. and with a nickel
electrode, etched in an aluminum etch. On the gth day of
the use of 2 liters of electrolyte with sampling of each dep-
osition of the concentrator’s film no defects of a snow type




were discovered and the electrolyte had light yellow-green
color. A yellow deposition is not formed on an electrode,
unlike in case with unheated electrolytes. On the plates
there is a thin film of sulphur, which is removed by an ion
etching. The edge of the concentrator’s plate enriched by
iron grows in dimension. In the middle of the plate the
film is practically clean and there is no enrichment of the
concentrator’s edges with iron, which, obviously, is due to
a current spreading on a plate and at the concentrator’s
edges. During investigation of the permalloy films depos-
ited from an electrolyte with selected composition on the
surface of a silicon plate covered with copper, it was es-
tablished [1], that an increase of the current density from
3 up to 26 mA/cm?2 changes the film composition from
Fe — 40 %/Ni — 60 % up to Fe — 15 %/Ni — 85 %.
A local deposition of the permalloy requires a different
composition of the electrolyte with a smaller dependence
on the current density. During the subsequent processes
the electrolyte preserves its yellow-green color. There is no
yellow deposition either on an electrode, or on a plate.

The thickness of the films deposited from the electro-
lyte with different exposure before beginning of the proc-
ess, decreases slightly with an increase of the exposure.
High magnetization is due not to the thickness, but to a
different work [2] with the film composition.

On the plates with exposition of 8—11 days the best
magnetic properties (fig. 2) were obtained in the form of
the dependence of the magnetization and coercive force
on the time of exposition of the electrolyte. The record re-
sults were obtained on the plate with exposure of 9 days:
the magnetic flow of magnetization was 81 nWb, the co-
ercive force was less than 1 Oe. The hysteresis loop for this
plate is presented in fig. 3.

Heating of the electrolyte before pouring it in a cell,
where an electrochemical deposition occurs on the plates,
ensures a more even film of permalloy. The most even pro-
file of the concentrator of a magnetic field was received on
a plate with thickness equal to 9,4 um, and mean-square
deviation of 0,4 um. Heating of the electrolyte improves
the adhesion and levels out the thickness of the concen-
trators (fig. 4).

The composition of the films on the plateau is close to
the permalloy on all the plates with heating of the elec-
trolyte. Defects of a snow type have the biggest percent
of Fe and additional impurities. The concentrator’s edge
contains a lot of Fe because of an uneven current.

Processing of a nickel anode in the etch for aluminum
yields the best magnetization results. It is important to
point out that a chemical processing of an electrode
changes the composition, geometry and magnetic proper-
ties of the films. Research of the time of maturing of an
electrolyte solution as a result of a complex formation
shows, that in case of a standard mode of deposition and
a nickel electrode etched in the etch for aluminum on the
eighth — eleventh day of the use of the electrolyte there
are practically no defects of a snow type on the concen-

trator film. It is possible to consider the exposure as the
optimal. At that, the best magnetic properties of the films
are observed. A complex composition of the snow type de-
fects worsens the magnetic properties of the permalloy
films. Obtaining of a stable composition of ions of metals
and complex formation in electrolyte with exposure cre-
ates conditions for reception of uniformity of the permal-
loy films and improves their magnetic properties.

Heating of an electrolyte of the selected composition,
exposure of an electrolyte solution before the deposition
and chemical processing of the anode allow us to obtain
permalloy films with high magnetic parameters and with
a small number of defects on the surface of the concen-
trators.

Application of the ferromagnetic elements in the com-
position of the microelectronic devices can be used for
solving of two problems. The first is strengthening of the
magnetic field by the concentrators in the area of a mag-
netic-sensitive element, and another — screening of the
magnetic field in the elements, which should not be ex-
posed to its influence. In both cases the efficiency of the
elements will depend on the magnetic parameters of the
deposited materials.

Research of the thickness of the permalloy films and
magnetic properties was done with the use of the equipment
of the Functional Control and Diagnostics of Micro- and
Nanosystem Technologies of the Technological Center.
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Paccmompensr 6onpocer meopuu u 060CHO8AHA BO3MOICHOCHL POPMUPOBAHUS. HAHOCMPYKIMYD 8 Npouecce mepmomexaHospe-
MeHHOU 06pabomku memannos. Ilpednodxceno paccmampueams azoevie NPespauieHus u Ynpasasimo UMeHEeHUAMU CIMPYKMYypbl 6
npocmpancmee mpex KoopouHam: memnepamypol; daeienus (Hanpsxcenus), epemeru. Ilpueedensi pezyavmamol SKCHepUMeEH-
MANbHBIX UCCACO08AHULL BblOCACHUS CKPbIMOU meniombl Kpucmairuzayuu. Ha npumepe cnaasa B95 npounsrocmpuposana ouna-

MUKa evl0eneHus: u36bimouHbvIX as.

Karouegvie caosa: mepmomexarogpemennas oopabomia, erusHue 0asieHus Ha bi0eieHUue CKPbiMoU meniomol KpUucman-
AU3AYUU, YIPABAEHUE CIMPYKMYPO0OPA306AHUEM 8 NPOCMPAHCMEe mpex KOOpOuHam: memnepamypolt, 0aéieHus (HanpajceHus),

6pemeHu

Beenenune

3aMeTHOM TeHAeHIIMel B pa3BUTUU MAllIMHOCTPOE-
HUS SBIISIETCS UCMOJb30BaHUE B MPOU3BOJCTBE Me-
TaIONPOAYKLIMU BbICOKO3((EKTUBHBIX IPOLECCOB
00pabOTKM KOHIIEHTPUPOBAHHBIMU TMOTOKAMHU 3HEP-
ruu. JlocTuraeMbie TIpU 3TOM PE3YJbTaThl 110 U3MEHE-
HUIO MEXaHWYECKUX U (PUBMKO-XMMUUYECKUX CBONCTB
HE BIIMCBIBAIOTCSI B PAMKM CYILIECTBYIOIIUX TEOPUH,
OCHOBaHHBIX Ha TEPMOJAMHAMUKE PAaBHOBECHBIX CO-
CTOSIHUM.

IIpoGsiema cOCTOUT B TOM, YTO COBEPIIEHCTBOBA-
HUE CYIIECTBYIOLIMX U pa3paboTKa HOBBIX MPOILIECCOB
OCHOBBIBA€TCSl Ha KQUECTBEHHO HOBBIX MPUHIIMIIAX.

Ecnu kpucrannuzanust ciutka 1 GopMUpOBaHUE
CBOWCTB MeTajjia MPOUCXOAUT, MO CYTU, B KOOPIU-
HaTax TeMmIiepaTtypa — BpeMms, TO CBSI3bIBaTh, HAIIPU-
MEp, YIIPOUYHEHUE, JOCTUTAEMOE TIPU JIa3epHOM oOpa-
0OTKe, TOJIbKO C yKa3aHHbIMU IapameTpaMu, Mpen-
CTaBJISIETCSI HEJOCTAaTOYHO KOPPEKTHBIM. M3 mons
3peHUs BBHINMAAAIOT BJIMSIHUE BBICOKOW CKOPOCTH Ha-
rpeBa Ha TEPMUUYECKUE HATIPSKEHUSI U HEU3O0EXHbIE
yIpyrue v miactuyeckue aepopmalivu, BIUsHIE Ha-
OpskeHUu 1 negopmauuii Ha 3apoXIAeHUE U POCT
$a3 u npyrue paktopsl.

Orcroma BO3HMKAET HEOOXOAMMOCTDH OINEpUPOBATh
TaKMMM TMEPEMEHHBIMU MapaMeTpaMu, KaK TemIiepa-
Typa, JaBjieHue (HampspKeHUs), BpeMs U Ip.

CnﬂepreaneCKuﬁ noaxoa

Het HeoOXoaQUMOCTH TIPUBOIUTDH MIPHUMEPHI, KOTIa
COBMEILCHKE B OMHOM LIMKJIE TEMITEPATyPHBIX U CHIIO-
BBIX BO3IECHCTBUI TIEPEBOANT OOpabaThIBaeMBIil MaTe-
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puan v (Mav) MaTepuaa MHCTPYMEHTa B CTPYKTYPHO
HEPaBHOBECHOE COCTOSIHUE, CJIEACTBUEM YEro MOXET
OBITh JINOO YIIpOUHEHUE, JTMOO pa3ynpoyHEeHUE B pe-
3yJIbTaTe CTPYKTYPHO-(a30BbIX MPeBpallleHUi, MPOTe-
KaloIMX IO JAPYroMy MEXaHW3My M KadeCTBEHHO 00-
Jiee UHTEHCUBHON KUHETUKE.

BzaumHoe BiIMsiHME HECKOJIbKUX (paKTOPOB Ha yC-
KOpeHMe WIN 3aMeJIeHre (PU3NIECKUX, XUMUISCKUX,
(hazoBbIX MpeBpallleHUI TTPUHSTO CBS3bIBATh C IPOSIB-
JIeHHEM TaK Ha3bIBAEMOI'O CMHEPreTU4YeCKoro a¢gexra.

Ilo HameMy MHEHMIO, MpPUBSI3Ka (a30BbIX Mpe-
BpallleHU K KOHKPETHBIM H3MEpPSIEeMbIM 3HaYEHUSIM
TeMIepaTyphl, TaBJleHUsI, BPEMEHU U APYrux akro-
POB TO3BOJIUT O0Jiee MPOAYKTUBHO pa3BUBaTh U TEO-
pHIO U €€ YaCTHhIC MPAaKTUUYECKHEe TPUIOXKEHNS.

TepmomexaHoBpeMeHHasi 00padoOTKa

TexHonornyeckre mpouecchl, KOTOPbIe MPOTEKAIOT
BO BpeMEHHU, U MpU BTOM TepMUueckasi oopaboTka
COYETaeTCsl C MEXaHWYECKOM, MpeajiaraeTcsl Kiaccu-
¢uIMpoBaTh KaK MPOIECCH TePMOMEXaHOBPEMEHHOM
oopadotrku (TMBO).

B coctaBe Teopun TMBO kiaccuueckasi Tpuaaa
"TepmoguHaMmuka — Mexanusm — Kunertuka" (TMK)
MOXET pacKpblBaTb 3aKOHOMEPHOCTH (POpMUPOBAHUS
CBOMCTB METAJIOMPOIYKIIMU C YYETOM MEXKATOMHBIX,
MOJIEKYJISIPHBIX U aTOMHO-3JIEKTPOHHBIX B3aMMOJEH-
CTBUA, HO 3TO MOXKET INPOU3OMUTU, BEPOSITHO, HA OC-
HOBE HOBBIX, 10 HACTOSILLIETO BPEMEHU HE OTKPBITHIX
3aKOHOB, B TOM YHMCJIE U 3aKOHOB B ITOTPaHUYHON 00-
JIACTU MEXIY TEPMOAMHAMUKON U MEXAHUKOM.

Kaxk nmoka3zano B pa6ote [1], HajmoXeHne TaBICHUS
200...400 MITa Ha pacniaBiaeHHBIN MeTaJI 40 Havaia




KPUCTANIU3aLUU IPUBOJUT K 0OPAa30BAHUIO B CJIUTKAX
muametpoM 80 MM u BoeicoToi 100 MM CTPYKTYpPHBIX
COCTaBJISIIOIINX, HE MMEIOIIUX aHAJIOTOB CpeIu W3-
BECTHBIX BHUIOB 00pabOTKM.

B cnuTKax 13 4YMCTOTO AIFOMUHUS YCTAHOBIIEHO HAa-
JINYKe HAaHOKPUCTAJLIOB ¢ pazMepoM 12...40 HM ¢ HU3-
KO KOHLIEHTpauuen Aae(eKToB KpUCTALIMYECKOTO
ctpoeHus. B padote [1] BbIcKa3aHO IIpeanoioXeHue,
YTO CO3JaHME KOHCTPYKLIMOHHOIO MaTepuajga MOXET
MIPOVCXOIUTD ITyTeM KOMITAKTUPOBAHUS HAHOKPUCTAI-
JIOB, UMEIOILLINX MaJIOYTJIOBbIE TPAHMIIBL.

YnpasjeHnue B NPOCTPAHCTBE COCTOSHHIA

TMBO npenocTapisieT BO3MOXKXHOCTh BApbUPOBATH
TpeM:A HE3aBHUCHMMbIMU APYT OT Hpyra IapaMeTpaMu.
t, p, T.

MeTtannuyeckasl cucteMa, B KOTOpoii (DOpMUPYIOT-
cs CBOWCTBA KOHEYHON TIPOAYKLIWH, HAXOOWUTCS B
MHOTOMEPHOM TIPOCTPAHCTBE, NPUYEM ABMKEHHE W3
HaYaJIbHOTO PACIUIABIICHHOTO B KOHEYHOE (TepMUHAIb-
HOE), KaK MT0Ka3aHo B paboTe [2], MOXET MPOUCXOIUTh
IO Pa3HBIM TPACKTOPUSIM.

Tak, eciu pacIUlaBlIeHHbBIN ATIOMMHMI OT TeMIIepa-
Typsl ¢ = 685 °C (puc. 1) oxaiuTh co CKOpocThiO V5,

Puc. 1. YnpapiieHne KpUCTA/UIM3anieil B IPOCTPAHCTBE KOOPAWHAT:
TeMnepaTypa, AaBJieHHe, BpeMs

Fig. 1. Management of crystallization in the coordinates: temperature,
pressure, time

a JaBJieHMEe HaKJIambIBaTh IO 3aKoHYy p = f(t), TO B
MPOCTPAHCTBE (Z, p, T) MOXKHO MOCTPOUTDH TPAEKTOPHUIO,
Kaxkmast Touka KOTOPOM XapaKTepu3yeT COCTOSTHUE Me-
Tajjia B JaHHbIM MOMeHT BpeMeHu. ClieBa Ha IJIOCKO-
CTU MOCTpoeHa (MO 3KCHEPUMEHTAJIbHBIM JTaHHBIM)
3aBUCUMOCTb TeMIIepaTypbl KpUCTA/UIM3ALMU OT J1aB-
JIeHUs th(p), a crpaBa — 3aBUCHMOCTD th(p, 7).

HetpynHo npeactaButh, 4To, udmeHsst Vu p = f(1),
MOXHO NPUNUTH M3 HAYaJbHOTO COCTOSIHUSI B KOHEY-
HO€ MO pa3HbIM TPACKTOPUSIM.

C noBbllIeHNEM CKOpOCTU oxtaxaeHus (V3> V), > 1))
1 TI0 Mepe HAJIOXKEHUS JaBJIeHUS ¢ HapacTalollel CKO-
pPOCTbIO MHTEPBAJ BpEMEHU 0 Hayajaa KpUucTajiu3a-
Huu At OyaeT yMeHbluatbes. M, clienoBaTebHO, Ha-
4yaj0 KPUCTAIM3ALMK MO CPAaBHEHUIO C PaBHOBEC-
HBIMU YCJIOBUSIMU OYIET 3ama3ablBaTh.

B tepmunax cuHepretuku no Ipuroxuny [3] cuc-
TeMa, KOTopasi HaXOJUTCS B CUJIbHO HEPAaBHOBECHOM
COCTOSIHUH, 10 CPABHEHUIO C PABHOBECHOM CUCTEMOM
umeeT OoJiblliee YMCIO BAPUAHTOB CLICHAPUEB MPOXO-
XKIeHus: (pa30BOro IpeBpalleHus].

CrnenoBaTesibHO, € MapaMeTpaMu TPAEKTOPUU
MOXHO CBSI3aThb M ClieHapuii (a3zoBOro mpespalie-
HUS, T. €. TaKHe MPOLECChl, Kak nnud¢y3noHHOE TIe-
pepacnpenejeHrMe KOMIIOHEHTOB cIlaBa A0 Haydajia
KpUCTAJIM3aLMKU U BblAeJeHUEe (a3 TeX WU MHbIX
pa3MepoB HEMOCPEACTBEHHO B MPOLIECCe KPUCTAIIU -
3aLUU.

Boinenenne CKpBlTOﬁ TEIJIOThI KPUCTAJLIU3ALUHA

M3BecTHBI TaHHBIE O MEePEeOXIaXkICHUN METAJJIOB
U CIUIABOB, HE OMPOBEPTHYTHI MIPEATIOI0XKEHMS O TOM,
YTO IIpU 00pa3zoBaHMU aMOP(PHBIX U KBa3UKPUCTAJLIN-
YeCKMX CTPYKTYP CKpbITasl TEIioTa KpUCTALIU3aLUN
BBIACJISIETCST HE TTOJTHOCTBIO.

[IpencraBiasioT mHTEpeC pPe3yabTaThl HETIOCPEACT-
BEHHBIX U3MEPEHUI TeMIepaTypbl B YCIOBUSIX KpU-
CTAJIM3alMK ¢ HAJIOXEHWEM MaBJICHHUS W OTACIHHO
0e3 paBieHUs (puc. 2).

KpuBble oXiTaxaeHUs aTlOMUHUS TTOCTPOEHBI IO
MOKa3aHMUSIM TepMoIlap MJIATUHO-POAUN — ILIaTUHA,
nvaMeTp 2JiekTpoaoB 0,5 MM. Meta 3aiuBanu B (op-
my u3 ctanu SXHM. TommmHa creHKH popMbl 50 MM.
PaszMepbl mojoctu ¢opmbl, Kak yKe YITOMSHYTO BbI-
me, — guameTp 80 MM, BeicoTa 100 MM.

Ha puc. 2 BUgHO, 4TO TepMoIapa, yCTaHOBJIEHHas!
B LIEHTpe cauTKa (paboumii criaii M30JIMpOBaH OT Me-
Tajja 3allUTHBIM KOPITYCOM), TOCTaTOYHO YEeTKO BOC-
MMPOM3BOAUT TUIOIIAAKY BBIIEJIEHUSI CKPBITOM TETI0-
Thl KpucTajmmzauuu (kpusble [ u 2). Jlpyrue tepmo-
napsl (3 1 4) MoKa3bIBAIOT pacIipefeeHue TeMIlepa-
TYpPHl B CTeHKE LMJIMHAPUIECKOU (POPMHBI.

D¢ PpeKTUBHOCTh BHELIHETO BO3IECTBUS, B YacT-
HOCTH BBICOKOTO JIaBJI€HMSI Ha pacIliaBbl, 3aBUCUT OT
11eJI0T0 psina (pakTopoB.
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Puc. 2. KpuBble oxjiaxaeHds1 pacijiaBa YMCTOro ajiOMHHHA ¢ (UKcanueil pacnpeneaeHus
TemMnepaTyp B cTeHke (opmbl: / — KpuBasi OXJIAXKICHUST YUCTOTO aIIOMUHUS; 2 — KpUBast
OXJIAXACHMSI YUCTOTO AJIIOMUHUS ¢ HayoxeHueM nasineHus 400 MIla; 3 — temmeparypa
Ha MOBEPXHOCTH (OPMBI TIPY OXJIKIESHUM YMCTOTO aTIOMUHUST; 4 — TeMIlepaTypa Ha Io-
BEPXHOCTU (HOPMBI MPU OXJIAXKIAEHUM YUCTOrO aTIOMUHUS ¢ HaltoxXeHreM aasieHust 400 MI1a
Fig. 2. Cooling curves of the pure aluminum melt with fixing of temperature distribution in the
wall of the form: 1 — cooling; 2 — cooling with pressure of 400 MPa; 3 — the temperature at
the surface of the mold upon cooling; 4 — temperature of the mold surface during cooling with

pressure of 400 MPa

PacrnipeneneHue aToM0oB B HAaHOYACTHUIIE B paMKax
Monenu "xectkux cdep” [5] Hauboiee ymoOHO Xapak-
TEepPM30BaTh ITApaMeTPOM IJTIOTHOCTHU YIaKOBKH ¢. I1a-
paMeTp XapakTepusyeT IOJ0 0o0beMa, 3aHATYIO coe-
pUYECKMMHU aTOMaMM, I10 CPAaBHEHUIO C OOILIMM OO0b-
€MOM, KOTODBIi 3aHST HaHoudacTulei. Ecin obbem
HaHoyacTulibl V cogepxxut N aTOMOB paguycoM R, TO
rnapamMeTp IUIOTHOCTM YIAaKOBKU MOXHO OIpeIeUTh
no gopmyiie

_ 42R’N n
3V

s rpaHeIeHTPUPOBAHHOM KyOMYECKOI peleTKU
(F'IK) amoMuHMsI mapaMeTp IJIOTHOCTU YIIaKOBKU
uMeeT 3HaueHue, pasHoe 0,74.

C noBbllIEHUEM AABJCHUS MapaMeTp ¢ YBEJIUYU-
BaeTcs.

[aBieHue, NpUKIaAbIBAEMOE K KPUCTAJUIU3YIOLIE-
MyCsI pacIUlaBy, OKa3bIBaeT Cepbe3HOe BIMSIHHUE Ha
3HaYE€HUE OCHOBHBIX TEIJIO(PU3UUECKUX MapaMeTPOB
pacmiaBa: TeMIlepaTypy IUIaBiAeHMsI, KO3(PEPUIMEHT
TEIUIONPOBOAHOCTU, YACIBHYIO TEILIOEMKOCTb, CKPbI-
TYIO TETUJIOTY KPUCTALIU3ALUM, TOBEPXHOCTHOE HATSI-
>KeHUe, TJI0THOCTh, BSI3KOCTh U Ap. [6, 7].

s mpolueccoB KpuUCTaIM3allMd Haubojee Cy-
1IECTBEHHO U3MEHEHUE IBYX MapaMeTpoOB: TeMIlepa-
Typhl TUJIABJIEHUSI U Pa3MEPOB KPUTHUUYECKOTO 3apo-
JblIIA.
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B mepBoM ciyyae TOBBIIIEHHUE
TeMIlepaTypbl TUIABJAEHUS MOXHO
BBIUMCJIUTDL MO ypaBHeHUIO Kiay-
3nyca— KianelipoHa:

it — THJ‘I( V2_ Vl) (2)
dp O

roe df — U3MEHEHHe TeMIlepaTyphbl
IUTIaBJIEHUsI, OOYCJIOBJIEHHOE W3Me-
HEHHUEM JaBJeHUSI Ha BEJIMUMHY dp;
T, — TeMIepatypa IuiaBieHus; V;
u V, — obbeMbl 1 Kr TBepHoil u
KUOKOU  (pa3bl  COOTBETCTBEHHO;
O, — CKpbITas TEIUIOTa KpUCTall-
JIA3aLUN.

PacyeTsl Mo 3TOMYy ypaBHEHMIO
XOPOIIIO COBIAIAIOT C BKCIEPUMEH-
TaJbHBIMU JAHHBIMU, KOTOPbIE TO-
Ka3bIBaIOT, YTO TeMITepaTyphI IIaB-
JIHUs y aJIlOMUHUSI, KOTOpBbIA B
OOBIYHBIX YCIIOBUSX TUIABUTCS C
yBeJIMUYEeHUEM 00beMa, BO3pacTaloT
B cpeaHeM Ha 30...50 K npu nmoBbI-
weHuu nasiaeHus no 400 MIla (cm.
puc. 1, IJI0CKOCTh CJIeBa).

H71s1 pacyeToB KpUTUYECKOTO pa-
JLYCA Fyp, 3aPOMBILIA OOBIMHO UCTIONB3YIOT BBIPAKCHHE

e = 2c TmM’ 3)
PO, AT

rje p — IUIOTHOCTh XXMIKOro MeTajuia; AT — mepeox-

JNaxkaeHue pacriaBa; M — MoJieKyJsipHas Macca Ma-

Tepuaja paciuiaBa; ¢ — MexX(da3HOe IMOBEPXHOCTHOE

HaTsKEHWe Ha TpaHWIle pacilylaB—TBepaoe Tello.
IMoncrasnsist B ypaBHeHUe (3) ypaBHeHME (2), JIETKO

MOJTYYUTh BhIpaKeHNE

2cdT
= 4
o T ATV, V)dP’ “)

M3 aHAIN3a KOTOPOTO CIENYET, YTO YMEHBLICHUE F,
MOXET OBITh JOCTUTHYTO HE TOJIBKO U3-3a CHUXKEHUS G
U yBenuueHuss AT, HO U 3a cueT NMOBbILIEHUST BHEI-
HEro AaBJIeHUs p.

B pabore [8] oneHeHO BIMSHNE JAaBJIEHUS Ha Be-

JMYnHy . [TonydeHo ciemyiollee ypaBHEHHE:

2/3
XT_X)K 2(1+K)/XT_X)K

do) _
(E))_Gln(1+1<)+3 15071 | )

rae K = AV/Vy— ckadok o0Obema MpU IUIaBIEHUN; X,
Xx — KOP(POULUMEHTH MU30TEPMUYECKON CKUMAaeMO-
CTU TBEPIOU U XKUIKOU (pa3 COOTBETCTBEHHO.




Puc. 3. Mukpocrpykrypa cmiasa B95
Fig. 3. Microstructure of the alloy V95

W3 ypaBHeHus (5) cieayer, 4YTO 6 CHUXKAETCS C T0-
BBILIIEHMEM NTaBJIEHUsI, a CIeI0BaTeIbHO, YMEHBIIAET-
csl pa3Mep KPUTUYECKOTro 3apoibllia U YBEJIUYUBACTCS
YUCJIO IIEHTPOB KPUCTAJUTU3AIINM.

BnausaHue paBneHuss Ha opMMpOBaHUE HaHO-
CTPYKTYPBI YMCTOTO aTIOMUHHUS TTOIPOOHO pacCMOTpe-
HO B pa6ore [1].

M3 BBITIOJTHEHHOTO aHaIu3a CIenyeT, YTO HaJoxe-
HUE JaBJICHUS Ha XUIKWI MeTaJll 00YCIOBIMBAET TIe-
peBO €TO B CHJIBHO HEPAaBHOBECHOE COCTOSTHHE, B KO-
TOPOM OIIpeAeIeHHas] YacTh CKPBITOM TEIUIOThI KPH-
CTAJUTM3aIIMY BEICTYITAET B KAYECTBE IBWKYIICH CUIIBI
MPOLIECCOB, MPUOIMKAIOIIMX CUCTEMY K COCTOSIHUIO
paBHOBECHS.

YmpaBiaeHne ABIDKEHUEM IO TPACKTOPUU B IIPO-
CTpaHCTBe TepeMEHHBbIX MapaMeTpoB (cM. puc. 1) mo
TEMIIEPATypbl HIDKE TeMIIepaTypbl KPUCTAJUTU3AIINHN
obecrnieunBaeT nepeBoj 00padaThiBAEMOro MaTepualia
B HEPABHOBECHOE COCTOSIHHE C OIpenesIeHHON (DuK-
CUPOBaHHOI CTPYKTypoii. JlanbHeillee oxjiaxaeHue
10 KOMHATHOM TeMIepaTypbl MOKHO TaKXKe OCYILECT-
BIISITH C Pa3HBIMU CKOPOCTSIMH, C M30TePMUICCKUMH
BBIIEPXKKAMU, C TEPMOLIMKIMPOBaHUEM U T. A. Torna B
3aBUCUMOCTH OT TeMIIepaTyphl U BpeMEeHU BBIICPKKI
npoliecc nepexofa CUCTEMbI B CTPYKTYPHO paBHOBEC-
HOE COCTOSIHHE OYIeT ITPOMCXOIUTH ITO Pa3IMUHBIM 3a-
KoHaM. Ha 3ToMm arare 1 npennojaraercsl IpuBOAUTh
CHCTEMY B TpeOyeMoe KOHEYHOE COCTOSTHHE.

B kauectBe mpumepa Ha puc. 3 mpuBeIeHa CTPYK-
Typa criaBa B95, KoTophlil mociie KpUCTAIIM3alUU C
HanoxxeHneM napiaeHus 400 MIla u oxmaxxaeHust ObLT
HarpeT g0 Temneparyphl 120 °C ¢ BeIIepXKOii B Teue-
Hue 12 u.

ITo xapaxkTepy pacnosoXeHUsT 2JIEMEHTOB CTPYKTY-
pPHI BUTHO, YTO B MpeaesiaXx OJHOTO 3epHa IIpenMyIIie-
CTBEHHO BIOJIb T'PaHMI] BO3HUKAIOT YaCTUILIbI U30bI-

TouHbIX (pa3. C ymajseHueM OT IpaHUIl K LIEHTPY 3epHa
pa3Mep 4JacTHIl YMEHBIIIAeTCsI, 1 Ha HEKOTOPOM pac-
CTOSIHUM CTPYKTYpa COOTBETCTBYET OJHOPOAHOM haze.
Co3smaeTcs BIleyaTIeHHWEe, YTO KPUCTAJIU3AINS TIPO-
JIOJIKAETCsI, U3 TBEPIOrO pacTBOpa BBIIEISIOTCSI, KaK
W3 MHOTOUYMCJIEHHBIX [ICHTPOB, HAHOCTPYKTYPHBIE 00-
pa3oBaHMsI.

HetpynHo npeacraBuTh, 4TO, OCTaHABJIMBAsI MPO-
LI€CC Ha Pa3HBIX CTAAUSIX, MOXHO MOJIYYUTh KOHEUYHBIA
MPOAYKT C Pa3IUYHBIM coYeTaHUEM (PU3UKO-MEeXaHU-
YeCKUX CBONMCTB.

3akmouenue

OmHUM M3 HaIpaBJIeHU COBEPILIEHCTBOBAHMS TEX-
HOJIOTMI MallIMHOCTPOUTEJIbHOTO MPOU3BOICTBA BIPABE
CUNUTATh TEPMOMEXaHOBPEMEHHYIO OOpPabOTKY MeTas-
JIOB U CILJIABOB, OCYLIECTBJISIEMYIO IMyT€M HaJlOXEHUS
JIaBJIeHUS Ha XUAKUK MeTal. [1py 3ToM yripaBieHue
HaJIOKEHWEM JIaBJIEHUs] MPEeIOCTaBIsIET BO3MOXHOCTh
MepeBOaUTh 00pabaThiBaeMblli MaTepual M3 OTHOTO
COCTOSIHUSI B APYTro€ MO OMNpeACICHHONH TPAeKTOPUU.
KoopauHaTel TpaeKTOPUMU MOTYT OBITh 3alIpOTpaMMM-
pOBaHbI HA OCHOBE Te€X WJIM UHBIX MOAEIbHBIX TUTIOTE3.
Takoe ympaBiaeHHe cO3AaeT MPEANOChUIKM ISl (op-
MUPOBaHUST BK30TUUYECKUX HAHOCTPYKTYp. Ilpu sTom
TOT WM MHOI BapuaHT TaKOW CTPYKTYPhl MOXET ObITh
CBSI3aH C JOCTMXXKEHHWEM TaKOro COYETaHMSI CBOMCTB,
KOTOpOE€ HE MOXET ObITb MOJYYeHO C MPUMEHEHUEM
TPaAULIMOHHBIX MPOILIECCOB 00PabOTKM.
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Introduction

The trend of mechanical engineering is the use of the
high-effective concentrated energy flows in the manufac-
ture of steel. Achieved changing of the mechanical and
physic-chemical properties do not fit into the framework
of theories based on the thermodynamic of equilibrium
states. The issue is that the improvement of existing and
development of the new processes are based on fundamen-
tally new principles.

If the crystallization of an ingot and formation of
properties of the metal occurs in the coordinates tempera-
ture — time, so it is not right enough to bind the hardening
in the laser treatment only with the specified parameters.
The affection of high rate of heating on the thermal stress,
elastic and plastic deformation, their influence on the nu-
cleation and growth of the phases and other factors falls
out. From here follows the need to manipulate the tem-
perature, pressure (tension), time and other.

Synergetic approach

There is no need to give examples, when the combi-
nation of temperature and force effects converts the pro-
cessed material and (or) material of a tool into a structur-
ally non-equilibrium state, the consequence of which may
be hardening or softening as a result of structural and
phase transformations that occur by a different mechanism
and qualitatively more intense to the kinetics.

The mutual influence of several factors on the accele-
ration or deceleration of physical, chemical and phase
transformations is usually associated with the manifesta-
tion of the so-called synergistic effect. In our opinion,
binding of the phase transformations to the specific values
of temperature, pressure, time and other factors will ena-
ble to more productive develop the theory and its specific
practical applications.

Thermomechanical time processing

Technological processes occurring in time and the heat
treatment combined with mechanical is proposed to clas-
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sify as the processes of thermo-mechanical time proces-
sing (TMTP).

TMTP theory must be basically phenomenological,
covering the real reversible and irreversible processes.
Within this theory, the classic triad "Thermodynamics —
Mechanism — Kinetics" (TMK) can reveal the patterns of
formation of properties of the metal products taking into
account the atomic, molecular and atomic-electron inter-
actions.

As shown in [1], the imposition of pressure of about
200...400 MPa on the molten metal prior to crystallization
leads to formation of the bars with the diameter of 80 mm
and the of height 100 mm that have no analogues among
the known treatment techniques.

The presence of nanocrystals with size of 12...40 nm
with a low density of the defects of structure was revealed
in the pure aluminum ingots. In [1] it is assumed that cre-
ation of a structural material may occur by compaction of
the nanocrystals with low angle boundaries.

Management in the state of space

TMTP provides the ability to vary the three mutually
independent parameters: ¢, p, . A system, in which the
properties of the products are formed, is situated in the
multidimensional space, moreover, the movement from
the initial melt condition into to the final (terminal) con-
dition can occur on the different paths [2].

Thus, if the molten aluminum will be cooled from the
temperature of 685 °C (fig. 1) at a rate of V5, while the
pressure will be imposed by the law p = f(r), then the path
of the point can be constructed in the space (¢, p, t), which
characterize the state of the metal in the given time. The
dependence of the crystallization temperature on the pres-
sure f,(p) constructed from the experimental data is
shown on the left side of the picture, and the relationship
t..(p, 1) is shown on the right side of the picture.

It is not hard to imagine that by changing the V and
p = f(r), you can come from the initial state to the final
state along the different trajectories. With increasing cooling
rate (V3 > V5 > V) and by application of the pressure with




increasing velocity, the time interval At before starting of
the crystallization decreases. In addition, the impact of
overheating of the melt over the temperature of crystalli-
zation on the interatomic interaction also reduces at this
range.

In the terms of synergy, the system is highly nonequi-
librium state in comparison with the equilibrium state has
a greater number of options for passing of the phase trans-
formation [3]. Consequently, the parameters of the trajec-
tory can be related and the phase transformation scenario,
i.e. the level of the system’s energy, the mechanism and ki-
netics of the crystallization and its previous processes.

Release of the latent heat of crystallization

The data on supercooling of metals and alloys is
known, the assumptions were not denied that the latent
heat of crystallization in formation of amorphous and qua-
sicrystalline structures releases not fully. The direct measu-
rements of the temperature in the crystallization condi-
tions with impact of pressure and without it are in interest
(fig. 2).

The cooling curves of aluminum are composed by in-
formation from the platinum-rhodium-platinum thermo-
couples with the electrodes’ diameter of 0,5 mm. The
metal was poured into the mold of SHNM steel with a wall
thickness of 50 mm. The dimensions of the mold cavity,
as mentioned, has a diameter of 80 mm and the height of
100 mm.

A thermocouple in the center of the ingot (the work
junction is isolated from the metal by protective housing)
quite clearly simulates a platform of release of the latent
heat of crystallization (curves / and 2) (fig. 2). Other ther-
mocouples (3 and 4) show the temperature distribution in
the wall of the cylindrical form.

The efficiency of the external influence, in particular,
of the high pressure on the melt depends on several factors.
The distribution of atoms in the nanocluster within the
hard-spheres model [5] is most convenient to characterize
by the packing density ¢. The parameter characterizes the
fraction of the volume occupied by the spherical atoms,
in comparison with the total volume that is occupied by
the nanocluster. If V' — the volume of a nanoparticle con-
taining N atoms with a radius R, the packing density can
be determined by the formula:

0= : ey

For FCC of the structure of aluminum the packing density
parameter has the value of 0,74. The parameter ¢ increases
with the increasing pressure.

The pressure applied to the crystallizing melt, in addi-
tion, has a significant effect on the basic thermophysical
parameters of the melt: melting point, thermal conducti-

vity, specific heat, latent heat of crystallization, surface
tension, density, viscosity and other [6, 7].

The change of the melting temperature and the size of
the critical nucleus are most influential for the crystalliza-
tion process. In the first case, increase of a melting tem-
perature can be calculated by the Clausius—Clapeyron
equation:

[;it — Trm( V2_ Vl) , ()
p Onx

where dt — change in the melting point, caused by the
pressure change on the value dp; T,, — melting point; V]
and V, — the volumes of 1 kg of solid and liquid phase,
respectively; O, — latent heat of crystallization.

The calculations are in good agreement with the ex-
perimental data, which show that the melting point of alu-
minum, which is normally melts with increasing volume,
grows by an average on 30...50 K with increasing pressure
up to 400 MPa (fig. 1, the left plane).

For calculation of the critical radius 7. of the nucleus
the following expression is usually used:

= 2csTmM’ 3)
pO,,AT
where p — density of the liquid metal; AT — overcooling
of the melt; M — molecular weight of the melt material;
o — interfacial tension on the boundary melt-solid state.
Substituting equation (2) in (3), it is easy to obtain:

_ 2cdT
fer = SAT(V, - VydP’ )

the analysis of which shows that reduction of r,, can be
achieved not only due to the decrease of a and increase of
AT, but also by increasing of the external pressure p.

In [10], the effect of pressure on the value a was eva-
luated. An equation was received:

(d_c) | ek +g(1+K)2/3xT—x>.< )
dp In(1+K "3 1,071 |

where K = AV/VT — jump in volume during melting; y,
%« — isothermal compressibility coefficients of the solid
and liquid phases, respectively. From this it follows that
decreases with increasing of the pressure, and, conse-
quently, the size of the critical nucleus decreases and the
number of nucleation sites increases.

The affection of pressure on formation of the nano-
structure of pure aluminum is reviewed in details in [1].
From the analysis it follows that the imposition of pressure
on the liquid metal determines its translation into highly
nonequilibrium state, in which a certain portion of the la-
tent heat of crystallization serves as the driving force of
processes, brings the system to equilibrium state.
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The traffic control by the path in space of the variables
(see fig. 1) to a temperature below the crystallization tem-
perature provides a transfer of the material to a nonequi-
librium state with some fixed structure. Further cooling
to room temperature can also be made at different
speeds, with isothermal exposures, with thermal cycling,
etc. Then, depending on the temperature and the dwell
time, the transfer of the system into structural equilibrium
condition will occur by various laws. At this stage, the sys-
tem is supposed to be resulted in the desired final state.

As an example, fig. 3 shows the structure of B95 alloy,
which after crystallization with the application of pressure
of 400 MPa and cooling was heated up to 120 °C and
cooled for 12 hours.

By the nature of location of the structural elements
can be seen that the particle of excess phases occur within
one grain mainly along the boundaries. With increasing
distance from the boundaries to the center of the grain,
the particle size decreases, and the structure corresponds
to a homogeneous phase at some distance. It seems that
the crystallization continues, the nanostructure forma-
tions separate from the solid solution as from the multiple
centers.

It is easy to imagine that stopping the process at dif-
ferent stages, it is possible to obtain a final product with
a different combination of physical and mechanical
properties.

Conclusion

One of the ways to improve the mechanical facilities is
entitled to consider the thermomechanical time processing
of metals and alloys by imposition of the pressure on the

liquid metal. In this case, its management gives the ability
to transfer the processed material from one state to another
along a certain trajectory. The coordinates of the trajectory
can be programmed on the basis of the model hypotheses.
Such management creates the preconditions for formation
of the exotic nanostructures. At this, such a structure may
be associated with achieving of such a combination of
properties, which could not be obtained using conventional
treatment processes.
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