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NMAPAMETPbI MEPEHOCA TOKA KOHTAKTOB

METAAA — YITAEPOAHbIE HAHOTPYBKHA

ITlocmynuna ¢ pedaxuuio 25.12.2014

Koumakxm memann—noaynpoeooHux s64semcs noae3Hou Mo0eavlo 045 UCCAe008AHUS NPOUECCO8 NePeHoca moKa 8 CmpyKmy-
pax c 0b6aacmslo nPOCMPAHCMEeHHo20 3apsoa. He seasromes uckaroueHuem KOHMAaKmol yenepooHbiX HAHOMPYOOK ¢ Memaiiom.
Ilokazano, ymo Ha KOHUAX OOUHOYHBIX HAHOMPYOOK U UX NYYKO8 GO3HUKAIOM nomenyuasbHvle 6apbepbl. O0un obpazyemcs me-
Maniom 30H0a, a Opyeoi Memaitu4eckum Kamaiuzamopom, u3 Komopoeo pacmem wanompyoka. Ipu npuioxcenuu eneuiHeeo cme-
Wenus 00uH KOHMaKm cmewaemcs 8 NPAMOM HANpasaeHuu, a dpyeou — @ o6pamHom. B amom cayuae cuara moxa onpedensemcs
obpamuocmeueHHbIM Konmakmom. [Ipeobaadaroujum MexaHuzmom nepeHoca moka 6 Hem SGASIOMCs CUAbL 3ePKAAbHO20 U300pa-
Jcenus. AHAAU3 B0NbM-AMNEPHBIX XAPAKMEPUCMUK NPU MAKOM MeXAHU3Me NepeHoca no3eoasem onpeoesums CpeoHion 8biCOmY
NOMEHUUANbHO20 bapbepa HA epaHUUax U KOHUEHMpauuio c60000HbIX IAEKMPOHO8 8 HaAHOMpYOKe.

Karoueevie caoea: yerepodnvie HaHompyOKu, KOHMAKMbl MEMAAL — HOAYAPOBOOHUK, BbICOMA NOMEHUUANBHO0 Oapbepa, KOH-

yeHmpayus Hocumesnetl 3apsao0a

Bsenenune

Vrneponusle HaHOTpYyOKM (YHT) siBnstioTcst mep-
CMEKTUBHBIMM IIJIS1 MCITOJIb30BaHMSI BO MHOTUX TEXHU-
YeCKM BaXHbIX npuioxeHusx [1]. KoHrakr meramn —
MOJYIIPOBOAHMK Bcerma MpUBIeKal McclieaoBaTeleit
Kak o0pasell MpOCTEMILEero noayrnpoBOIHUKOBOTO MPU-
6opa. IToaToMy BaxXHO 3HaThb CBOICTBA KOHTAaKTOB U
MeXaHu3MBbl TlepeHoca Toka B Hux. [logoOHbIe ucce-
JoBaHUs ObuIM BbimosHeHbl 1 Ha YHT [2—35]. B pa-
6ote [3] aHaymM3UpoOBaach 00JIACTh KOHTAKTa METaJl —
VHT. bouio mokazaHo, 4TO II€pexod MeXAy HUMU
MOKHO paccMaTpuBaTh KaK Mepexo MeXIy MeTalIoM
U MoJynpoBoaHUKOM. KyJoHOBCKOe B3auMOIENCTBIE
B YKa3aHHBIX CTPYKTypax M3MEHSET MPOLeCChl Iepe-
Hoca B 00J1aCTM KOHTaKTa TaK Xe, KaK B MOJYIPOBO/I -
HUKOBOM TreTeporiepexone. Mimeer Mecto 3¢ heKT K-
paHUPOBAHMSI, BO3HUKAET 00J1aCTh MPOCTPAHCTBEHHO-
ro 3apsaa M 3JeKTPUIecKoe IMoJjie, KOTOpoe M3rnodaer
sHepreTnyeckue yposuu YHT. B maHHoit pabote u3y-

YalTCsl TaKue KOHTAKThl OJMHOYHBIX HAHOTPYOOK M
X MYYKOB, a TAaKXKe OMpPeIessIioTCsl HEKOTOphIe mapa-
METPbI JaHHBIX CTPYKTYD.

DKCnepuMeHTAJIbHBIE PE3YJIbTATDI

M3mepeHrs MpoBOAWIN B BICOKOM BaKyyMe JIBY-
nyuyeBoii cucteMmbl FEI Helios NanoLab 650i. Cuctema
crocoOHa moyydyaTb U300paXkeHUsI C pa3pellieHueM He
xyxe 0,7 HM IIpM YCKOPSIIOLIEM HaIlpsLKeHUU He Ooiee
1 xB. Pabouee nmaBieHMe B M3MEPUTEILHON Kamepe
cocrasisio 5+ 1072 Tla. B aroit KaMepe yCTaHOBJIEHA
3oHgoBas cuctema Kleindiek Nanotechnik ¢ yeTbippMst
OT/EJIbHBIMU HE3aBUCUMbBIMM MAHMITYJISITOPAMHM, CITO-
COOHBIMU paboTaTh NMpu HanpsekeHusix 1o 150 B. Ka-
KABIA MaHUMYJISATOP MOXET JBUTaTbCsl B JIIOOOM Ha-
TpaBJeHUN C BBICOKON TOYHOCTBIO Ojaromapsi mbe30-
BJIEKTPUYECKON crcTeMe nepeMelneHns. Kaxknplid 30H1
“MeeT COOCTBEHHbI KOAKCHAIbHBIN pa3beM. J1Jis u3me-
pEHUIT BOJIBT-aMIIEPHBIX XapaKTePUCTUK Ha MOCTOSIH-
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Puc. 1. Kpenjienne ny4koB yriiepoaHbIX HAHOTPYOOK B H3MEPHTEIb-
HOH cucTeme

Fig. 1. Fixing of the CNT bundles in the measuring system

Puc. 2. Boabr-amnepnbie xapaktepuctuku myukos YHT B Koopau-

natax Inf = f(4/U ), xapakTepHbIX 15 TOKOB B KOHTAKTaX, ¢op-
MHPYEMbIX CHJIAMH 3€PKAJIbHOT0 H300paKeHus

Fig. 2. CVC of CNTs bundles in the coordinates Inl = f(4/U), which
are characteristic for the currents in the contacts formed by the inverse
image force

HBIX TOKAaX VCITOJIB30BaJIM TTPOrPaMMHUPYEMBIil TByXKa-
HaJIBHBIA MCTOYHMK-U3MepUTeNIb Source Meter 2634B
dupmbl Keithley. ITpubop onTumMu3upoBaH sl U3-
MEPEeHUI c1a00TOUYHBIX CUTHANIOB BIUIOTh IO 1075 A
1 OCHAIICH CIEeIUaTbHBIMU 3KPAaHUPOBAHHBIMU TPH-
aKCHAJIbHBIMU BBIBOZAMU ¢ (PYHKIIMEH KOMIIEHCALIUU
CBepXMaJibIX TOKOB. BxogHoe comnpoTtuBieHue npubdo-
pa (6onee 100 TOM) obecneynBaeT MPU U3MEPEHUSIX
caMblif MUHUMAaJbHBI YPOBEHb BHOCUMBIX MCKaXe-
HUI 1 OIIMOOK B TECTHUPYEMBIE CXeMbI B 3TOM KJlacce
npruOOpOB.

st mccnemoBanust oopas3nsl myykoB YHT u ogm-
HouHbIX YHT 3akperuisiiuce (puc. 1) Takum o6pasom,
YTO CBOOOMHBIN KOHELl My4ykKa Kacajcsi MPOTUBOIO-
JIOXKHOTO M3MEPUTEIHbHOrO 30Hma. [lpu BKIIOYEeHUU
anekTpruueckoro mojst B nmyyke YHT wnayumpytorcs
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CBOOOIHBIE HOCUTENH 3apsiia U BO3HUKAIOT MTOHIEMO-
TOPHBIE JIEKTPOCTATUYECKUE CUJIbI, KOTOPbIE 3aCTaB-
JISTIOT IyYOK MPUTITUBATHCS K 30HAY. B pe3ynbTare my-
YOK pachpsIMJIsIeTCsl U ero KOHTaKT ¢ 30HIOM CTaHO-
BUTCsI OoJiee TIOTHRIM. IIpoucxomnut mpoiecc popMo-
BaHMS KOHTAKTA.

Bonbr-amnepnsie xapaktepuctuku (BAX) myukoB
VYHT, noctpoeHHbIe B IMHEHHOM MacllTabe, UMeIT
S-06pasHblil xapaktep. B koopmuHatax Inf = f(4/U)
OHMU B 1IeJI0OM JINHe#HbI (puc. 2). JInneiiHocth BAX oT-
paxkaeT 0COOEHHOCTM TMOBEACHUST U3MEpPsSIeMO HaHO-
CTPYKTYpHI Ha TpaHuLaX. Takux rpaHull ABe: My4OK Ha-
HOTPYOOK — KPEMHHUM U ITy4OK HAHOTPYOOK — 30H/IL.
Ha 3Tux rpaHuiax CylecTByIOT HOTeHLIMAIbHBIE 0aphb-
epbl. PaccMOoTpuM nmpuyvHbBI UX BO3HUMKHOBeHUs1. Ha-
HOTpyOKa pacTeT M3 METANIMYECKOTO KaTajm3aropa.
IIpu TeMnepartypax pocta KaTtaau3aTop B3aMMOIEHCT-
BYET C MOBEPXHOCTbIO KPEMHUSI U oOpa3yeT oMuye-
cKuii KoHTaKT. [ToaToMy Oapbep Ha 3TOI TOBEPXHOCTU
cllemyeT paccMaTpuBaTh Kak 6apeep YHT ¢ Mmeramiom
KaTajau3aropa, Tak xe Kak Ha rpanule YHT — 3017 ¢
METaJIJIOM 30H/A.

Taxkum 00pa3oM, M3yyaeMasi CTpYKTypa IpencTaB-
JISIET IBa KOHTaKTa MeTaJlJl — TOJIYIPOBOIHUK, BKITIO-
YEeHHBIX HaBcTpedy Apyr apyry. Ilpouecchl mepeHo-
ca TOKa B TaKMX CTPYKTypax BHEpBble 0OCYXKIalMuCh
C. B. bynsipckum npu UcciiefoBaHUM CTPYKTYP C KOH-
TaKTaMU K BBICOKOOMHBIM IIMPOKO30HHBIM MOdY-
nposoaHukam: GaP; CdlIn,Sy; Znln,S, [6, 7]. Torna
Xe pa3paboTaHa MeToAMKa OOpabOTKM pe3yJbTaTOB
Takux uaMepeHuit. JIuneiiHocth BAX B KoopauHatax
In/ = f(4/U) yka3bIBaeT Ha TO, 4TO Ha (hOPMHUPOBAHUE
TOKa MCCIEAyeMbIX CTPYKTYpP BJIUSIIOT CUJIbI 3€pKajlb-
HOI'0 M300pakeHUsI.

O0cy)KneHHe 3KCIePUMEHTAIIBHBIX Pe3yJIbTATOB

Boavm-amnepnas xapaxmepucmuxa, popmupyemasn
nod deiicmeuem cua 3epKaivHo2o uzoopaxcenus. CUibl
3epKaJIbHOrO M300paXeH!UsI BO3HUKAIOT B MOMEHT TIe-
pecedyeHnsT SIIEKTPOHOM TPAHUIILI pas3iesia MeTall —
MOJYIPOBOAHUK. DJIEKTPOH MPH MOMAgaHUKA B TOJY-
MPOBOIHUK MHIYLUPYET B METAJUIE 3apsii ITPOTUBO-
IMOJIOXKHOTO 3HaKa. MexXay 2JIEKTPOHOM M MHIYLIM-
POBAHHBIM 3apsIOM BO3HUKAET CUJIa, KOTOpast HOCUT
HAMMEHOBAHWE CUAbL 3ePKAAbHO20 U300padcenus. DT1a
CHJIa MOXET OBITh pacCyMTaHa, eClAd WHAYLUPOBaH-
HBIH 3apsi] 3aMEHUTD 3€PKaJIbHO PACIIOIOXEHHBIM IT0-
JIOXKUATETBHBIM 3apsiIOoM, KOTOPBIN paBeH 3apsiay SIeK-
TPOHA Y HAXOIMUTCH HAa TAKOM K€ PacCTOSHUM OT rpa-
HULUBI pasgena. PacyeT cuiibl 3¢pKaJbHOIO M300paxe-
HUS TAET:

f(x) = —e?/16me X2, (1)

IJIe e — 3apsijl 3JEKTPOHA; £, — AUIJIEKTPUYECKAs IIPO-
HUILIAEMOCTb HAHOTPYOKHU.

CoBMecCTHOE AEeHCTBME CUJI 3e€pKaJIbHOTO M300pa-
JKEHUS U DJIEKTPUYECKOIo MoJisi 00J1aCTU MPOCTPAHCT-




BEHHOTO 3apsna KOHTaKTa METaJIJT — TOJYIPOBOIHUK
MOHMXAET BbICOTY KOHTAKTHOI'O MOTEHIUATBHOTO Oaph-
epa. BennuuHa NoHWXXeHUs TOTEHIMATIbHOTO Oapbepa
oIpeaesieTcs BhIpaxkeHueM [7]

Aby = —B(dy £ eU)4,

rae
B = —(eSn/8mel ) /4, 2)

¢9 — BBHICOTA HEBO3MYLUEHHOIO IOTEHUMAILHOIO
Oapbepa Ha TrpaHMIIC MOJYIIPOBOJHUKA W METAIIA;
U — npunoxeHHOe K KOHTaKTy HalpsLKeHUe cMelle-
HUs (+ COOTBETCTBYET OOpAaTHOMY CMEIICHUIO); 1 —
KOHILIEHTpalLUsI CBOOOJHBIX JIEKTPOHOB B MOJIYMHPO-
BOJHUKE.

M3mepsieMasi CTpyKTypa IIpeacTaBiisieT coboil Tpu
HEJIMHEWHBIX COTPOTUBICHUSI, BKJIIOUEHHBIX MOCJIEN0-
BaTesibHO. COMPOTUBIIEHUE TIEPBOrO KOHTaKTa (hOpMU-
pyeTcsl TOTeHUUATbHBIM 0apbepoM IpU MPSIMOM CMe-
LLIEHUH, BTOPOE COMPOTUBJIEHUE — 3TO COIPOTUBIIE-
Hue nyyka YHT, a TpeTbe compoTUBIEHUE — COIPO-
TUBJIEHUE TOTEHLMAJIbHOTO OGapbepa Mpu O0OpaTHOM
cMelieHur. Bce Tpu CONMPOTUBICHUS HEJIMHEHHBIE.
ITpu nocnenoBaTeIbHOM COEIUMHEHNUM TOK B HUX MPO-
TeKaeT OAMHAKOBBIN, a BHEIIIHEE HATIPSDKEHUE CMELLe-
HUSI paclpeaensieTcsl MeXXy BCEMU COMPOTUBJICHUSI -
mu. CymMMa MajieHui HanpspKeHWi Ha HAX paBHA MPU-
JIOXXEHHOMY HampsKeHU0. BeipaxkeHue misl BOJIBT-
aMIIEpHOI XapaKTEPUCTUKU UMEET BU/I

= AT 2een( 20 Ad)b) (e U )
[ = sAT exp( T [exp T 1} 3)
rie A — mocrosHHas Puuyapacona, A 120m*
[A/CM2K2]; m* — OoTHOcUTeJIbHas 3 dEKTUBHAS Mac-
ca; k — nmocrossHHas boibliMaHa; s — TIOIIANb TNOA;
T — TteMmnepaTypa OKpYyXKarollei cpeabl.

IMpu nanpsxenun cMewenus U > 3kT u ¢y > Ad,,
aTa (popMyna ympolimaeTcs M IMOKa3bIBaeT, YTO C pOC-
TOM HanpsiKeHUsI CMELEHUST COMTPOTUBJIEHUE TTEPBOTO
KOHTAaKTa OBICTPO MaIacT:

sATzexp( ;1)(}) [exp(zg{ﬂ 4)

COIpPOTUBJIEHNE KOHTAKTa, CMELLEHHOIO B 00pat-
HOM HAIpaBJIEHUU, HAMPOTUB, OLICTPO BO3pPACTAET.
OH, B OCHOBHOM, OITPEIENISET CHIIY TOKA U3MEPAEMOI
ctpyktypsl. [1pu yenosusix |U| > 3kT/e, eU > ¢, cuna
TOKA OIPEAEAETCS BEIPAKEHNEM

1/4
= sATQexp( )exp[ﬁ e|U|) / J (5)

AHanu3upysl pe3yJbTaThl 3KCIIEPUMEHTOB, MPUBE-
JIEHHbIE Ha pUC. 2, TIPUXOIUM K BBIBOAY, YTO B JIOCTa-
TOYHO OOJIBIIIOM [Maria3oHe HaIpsKEHUN MPSIMOro
CMellleHUsI BBITNIOJIHSIETCS cooTHouueHue (5). B atom
cJlyyae MOXHO BBIYMCJIMTD IBa BaXKHBIX ITapamMeTpa yr-

JIEPOIHBIX HAHOTPYOOK: MOTeHIIMAJIbHBIE Oapbepbl Ha
TpaHULIE C METAJUTOM 30HAAa U KPEMHMEM, a TaKXKe olie-
HUTb KOHIIEHTPAILINIO CBOOOTHBIX HOCHUTEJIEH 3apsiia.
Ouenka 6bicomvl NOMEHUYUAILHBIX Oapbepo8 Ha KOH-
maxme YHT — memaaa. JI1s1 BBIUMCIEHUS BBICOT I10-
TEHLMAJIbHBIX 0apbePOB BKCIIEPUMEHTATbHbIEC PE3YJib-
TaThl MepecTpanBaInch B KoopauHarax Inl = f(4/U).
M3 dopmynsl (5) nonyyaem
GL) ®
kT °

rae I; — TOK HACBILIEHUs, KOTOPBIA 3amaeTcs ¢op-
MYJIOH

In/=1Inl + B

I, = sA Tzexp(—ﬁ) ,

OTKyZAa

dg = len{ /s J 7
sAT

M3-3a poctaToyHO OOJBIIMX ILIYMOB M OJM3KUX
3HAYEHWI BBICOT MOTEHIIMAILHOTO Oaphepa Ha 00enx
rpanunax YHT ¢ MeTasiaMu OLieHMBAJIOCh YCPEIHEH -
HO€ 3HaueHUe BBICOTHI MOTEHIMAIbHOTO Oapbepa Ha
HuX. 1T 3TOro BOJBT-aMIIEpPHbIE XapaKTePUCTUKH,
HE3aBUCHUMO OT MOJIIPHOCTU, MepecTparuBaIuCh B yKa-
3aHHBIX BBIIIE KOOpPAMHATaX, M OIPEIeIsSiIoCh yC-
peAHEeHHOe 3HaYeHUE TOKa HachkillleHus1. B pacyeTtax
WUCMoJIb3yeTcsl JiorapudM T1uiomaau, IMo3ToMy 0e3
0OJIBIIMX TMOTPEIIHOCTEN MIOIIAAb MOXHO OLIEHUTH
no auametpy nyuyka YHT, koTopblit u3mepsieTcst mpu-
GopoM.

PacueTsl 3¢ (peKTUBHBIX MacC HAHOTPYOOK pa3-
JIMYHOW XWPaJIbHOCTU W TMaMeTpa BhITTOJHEHbBI B pa-
6otax [8, 9]. OTHOCUTENBbHYIO 3(P(PEKTUBHYIO Maccy
ST auaMeTpoB uccaeayeMbix YHT MoOXHO NpUHSTH
pasHoit 0,3.

Ananm3 pesyabratoB pador [10, 11] moka3biBaerT,
YTO CTATMYECKYIO IMANEKTPUUECKYIO TIPOHUIIAEMOCTh
MOXHO CUMTaThb paBHOM 12.

BricoTa moTeHIIMaabHOro 0apbhepa paccyMThiBajlach
no ¢dopmyne (7) ¢ UCHONb30BAaHUEM HAHHBIX pHUC. 2.
Pesynbrathl pacuera npuBeneHbl B Tadauiie. s onu-

ITapameTpbl yrjiepoaHbIX HAHOTPYOOK
Parameters of carbon nanotubes

dg, €V KoHnuenTpauusa
3JIEKTPOHOB, CM
o dopmoanust | [Tocie hopMoBaHus Electron
Prior to forming After forming concentration, cm™>
0,77 0,25 3-1018
0,44 0,32 2-109
0,84 0,72 5-109
0,84 0,77 5-10
0,90 0,84 5-101°
1,07 0,77 5-109
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HOYHBIX YIJIEPOIHBIX HAHOTPYOOK BBICOTA MOTEHIIM-
aJbHOTO Oapbepa onpeessiach aHaJIOTUYHBIM 00pa-
30M U e€e 3HaueHue Jexasao B mpegenax 0,6...0,8 3B.

Ouenxa rkonuenmpayuu c60000HbIX IAEKMPOHOG &
yeaepooHusix Hanompybkax. s OLIEHKM KOHILEHTpa-
LIMA CBOOOIHBIX 3JIEKTPOHOB BOCMOJIb3yeMcs (opmy-
noit (2). [IpeoOpa3oBaB ee, mojryyaem:

3.4
8
n= mgﬁ . (8)
e

Koadduuuent f HaxonuM u3 HakioHa BAX, ko-
Topast onpeneisieTcss ¢hopmynoit (6):

In(1,/1,)

B=kT
(€| Ups) " = (€| Uy3))

/4 ©)

Besmuunbl TOKOB /] U [, BEIOMpPaeM MPOU3BOJILHO
Ha YYacCTKe, KOTOPbIM ONMCHIBACTCS JIMHEUHOMN 3aBU-
cumoctbio In/ = f(4/U). Tlo 5TUM 3HAYCHUSIM pac-
CUUTHIBAIOT KO3 dulimeHT B no dopmyre (9), a 3aTeM
KOHILEHTPALMIO BJIEKTPOHOB I0 hopMmyiie (8). Pesyib-
TaThbl pacyeTOB TakkKe MpUBeNeHbl B Tadauile. KoHieH-
TpaluMsl HOCUTEJIei 3apsina B OMMHOYHBIX HAHOTPYOKax
OblLj1a TOTO XK€ MmopsiaKa. 3HaUeHUST MOJTYyYeHHBIX KOH-
LEeHTpalMil YKa3blBalOT HA MOJYIPOBOIHUKOBBIN Xa-
pakTep MPOBOJAMMOCTU UccaeayeMbIx ImydykoB YHT.

* % %

B nmanHoii paboTre MccieagoBaHbI BOJbT-aMIIEpHbIE
XapaKTEePUCTUKU KOHTAKTOB YIJIEPOIHBIX TPYOOK C Me-
TasuioM. PazpabotaHbl METOAUMKU OMpPENEIeHUS BbICO-
ThI TOTEHLIMAIBHOTO 6apbepa, a TAKKe KOHLIEHTPALMU
CBOOOJHBIX HOCHUTEJIEN 3apsiia B YIJIEPOAHBIX HAHO-
TpyOKax.

Paboma evinoanena npu nodoepixcke Munobpuayku
PD 6 pamkax Tocydapcmeennoil noodepicku HayuHbix
uccaedoeanuil.
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Parameters of Current Transport in Metal — Carbon Nanotube Contacts

Metal-semiconductor contact is a useful model for studying of the current transport processes in the structures with a space
charge area. The contacts of carbon nanotubes with metal are not an exception. It was demonstrated that at the ends of the single
nanotubes and their bundles potential barriers are formed. One barrier is formed by a metal probe and the other barrier is formed
by a metal catalyst, from which a nanotube grows. When an external force is applied, one contact shifts in the forward direction
and the other one in the reverse direction. In this case the current strength is determined by a reverse-biased contact. The pre-
dominant transport mechanism of the current in this contact is the mirror-image force. Analysis of the voltage-current charac-
teristics in this transport mechanism allows us to determine an average height of the potential barrier at the borders and con-

centration of free electrons in a nanotube.

Keywords: carbon nanotubes, metal-semiconductor contacts, potential barrier height, charge carrier density
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Introduction

Carbon nanotubes (CNT) are promising for many tech-
nically important applications [1]. Contact "metal-semicon-
ductor" always attracts researchers as an example of the sim-
plest semiconductor device. Therefore, it is important to
know the properties of the contacts and the current transfer
mechanisms therein. Such studies were also carried out on the
CNT [2—S5]. The area of metal-CNT contact was analyzed in
[3]. It was shown that the transition between them can be
considered as a transition between the metal and the semi-
conductor. Coulomb interaction in the mentioned structures
changes the transport in the contact area as well as in a semi-
conductor heterojunction. There is a screening, a region of
space charge and electric field occur that bends the energy
levels of the CNT. In this paper we study the contacts of the
single nanotubes and their bundles, as well define some pa-
rameters of such structures.

Experimental results

The measurements were performed in a high vacuum of
two-beam system of FEI Helios NanoLab 650i. The system
is capable to take images with a resolution better than 0,7 nm
at an accelerating voltage of less than 1 kV. The operating
pressure in the measuring chamber was 5 - 1072 Pa. Kleindiek
Nanotechnik probe system with 4 independent manipulators
able to work up to 150 V is installed in it. Each arm can move
in any direction with high accuracy due to the piezoelectric
displacement system. Each probe has its own coaxial connec-
tor. The programmable two-channel source-meter Source
Meter 2634B by Keithley is used for measurements of cur-
rent-voltage characteristics (CVC) at constant currents. The
device is optimized for low current signals measurement of up
to 10713 A and equipped with special shielded triaxal leads
with function of compensation of ultra-low currents. The in-
put impedance of the device (100 TQ) provides at measure-
ments the most lower level of introduced distortions and er-
rors into the testing devices’ circuits.

At studying, the bundles’ samples and single CNT were
fixed (fig. 1) so that the free end of the beam touched the op-
posite probe. When the electric field switches on, the free car-
riers are induced in the CNT beam and the pondemotor elec-
trostatic forces occur that cause the beam to be gravitated to
the probe. As a result, the beam becomes straightened and its
contact with the probe becomes more dense. Formation of a
contact occurs.

CVC of the CNT bundles, built on a linear scale, have
S-shaped character. In coordinates In/ = f(4/U) they are
generally linear (fig. 2). The linearity of the current-voltage
characteristics reflects the behavior of the measured nano-
structure on the borders. There are two boundaries: a CNT
beam — silicon and CNT beam — probe. The potential bar-
riers are situated on these boundaries. Let’s consider the rea-
sons of their occurrence. The nanotube grows from the metal
catalyst. At growth temperature it interacts with the surface of
the silicon and forms an ohmic contact. Therefore, the barrier
on this surface should be regarded as a barrier between CNT
and catalyst’s metal, as well as on the border CNT-probe
with the probe’s metal. Thus, the studied structure repre-
sents two contacts metal-semiconductor included towards
each other. Current transport in these structures was firstly

discussed by S. V. Bulyarsky at studying of structures with
contacts to high-ohmic wide bandgap semiconductors: GaP,
CdIn,Sy, ZnIn,S4 [6, 7]. At the same time, a method for
processing of the results of measurements was developed.
The linearity of the current-voltage characteristics in the co-
ordinates indicates Inf = f(4/U) shows that the inverse im-
age forces affect on formation of the current in the studied
structures.

Discussion of experimental results

CVC formed under the action of an inverse image forces.
Inverse image forces occur at the time when an electron
crossing metal-semiconductor border. When an electron hits
a semiconductor, it initiates a charge of opposite sign in the
metal. A force occurs between the electron and the induced
charge that is named inverse image force. It can be calculated
if the induced charge to replace by contralateral positive
charge, which is equal to the electron charge and situated at
the same distance from the interface. The calculation of this
force gives:

f(x) = —€*/16me 2, (1)

where e — the charge of an electron; g, — the dielectric per-
mittivity of CNT.

The combined action of the inverse image forces of the
electric field of the space charge region of metal-semicon-
ductor contact lowers the height of the contact potential bar-
rier. Lowering of the potential barrier is given by the expres-
sion [7]:

Aby = —B(oy T eU)/4,
where
B = —(en/8med)/4, )

¢o — height of undisturbed potential barrier at the interface
of the semiconductor and metal; U — bias voltage applied to
the contact (+ corresponds to the reverse bias); n — concen-
tration of free electrons in the semiconductor.

The measured structure consists of three serially connec-
ted nonlinear resistances. The resistance of the first contact is
formed by potential barrier at forward bias, the second is
formed by the resistance of the CNT bundle, and the third is
formed by the resistance of the potential barrier at the reverse
bias. All three resistances are non-linear. When they are se-
rially connected, the same current flows in them, and the ex-
ternal bias voltage is distributed among all resistances. The
sum of the voltage drops on them is equal to the applied vol-
tage. The expression for the current-voltage characteristic is
as follows:

1= sA Tzexp(—q)ok]A,q)b) [exp(le{—(]{) - l} , 3)
where A — Richardson constant, 4 = 120 - m* [A/cmsz];
m* — relative effective mass; k — Boltzmann constant; s —
area of the diode; T'— temperature of the environment.

At bias voltage of U > 3 kT and ¢, > A¢, the formula be-
comes simplified and shows that with increasing of bias volt-
age the resistance of the first contact quickly falls:

1= sATzexp(—;:%,) [exp[%)} . 4)
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Resistance of the contact shifted in the opposite direction,
conversely, increases rapidly. It mainly determines the cur-
rent’s strength of the measured structure. Under the condi-
tions: |U| > 3kT/e, eU > ¢, the current is given by

1/4
1= SATZCXD(—%) exp{ﬁ(‘eg—%ﬂ)} . &)

Analyzing the experiments (fig. 2), we come to the con-
clusion that the relation (5) can be fulfilled in a sufficiently
large voltage range of forward bias. In this case, we can cal-
culate two important CNT parameters: the potential barriers
at the interface between the metal of the probe and silicon, to
estimate the concentration of free charge carriers.

Evaluation of the potential barrier height at the contact
CNT — metal. To calculate the heights of the potential bar-
riers, the experimental results were converted in the coordi-
nates In/ = f(4/U). From (5) we obtain:

(e[ Us)""*

kT °

where I, — the saturation current, which is given by the for-
mula

Inf=Inl,+p (6)

L= sATZexp[—li’—(}),

from which

I
b = len[SA Tz] )

Due to the rather large noises and close potential barrier
heights at both ends of the CNTs border with the metals, the
average height of the potential barrieres on them were esti-
mated. For this, CVC regardless of the polarity was recon-
structed in the above mentioned coordinates, and the average
saturation current was determined. The logarithm of the area
was used in the calculations, so the area can be estimated
without much error by the CNTs beam diameter, which is
measured by the instrument.

The calculations of the effective CNT masses of various
chirality and diameter were made in [8, 9]. The relative ef-
fective mass for diameters of the studied CNTs can be taken
as 0,3. The analysis of the results [10—11] shows that the
static dielectric permittivity can be considered to be equal
to 12.

Potential barrier height was calculated according to (7)
using fig. 2. The calculation results are shown in the table. For
single CNTs the potential barrier height was defined similarly,
and its value lies in the range of 0,6...0,8 eV.

Estimation of concentration of the free electrons in carbon
nanotubes. To estimate concentration of the free electrons we
use (2). Transforming it, we will get:

3,4
n= 8”82'3 . 8)
e

The coefficient g can be found from the CVC slope, which
is determined by (6):

e Int/b)

. )]
(¢ U23|)l/4 —(¢| U13|)l/4
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Currents /; and /, can be chosen arbitrarily on the site,
which is described by a linear dependence In7 = f(4/U). The
coefficient B can be calculate by them (9), and then the elec-
tron density (8). The calculations are also shown in the table.
The concentration of charge carriers in single CNT was of the
same order. The resulting concentrations indicate the semi-
conductor character of the conductivity of investigated CNT
bundles.

* % %

CVC of the CNT-metal contacts were investigated in the
work. The procedures for determining of the potential barrier
height, as well as the concentration of free charge carriers in
carbon nanotubes were developed.

The work was supported by the Ministry of Education and
Science of the Russian Federation in the framework of the State
support for research.
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ASIOMCSL 8ECOMA AKMYANbHbIM 015 d(hhekmueHoeo obecneuenus KoCMu4eckoeo npubopoCmpoeHus 6bICOKOHAOCHCHBIMU COBDEMEH-
HbIMU MUKpocxemamu. Paccmompenst ocobennocmu obecnevenus paduayuorrou cmourxocmu saemenmoe KMOII ChbHUC na ochose
mexHonoeuu "kpemuuil Ha uzoasmope” (KHH). Ilokazano, ymo naubonee "yaxum" mecmom orss KHU KMOII seasemcs obecne-
YeHue eapaHmMuUpOSaHHOL CMOUKOCMU K HAKONJAEHHOU 003¢ UOHU3Upyrowe2o usznytenus. [lpedcmasiena gusuveckas u mamema-
muueckas Mooenb noae8020 83aumooelicmeus 6 cmpykmype "noaynposooHux — ousnekmpux — noaynpoeoonux " (ILI11), komopoe
6o3HuKaem mexncoy kapmanamu MOII-mpanzucmopos u Hecyweti NOOA0XCKOU. Ima modenv yuumoleaem KUHemuKy HaKONAeHUs.

3apa0a 6 CKpuimoM U30AUpyiouem oKcuoe.

Karoueevie caosa: KMOII-mpanzucmop, KHHU, kocmuueckoe uzayuenue, HaKkonaeHHas 003a UOHUUPYIOUE20 U3NYHeHUs, pa-
duayuonuas cmotikocms, [IJII-cmpykmypa, modeav mpaH3ucmopa

Bsenenue

PanuanmoHHast CTOMKOCTb MHTETPAJIbHBIX CXEM SIB-
JISIETCST BaXKHBIM YCJIOBHEM TIPY CO3AAaHUM CUCTEM KOC-
Muueckoro npuMmeHeHus [1]. Pagmanust B kocmoce
0OyCJIOBIICHA HAJIMIMEM YaCTUIl M WOHM3HMPYIOIINX
uznyyeHuit (M) B Haleil COMHEYHOM cucTeMe U U3-
JIy4eHUII MHOXECTBAa UCTOUHUKOB BHE €€ IPEACIOB.
COOTBETCTBEHHO BOIIpOcCaM OOecIieueHusl paauainy-
oHHoit cToitkocTH (PC) mocBsiieHo HeMalloe KoJuJe-
CTBO HAYYHBIX CTaTeH, TOKIAA0B HA KOH(PEPEHIINSIX U
nuccepranuii. Tak, HanmpuMep, B MUDU perynsipao
3alUIIAIOTCS KaHAMAATCKUE TUCCEPTALIUM IO TUTIOBOM
TeMaTuke: "MeToabl M CpeACcTBa OLIEHKU U ITPOTHO3M -
pOBaHUS paAuMallMOHHON CTOMKOCTU (dasee Ha3bléa-
emcs Kakoi-aub6o mun mukpocxem)". OIHAKO MOJAB-
Jisitol1iee OOJIBIIMHCTBO 3TUX pabOT MOCBSIIEHO UCClie-
JIOBAaHUSAM M IMIPOTHO3MPOBAHUIO CTOMKOCTU KOHEUHBIX
uznenuii. Mccnenosanuii PC uMeHHO a/1eMeHTHOI Oa-
3bI MUKPOCXEM MHOTO MEHBbIIIE, TaK KaK B JAHHOM CJTy-
yae HeoOXoaUMa OpraHM3allnsl COBMECTHBIX paboT Me-
KAy TeXHOJOraMu M pa3padoTYyMKaMU, CIIOCOOHBIMU

CIIPOEKTUPOBATh U U3rOTOBUTH CIIELIMAJIbHBIE TECTOBbIE
KPUCTAJUIBI ¢ HY>XKHBIM U TE€CTOIPUMIOIHBIM HaboOpoM
3JIEMEHTOB, U UCCJIECIOBATEISIMM, BIACIOIIUMU CPE-
CTBaMM pPAaAUALIMOHHBIX BO3ACHCTBUM U U3MEPEHUI
XapaKTepUCTUK 3TUX 37eMeHTOB. OueBUIHO, 4TO Oe3
obecrieyeHus Beicokoit PC oTnenbHbIX 2iieMeHTOoB MC
HEBO3MOXHO IOJYYUTb PAIUALIMOHHO-CTONKNE MUK -
POCXEMBI.

HdocTtaToyHO MOAPOOHOE OINMMCAaHWEe KOHCTPYKTHB-
HO-TEXHOJIOTUIECKUX CITOc000B TToBEIIeHUsT PC 31¢-
meHToB KMOIT CBUC kKak Ha OCHOBE TEXHOJOTHWIA
"00BEMHOTO" KPEMHUSI, TAK U HA OCHOBE TEXHOJIOTUIA
"kpemuwnit Ha nzoisarope” (KHW) mpencraBieHo B pa-
o6ote [2]. Ilpu aTOM cieayeT crneuaibHO OTMETUTH
OIVIH BaXXHBIN BBIBO, CJACAYIOIIMIA U3 TAaHHOTO aHAJIH-
3a. IIpumenenue texHosnoruun KHW coBepiieHHO He
O3HayaeT aBTOMaTUYeCKOro mojydyeHus: Boicokoit PC.
st TexHonmormyeckoro ypoBHs1 180 HM M3MeHEHUS
TOPOTOBBIX HAMPSIKEHWI TPAaH3UCTOPOB MPU 1O30BOM
BO3IEVCTBAM UOHU3UPYIOLLMX UBJIYYCHUN CTAHOBATCS
HECYIIeCTBEHHBIMU BCJICICTBUE OYeHDb MAJIOM TOJIIIIH -
HbI ITOI3aTBOPHOI0 AUAJIEKTPYKA, 110 KpaitHel Mepe AJ1s
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HppoBbix MUKpocxeM. I1o3ToMy OCHOBHBIMU IIPO-
onemamu AocTUXeHUs1 Bbicokoil PC mo HakorieH-
HOI 103€ IJIT TeXHOJIOTUM Ha OOBEMHOM KPEeMHUU
CTAHOBATCS BHYTPUTPAH3UCTOPHBIC TOKW YTEUYKU BIOJIb
OTHOCHUTEIBLHO TOJICTOTO CJI0SI OKCHaa OOKOBOM M-
SJIEKTPUIECKON U3OISALUN U MEKTPAH3UCTOPHEIE TO-
KM yTeuku "mon” atuM ciioeM. IIpu 3ToM MCHonb30-
BaHUe "KOJIbLIEBbIX" TPAaH3UCTOPOB U OXPAHHBIX KOJIEL]
JUUISI TEXHOJIOTUU 0OBbEMHOTO KPEMHUS MPaKTUUECKU
peuraeT gaHHyo Ipoodnemy. B rexnomorun KHU aB-
TOMaTUUYECKM pellaeTcsl mpobdjieMa MeXTPaH3UCTOP-
HBIX yTeU4eK, HO BO3HMKAET IpobiieMa BHYTPUTPaH-
3UCTOpHOM yTeuku B #-MOII TpaH3ucTOpax BCIEACT-
BHE¢ HAKOTUICHUS B CKPBITOM OKCHIE TTOJIOKUTETEHOTO
3apsiia 1 MHBEPCUM TUIIA MTPOBOAMMOCTM B OOJIACTH,
MIpUJIETAIoNIe K CKPBITOMY OKCHUIY, YTO MPUBOINT K
HEOMyCTUMOMY YBEJIWYEHUIO TOKOB YTEUKHU B OTUX
TpaH3ucTopax. [Ipobiemam MoneaupoBaHus TakKux 3¢-
dexroB 1151 KHM KMOII-TexHomornu nocesiieHa, B
yacTHOCTH, auccepraius M. T'opoyHoBa [3]. OnHako
JeTaTbHOTO (U3UUYECKOr0 PacCMOTPEHUS TMOJEBOro
B3aMMONEMCTBUS B CTPYKTypax "TOJYIPOBOTHUK —
IuaaeKTpuk — noaynpoBoaHuk” (ITIIT), kotopbie 00-
Pa3yOTCS HECYIIEHW MOMIOXKON, CKPBITHIM OKCUIIOM U
"Tenom" (T. €. KApMaHOM) TPAH3UCTOPOB, B paboTe He
npeaycmatpuBanioch. Hike mpeacraBieHa pa3pabo-
TaHHasl aBTOPOM JaHHoM cTtaTbu Moaeab ITJAIT-cTpyk-
Typol [4], KOTOpasi MOXKeT OBITh OCHOBOI IJIsI pa3-
paboTKM KOMMAKTHBIX Mojelieit mapa3sutHbix KHU-
TPaAH3UCTOPOB WJIM YTOUYHEHUS MapamMeTpoB Moieyei
"BSIM SOI".

Ommucanne monemn ITIII-cTpykTypsi

Ha puc. 1 cxeMmatuyHo n3obpakeHa MHTeTrpajbHas
ctpyktypa KHHU-tpan3ucropoB. OueBUaHO, UTO 3[1€Ch
obpasytorcs asa tuma [TAI1-cTpykTyp: "KapMaH n-TH-
Ma — CKPBITHIN OKCUA — TOMIOXKA" 1 "KapMaH p-THU-
Ima — CKPHITBINA oKcua — momroxka" (ITAIT-cTpykTy-
pbl B 00JIaCTM CTOKOB-MCTOKOB HE paccMaTpUBaeM,
TaK KaKk KpeMHUU B 3TUX 00JacTIX OyneT BbIPOXKIECH-
HBIM TTOJTYIIPOBOTHUKOM).

OcHoBoI1 npu pa3paboTKe MaTeMaTUYECKO Moje-
JI1 npuHsTa u3BectHas teopust MIII-cTtpykryp [5]. Ha
puc. 2 mpeacraBieHa 30HHas AuMarpaMmma JJjisi CTpYyK-
TYpbI MOJYTIPOBOAHUK A-TUIIA — OWUDJIEKTPUK — IIO-
JIYIIPOBOAHUK p-THIIA TIPU OTCYTCTBUM W HAJTWYUU
BHEIIHEN Pa3HOCTU IMOTEHLMAJIOB MEXIY IMOJyIpo-
BOAHUKOBLIMU OOJIacTIMM. 3HadyeHUE M3ruda 30H y
IpaHuUIl pasaena OymeT 3aBUCETh OT TeX XK€ MapamerT-
poB, uto u mjasg MJTT-cTpyKTypbl — KOHTaKTHOI pa3-
HOCTHU TOTEHIIMAJIOB, TOJIIIMHBI TMJIEKTPUKa, 3apsiaa
B JAUBJIEKTpUKE (BKJIIOYAsl 3apsifi MOBEPXHOCTHBIX CO-
CTOSIHMI) U MpUIoXeHHOro HanpsikeHus. [TpuHum-
nuanbHbIM otiimyreM oT MJIII-cTpykTyphl OymeT Ha-
JIMYMe U3rubda 30H U, COOTBETCTBEHHO, U3MEHEHMUE T10-
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Puc. 1. urerpanshasa crpykrypa MOII-TpaH3ucTOpOB, H3roTOB-
gennsix mo Texnosorun KMOII KHM: S — ucrok; D — crok; G —
3aTtBop; W — Bosbdhpam. Ctpykrypsl [TII1: kapmaner MOII-TpaH-
3UCTOPOB — CKPBITBI OKCUA — TMOAJTOXKA

Fig. 1. The integral structure of MOS-transistors fabricated by CMOS
SOl technology: S — source; D — drain; G — gate; W — tungsten;
Structure SDS: M OS-transistors pockets — hidden oxide — substrate
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Puc. 2. 3onnas tnarpamMma CTPYKTYpbl HOJTYNPOBOAHHUK 1-THIA — M-
9JIEKTPHK — TOJIYNPOBOJHAK p-THNA MPH HYJEBOM (@) M NOJIOKH-
TeabHOM (D) mpuNOKeHHBIX HanpsokeHnsx U

Fig. 2. The band diagram of the structure: n-type semiconductor —

insulator — semiconductor is p-type at zero (a) and positive (b) applied
voltage (U)




TeHIIMaja ¢ 00eUX CTOPOH OT IMIJIEKTPUKA, a TaKxKe
BO37eiCTBYE 3apsaa B AURJIEKTPUKE Ha 00e MOIyIpo-
BOJHUKOBbIE O0JIACTH.

i monyyeHus MaTeMaTUYeCKOM MOAEIU CTPYK-
TYypbl 3aJaiuMCs CIAEIyOIIMMHU YCIOBUSIMU, aHaJo-
TUYHBIMU T€M, YTO TIPUHSITHI B KJIACCUUECKOU TuTepa-
Type 10 (pU3uKe MOJTYIIPOBOIHUKOBBIX MpHUOOPOB [5]:

e pa3Mephl TOJYMPOBOAHUKOBBLIX 00JacTeii OoJblile
MaKCHMaJIbHO BO3MOXKHBIX O00acTell 00OeTHEHNS B
HUX; IPXA ITOCTOSTHHOM CMEIIEHUM OTCYTCTBYET T1e-
PEHOC TOKa CKBO3b JUIJIEKTPUK;

e TIpU JIIOOBIX CMEIIEHUSAX B CTPYKTYPE MOTIYT CYIlle-
CTBOBaThb TOJIBKO TMOBEPXHOCTHbBIE 3apsiibl MOJY-
MPOBOJHUKOBBIX 00J1acTeil, T. €. X objaacTeit mpo-
cTpaHcTBeHHOro 3apsiga (OI13), u 3apsia B 1u3jieK-
TpUKe, BKJIIOYasi 3apsiibl TIOBEPXHOCTHBIX COCTOSI-
Huit (I1C), anredbpanyeckas cyMMa KOTOPBIX paBHA
HYJIIO.

PaccMoTrpuM 0003HauYeHUsI, IIPUHSTHIE B HACTOSI-
el paboTe 1 MoKa3aHHbIE YaCTUYHO Ha puc. 1. 3HaK
MPWIOXEHHON K CTPYKTYpe BHEILIHEW Pa3HOCTH TO-
TeHManoB U omnpenejauMm UCXOAs U3 TOro, YTO Ha-
npsxkeHue U nomaetca Ha obnacth Il oTHOCUTETBHO
obnactu 1 (1. e. mojoxuTenbHble 3HaYeHuss U OymyT
CMellaTh 30HHYIO JuMarpaMmy BTOPOM 00JacTU BHU3
OTHOCUTEJILHO 30HHOU AuarpaMmbl obnactu I, u Ha-
000poT). KOHTaKTHYI0 pa3HOCTbh MOTEHIIMAJIOB OTpe-
JIEJIUM KaK pa3HOCTb MEXY 3HAaUYCHUSIMU MOTEHIIMUA-
noB ®epmu &, = O — d,. [NoreHunansr & u d,
OIpenesISIIOTCS KaK Pa3HOCTh MOTEHLIMAJI0B COOTBET-
CTBYIOILIMX YpoBHelt DepMu 1 cepeHbI 3ampeleH-
HOIt 30HBI ®; = (signN) F1In|N;/n;|, tne j — HOmMep
noaynpoBogHuKoBoil obaactu (I unm II); NJ — pe-
3yJbTUPYIOLIAsd KOHLUEHTpAaLKUsl TPUMECU B MOJYIIPO-
BOJIHUKOBOW 00JIACTH; /7; — COOCTBEHHAsA KOHLEHTpA-
LU HOCUTENIEH B IIOJNYIIPOBONHUKE; . — TepMonu-
HaMMYECKUM MOTeHIMA.

OueBUIHO, YTO IPU BHIOPAHHBIX 0003HAYECHUSIX U
OTCYTCTBMM 3apsijia B IU3JIEKTPUKE B ciayyae U= @, B
00erx IOJyIPOBOIHUKOBBIX 00JIACTSIX OyIeT COCTOsI-
HUE TIOCKMX 30H.

Hnsa pacdera 30HHOI OUarpaMMbl U OIPEIeICHMS
MOBEPXHOCTHBIX COCTOSIHUIA B IMOJYIPOBOAHUKOBBIX
00J1acTsIX HEOOXOAMMO pelIuTh ypaBHeHUe IlyaccoHa
IUISL BCEW CTPYKTYPBI, KOTOPOE B JAHHOM CJIy4ae MOX-
HO 3amucaTrh CIeayoluM 00pa3oMm:

JJIA ITOJTYITPOBOJHUKOBBIX obGiacreit

d*F(x)/dx* =
= —(q/e){N; — 2n;sh[(F(x) — U)/Fl}; (1

JUIA IUDJICKTPUKaA

d*F(x)/dx* = —R(x)/¢4, (1)

rae R(x) — dyHKUUS pacrpeneneHus IUIOTHOCTU 3a-
pana B auaniekTpuke, Bkmovas I1C; e, u e; — nu-
3JIEKTPUYECKHE TTPOHUILIAEMOCTH COOTBETCTBEHHO T10-
JIYIPOBOAHMKA U IUBJIEKTpUKa; j = 1 njs obnactu I u
J = 2 ma oonactu 1I; Uy = 0; U, = U. I'pannuHbIe yc-
JioBust st pewieHust (1) onpenenstorcs U3 yCIOBUS
3JIEKTPOHENTPATIBHOCTH B INIyOUHE TOTYITPOBOIHUKO-
BbIX O0JIacTeli:

Fx)) = ®; Floxy) =d, + U,
T e Fx) =, + U, )

e x; U X, — rpanuibl OI13 coOOTBETCTBEHHO B OJTY-
MPOBOAHUKOBBIX objacTax I u 11

HorycTM, 4TO BeCh 3apsil B IMAICKTPUKE COCPE-
JIOTOYEH Ha I'paHUIIax pas3jesa U DKBUBaJEHTHbIE 3HA-
YEHMSI €T0 TMOBEPXHOCTHOM IUIOTHOCTU COCTABJISIOT
O, u 0Oy cOoOTBETCTBEHHO. Torga, y4uThbiBas, YTO
3JIEKTPUUYECKOE TT0JIe B MUBJIEKTPUKE OYIET IMTOCTOSIH-
HbIM, U IPUMeHSss1 Teopemy ['aycca K rpaHuLiaM pas-
nesa, orpeneauM CUCTEMY YPaBHEHMH, CBSI3bIBAIOIIMX
3HAYEHUs IOBEPXHOCTHBIX INMOTEHUMANOB Fy, F, U
noneit Ey, E, ¢ mapaMeTpaMu CTPYKTYPHI:

sl»
O + O = 0Oy (3a)

Fy = Fp = Egh =
= [e(Eg T Egp) + O — O0pl/(2Cy),  (30)

e(Egy — Eg) =

rae C,;— yaelabHas eMKOCTb IU3JIEKTPUKA; £, — mose
B OUBJICKTPUKE; A — TONIIWHA TAJICKTPUKA.

Takum o6pa3oM, oJydeHHbIe ypaBHEeHUS (3), Of-
HO3HAYHO OIIPEIeJISIIONINe CBSI3b MEXIy HMCKOMOU
dynkuueit F(x) u ee mpousBogHoit E(x) = —F(x)/dx
Ha TpaHUIIaX pasjelia, PeACTaBISIOT OO0 YCIOBHS
"ciumBKU" 17151 peleHust ypaBHeHust [lyaccona (1) B mo-
JIYTIPOBOAHUKOBEIX o0OyacTsx. MHTerpupoBaHue ypaB-
HeHus (1) maeT yeTbipe KOHCTAHThI MHTETPUPOBAHUS
(Mo mBe IJIsi KaXIoil MOJIyIPOBOAHMKOBOKM 001acTH),
JUTSL OTpeieSIeHUsT KOTOPhIX MMEIOTCST ABa IPaHUYHBIX
ycaoBus (2) u nBa ycioBus cuiuBku (3).

It moKa3aTeIbcTBA BO3MOXKXHOCTH OJHO3HAYHOTO
MpeaCcTaBICHUS 3apsiia B IUAJEKTPUKE C IOMOIIbIO
IBYX 3 (eKTUBHBIX TTOBEPXHOCTHBIX 3apsiioB HEOOXO-
JMMO YCTaHOBMUTb, UMEETCS JIU TAKOE COOTHOILEHUE
mexny Qg, Oy 1 R(x), mIpyu KOTOPOM 3aBUCUMOCTh
MEXIY MOBEPXHOCTHBIM MOTEHLUAIOM U TOJSIMU MPU
BO3IEMCTBUM pacIlipeleieHHOTO 3apsga R(x) Oyaer
Takoi ke, Kak B cucteMe (3). OueBUaHO, YTO OJHO U3
COOTHOIIICHMI cJienyeT M3 TeopeMbl ['aycca, KoTtopas
BeIpaxXeHa B ¢opMmyJie (3) IJ1s1 BCEro AMBJIEKTpUKA:

Xa2
Qsl + Qs2 = Qs = IR(x)dx, (4)

Xd1

Tae x ;1 U X — KOOPAUHATBI TPAHULL ANSJICKTPHKA.
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3amnmcaB 3aBUCMMOCTHU MEXIY Pa3HOCTBIO TTOBEpX-
HOCTHBIX IOTEHLMAJIOB U T0JIEM B TUJIEKTPUKE U BbI-
pa3uB TaKKe 3aBUCUMOCTD TOJIS B AUBJICKTPHKE ITyTeM
HECJIOXKHBIX TIPeoOpa3oBaHMil, TTOIYINUM Cleayolee
BBIpaXkeHHeE:

Fg—Fp= {SS(ESI T Ep +

Xor x Xa2
+ (1/h) J{ [ R(x"dx'— fR(x’)dx]dx}/QCd), (5)
Xa1 LXa1 X

rae h = Xy, — Xz — TOJIUMHA JAUBJIEKTPUKA.
CpaBHuBas (5) ¢ (30), HaXoaAUM U BTOPOE UCKOMOE
COOTHOIIIEHUE:

Qsl B Qs2 = AQS =
Xor x Xa2
= (1/h) j{ [ R(x")dx'— jR(x')dx'}dx. (6)
Xa1 LXd1 X

ITpoBenst cooTBeTCTBYIOLLIME TTpeodpazoBaHus, u3 (4)
" (6) TTOIyYuM

Xoor x .

Oy =1/h [| | Rx"dx'|dx; (7a)
Xa1 LX41 i
Xa2 rXa2 7

0y, = 1/h [ | [ R(x")dx'|dx. (76)
Xa1L X i

JlaHHbIE COOTHOLIEHUSI OJHO3HAYHO OMNpPEeSIOT
B3aMMOCBSI3b MEX]y MPOU3BOJILHO pacipeaeeHHbIM
3apsIOM B OUIJICKTPUKE W ABYMST 3KBUBAJICHTHBIMU
€My I10 MOJIEBOMY BO3ACHCTBUIO Ha MOJTYITPOBOAHUKO-
Bble 00J1aCTHU MOBEPXHOCTHBIMU 3apsiiaMMu.

bepst uaterpans B (7) 10 4acTSIM C MCHOIb30BAHM -
€M TIpY 3TOM B KaueCTBe OIHOM U3 (PyHKIIMIA BHYTPEH-
Hee MHTerpajibHOe BbhIpaxkeHre U MPOBOAS COOTBETCT-
BylOII[€ MpeoOpa3oBaHUsl, MOJYUUM U3BECTHbBIEC BbI-
paxkeHus Myl 3HaYeHUM 3¢ (HEKTUBHBIX ITOBEPXHOCT-
HBIX 3apsIIOB:

X2
Oy = (1/h) | (xz2 — M) R(x)dx; (78)

Xd1

X2
O, = (1/h) j (x — x 1) R(x)dx. (7r)

Xd1

BripaxkeHue (71) ObLIO ITOJYYEHO APYTUM METOIOM
st MITT-cTpykTyp [6], 4TO TTOATBEpXKAACT ITPaBHUITb-
HOCTb ClIeJIJaHHBIX MPEANOJOXEHUN 1 BBIKJIAI0K.

Ananutnyeckoe peieHue ypaBHeHus Ilyaccona (1)
JUIS YCIOBUM OOEHEHWSI, OOOTallleHUS U UHBEPCUU B
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TOJTYIIPOBOAHUKOBBIX OOJACTSIX MPUBOIUT K CIEAYIO-
LM 3aBUCUMOCTSIM:
a) TIpu YCJIIOBUM 0OeTHEHUs

F) =@+ U= @N/2e)x = )% (8)

Ile X; — KOOPIMHATA [PaHMULIbI OI13 B COOTBETCTBYIO-
et obaactu noaynpoBogHuka (j = 1 wam 2);
0) TIpu yCJIOBUMU O0OTallieHUS

Fx) =&+ Ui+
+ (sign®) FIn{1 + tg[(x; — x)/Lp1}, ©)

rne Lp; = /2 FTsS/(qu) — miuHa JleGasi cOOTBETCT-

BYIOILIEI 00JIacTH;
MpU YCIAOBUKM MHBEPCUU

F(x) = —o; + U; + (sign®) FIn[A(x)], (10)

A(x) = sh’[Z(x] = 0)/Lp,

e Z; = /2‘(1) j| /F.—1,amnapamerpsl x]f OIIPENIESIOTCS
U3 ycJIoBuUi (3), IMocje 4Yero MOryT OBITh OITpeae/IeHbI
Y KOOPAMHATHI IPaHMIL 00JIacTeid CUIbHON MHBEPCUM X;

MyTeM "CIUMBKU" PELIEHUI TSI yYACTKOB CUJIbHOM MH-
BEPCHH U CJICIYIOIINX 32 HUMU y4aCTKOB 00€THEHUS:

X=X/ + (—1)/Lp,[In( Rl ]/ F - 2)1/Z;

IMonyyeHnHwle pelieHust ypaBHeHus [lyaccoHa no-
3BOJISIIOT TOJIYYUTh BbIpaXXEHUS JISI HaIpsiKeHUM
MJIOCKUX 30H ¥ MOporoBbIX HanpsokeHuid TTITT-cTpyk-
TYp MO aHAJIOTUHU C KJIACCUYECKUMU DOpMyJaMM s
MIII-cTpyKkTyp.

IMoncrasnsst B (8) ycioBue MJIOCKUX 30H B OJHOM
obnacTtu st =@+ quepes ypaBHeHue "ciuuBku" (3),
ornpejessieM HampsikeHWe IUIOCKUX 30H B Heil mpu
00eTHEHUU OPYTOIi:

Upgy = @ + (=1/1Qy/Cy = 20405/ Q)1 (11)

AHaJIOTUYHBIM 00pa3oM, ompenessisi yCIoBUe BO3-
HUKHOBEHMSI CUJIbHOI MHBEPCUM KaK st = —Fj + Uj,
MoJiyyaeM BbIpaxkeHuUe IJIsl TOPOTOBOTO HAIPSIKEHUSI B
OJHOM M3 MOJYIPOBOJHUKOBBIX 00JACTeil TIpU YCJIO-
BUU OOEAHEHUSI B APYTOii:

Uy = @ + (=1){Qy/Cy +
+ 201 = N/N) = 200,/ 0,,)* +
+ (Qyy/ CHII — ©4C40,/ )]} (12)




rae i = 3 — j — WHIOEKC, COOTBETCTBYIOLIUI MPOTU-
BOIIOJIOXKHOM IOJYNPOBOIHUKOBOM obnactu; Q,,; =

= (signN)2 [qe N;®; — 3apsan OII3 i-it obnacTu npu

ee MaKCUMAaJIbHOM pa3Mepe, T. €. TIPH Tepexofe B CO-
CTOSTHUE MHBEPCHUU.

Beipaxkenust (11) u (12) comepxar Bce ciaracmble,
COOTBETCTBYIOLIME aHATIOTMYHBIM hopmynnam wist MTIT-
CTPYKTYP, U IIPU BBINIOJHEHUN YCIOBUM |Nj/ Nl-| <lm
|0,/ 0,,il < 1, ur0 ObGecrieunBaeTcs, HarpuUMep, Mpu
BBICOKMX KOHIIEHTpallMsSIX Npumeceid B i-ii obJyiacTu
(T. e. B 3aTBOpE), MOJHOCTBIO COBMNAaAalOT ¢ HUMU. Oc-
TaJbHBIE CIaraeMble OTPAXKAIOT HAJTM4YKe M3rnbda 30H B
obOmactu 3atBopa. M3 ypaBHeHus1 (10) aHAIOTMYHBIM
00pa3oM oIpeaeIsieTCsT BRIpaXKeHNe IS TNIOCKUX 30H
IIpY YCJIOBUM OOOralleHus B 00JacTU 3aTBOpa:

Upgi = @, + (—1){0y/C, +
+ (sign®) FIn[1 + (Q,/0)*1}, (13)

rne Q; = gN;Lp;.

VpaBHeHue (8) mis ogHoit obnactu u (9) mist apy-
rOli MO3BOJIAIOT OIPEACIUTh IIOPOrOBOE HAIPSIKEHUE
TIPY YCJIOBUM OOOTAIlIEHWsT Ha 3aTBOPE, YTO XapaKTEPHO
JUIS1 TIOJTYTIPOBOIHUKOB OJHOTO THUIIA MPOBOAUMOCTH:

Upj = @y + (—l)j{QSj +Q,)/Cy+ 20, —
— (sign®) FIn[1 + (Q, + 0,,)*/ 0?1} (14)

ITosyyeHHBIE COOTHOIICHMST ITO3BOJISIIOT CHeaTh
HEKOTOPBIE BEIBOABI O MIPUHIINIIMAIBHOM OTIINYNM Xa-
pakTepucTuk napasuTtHbix [T1TT-TpaH3UCTOPOB OT Xa-
pakTepucTUK Kiaccuyeckux MJIII-TpaH3UCTOPOB.

Bo-niepBrix, 6e3 pacueTa 30HHOI AuMarpaMMbl TIpU
KOHKPETHBIX 3aJaHHBIX 3HAYEHMSIX (PUBNIECKUX T1apa-
METPOB COBEPIICHHO HE OYEBUIHO, B KAKOM COCTOSI-
HUU OyIyT HAXOMMTHCS TOJTYITPOBOTHUKOBBIE OOJIACTH.
CoOTBETCTBEHHO, HEOMHO3HAUEH BbIOOD (hopMyn st
orpeJeieHUs] MOPOroBOr0 HAMpPsLKeHUs, UCIOJb3ye-
MOI'0O B KOMITAKTHOW MOJEJIH.

Bo-BTOpBIX, IPU M3MEHEHUU HAMPSKEHUN MEXIy
ctokoM u 3atBopom TTITT-TpaH3ucTOpa BO3MOXEH Te-
pexon 3aTBOpa M3 OJHOTO COCTOSIHMS B Ipyroe (000-
raiieHue — oOeJHeHWe — UHBEPCUSI) U COOTBETCT-
ByIOIlleE ATUM TIepexoJaM HM3MeHEHHE ITOpOroBOIO
HanpsikeHust. Takum oOpa3oM, MOHSITUE TOPOTOBOIO
HaMpsKeHUs 1S KOMIIAKTHOM MOJENM CTaHOBUTCS
HEoMpeaeJeHHBIM 1 TPpeOyeT AaIbHENIIIEero MoApOOHO-
ro pacCMOTpPEHMUSI.

B-tpetbux, npunoxeHnHoe HampsokeHue B ITIIT-
CTPYKTYpe pacrpenessieTcsl He Ha AByx Kak B M/III, a

Ha Tpex obuactsax. Ilpu aTom, Hampumep, B cliydae
obenHeHMsT 00JIacTU 3aTBOpAa U MHBEPCUM B 00JIacTU
KaHajia u3MeHeHre MPUJIOXKEHHOIO HalpsLKeHUs OyneT
B OCHOBHOM IIPUXOIMUTHCSI Ha o0sacTh 3aTBopa. B pe-
3yJbTaTe 3TOr0 MOAYJSILUS TPOBOAMMOCTU KaHaja
[TATI-TpaH3ucTopa OyAeT CyleCTBEHHO MEHbIIIE, YeM
JUTST TPAH3MCTOPA C BBICOKOJIETHUPOBAHHBIM 3aTBOPOM.

3akmouenne

PaccMmoTpeHbl 0COOEHHOCTH OOecIIeueHUsI paaura-
muoHHo# crtorikoctn KMOIT KHM-TpaH3ucTopos.
ITokazaHo, 4TO Mg CO3MaHUsI KOMITAKTHBIX MOJEJICH,
VUYATBIBAIOIINX BO3IECTBME HA 00JIaCTh KaHaya 3a-
psiia B CKPBITOM OKCHUJE U TOTeHIMala Ha MOAI0X-
K€, HEOOXOAUM aHaIu3 TOJEeBOro B3aMMOIEHCTBUS B
IOIT-cTpykType "KapMaH TpaH3MCTOpa — CKPBITHIA
okcun — mogmoxkka". IlpenacrasiaeHa paspaboraHHas
moaeab ITJIIT-cTpyKTyphl, ITO3BOJISIOIIAS OCYILIECTB-
JISITb aHAJIMTUYECKYIO OLIEHKY 30HHOW AuMarpaMmbl 1
3HAUEHUSI MOPOTOBBIX HAMPSLKEHUN M HaIpsiKeHUI
TUTOCKMX 30H. IToslydeHHbIe COOTHOLLIEHUSI MOTYT CTaTh
OCHOBOI JIUTSI CO3MaHMS YTOUHEHHBIX KOMITAKTHBIX MO-
neneii mapasuTHbix TTJIIT-TpaH3KMCTOPOB B TEXHOJIO-
ruu KMOIT KHH u oGecrieuuts 60j1ee TOUHBIN aHa-
JIn3 pabOTOCIIOCOOHOCTA MHUKPOCXEM B 3aBUCHMMOCTU
OT HAKOIUIEHHOU M03bl MOHU3UPYIOIIETO M3TYYeHMUSI.
JokazaTeabCTBO BO3MOXKHOCTU M OMHO3HAYHOCTH Tpe-
craBieHus 3apsga B auajiekrpuke ITIII-cTpykTyphl
MyTeM onpeaeaeHust I1ByX 3¢ (GeKTUBHBIX TTOBEPXHOCT-
HBIX 3apsIIOB TakXKe 00ecreynBaeT BO3MOXHOCTD yye-
Ta B KOMIAKTHOM Moaenau mapasutHoro ITAII-tpan-
3UCTOpa KMHETUKW HAKOIUIEHUS 3apsiia MpUu BO3ei-
CTBUM MOHU3UPYIOIIETO U3TYyYSHUS.
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PHYSICAL FOUNDATIONS FOR MODELING OF THE PARASITIC ELEMENTS

OF SOI CMOS VLSI

Problems of radiation resistance of VLSI elements for space equipment are very urgent and their solution is important for an
efficient supply of the space instrument industry with highly reliable modern microcircuits. The authors considered the specific fea-
tures of CMOS elements of VLSI for silicon-on-insulator (SOI) technology. They demonstrated that for CMOS elements the main
problem is their resistance to an accumulated dose of the ionizing radiation. They presented physical and mathematical model of
the field interaction in the "semiconductor—insulator—semiconductor” structure between the pockets of MOS transistors and a car-
rier substrate. The model takes into account the kinetics of a charge accumulation in a hidden insulating oxide.

Keywords: CMOS transistor, SOI, cosmic radiation, accumulated ionizing dose, radiation resistance, SIS-structure, transistor

model

Introduction

Radiation resistance of integrated circuits is an important
condition for creation of the systems for space applications
[1]. Radiation in space is caused by presence of the particles
and the ionizing radiation (IR) in the solar system and radi-
ation of different sources outside of it. Accordingly, a lot of
scientific articles, conference papers and dissertations are de-
voted to the issues of ensuring of the radiation resistance (RS).
For example, the theses on the topic "Methods and tools for
evaluation and prediction of the radiation resistance (... for
some type of a chip ...)" become regularly defended in Mos-
cow Engineering and Physics Institute (MEPI). However,
the great majority of these studies was devoted to research
and prediction of radiation resistance of the final products.
There are much smaller research of radiation resistance of
the element base, since in this case, it needs joint work of
technologists and developers, who are able to design and
manufacture special test crystals with the desired set of ele-
ments, and researchers, who have the means of radiation af-
fection and measurement of characteristics of the elements.
Obviously, that the radiation resistant circuit could not been
obtained without high radiation resistance of the individual
IC elements.

Sufficiently detailed description of structural and techno-
logical ways to improve radiation resistance of CMOS VLSI
components based on technology of the "bulk" silicon and
"silicon on insulator" (SOI) is presented in [2]. It is the im-
portant conclusion that follows from this analysis should be
specially emphasized. Use of SOI technology does not mean
the automatically obtainment of a high radiation resistance.
For the technological level of 180 nm, the changes of the
threshold voltages of transistors at the dose effect of ionizing
radiation become insignificant due to the very small thickness
of the gate dielectric, at least for digital circuits. Therefore,
the main issues of achieving of a high radiation resistance on
the accumulated dose for technology on bulk silicon become
intratransistor leakage currents along the relatively thick oxide
layer of the side dielectric isolation and intertransistor leak-
age currents "under” this layer. Use of the "ring" transistors
and guard rings for bulk silicon practically solves this prob-
lem. In SOI technology, the problem of intertransistor leak-
age solves automatically, but a problem of intratransistor
leakage in n-MOS transistors arises due to accumulation of
the positive charge and inversion of the conductivity in the re-
gion adjacent to the hidden oxide in the latent oxide, which
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leads to an unacceptable increase in the leakage current in the
transistors. In particular, [3] is devoted to the issue of mod-
eling of these effects for SOI CMOS technology. However, a
detailed physical examination of the field interaction in the
structures "semiconductor—insulator—semiconductor” (SIS),
which are formed by a carrier body, hidden oxide and by the
"body" (pocket) of the transistors, was not provided in the
work. A model of a SIS structure developed is by the author of
this article is presented below [4], which can be the basis for
compact models of parasitic SOI-transistors or specification
of BSIM SOI models’ parameters.

Description of the model of SIS-structure

Fig. 1 shows the integrated structure of the SOI transistors.
There are two types of SIS structures become formed: "n-type
pocket — hidden oxide — substrate" and "p-type pocket — ox-
ide hidden — substrate". SIS structures in the drain-source re-
gion stay not considered, since the silicon in these areas be-
comes a degenerate semiconductor.

A well-known theory of metal—insulator—semiconductor
structures (MIS-structures) [5] was adopted as a basis for de-
velopment of the model. Fig. 2 shows the band diagram for
the structure "n-type semiconductor — insulator — p-type
semiconductor” with the absence and presence of an external
potential difference between the semiconductor regions. The
value of the bands bending at the interface will depend on the
same parameters as for the MIS-structure — the contact po-
tential difference, the thickness of the dielectric, the charge in
the dielectric (including a charge of surface states) and the ap-
plied voltage. The principal difference from the MIS-struc-
ture are presence of the bands bending and change in the po-
tential from both sides of the dielectric, as well as the impact
of the charge in the insulator on the both semiconductor’s
regions.

The following conditions similar to those adopted in the
classical literature on the physics of semiconductor devices [5]
should be set to obtain the structure’s model:

e the size of the semiconductor’s regions are larger than the
maximum possible areas of depletion in them; the current
transfer through the insulator is absent at a constant bias;

e only the surface charges of the semiconductor’s regions
may be for any displacements in the structure, i.e. their
space-charge regions (SCR), and the charge in the insu-
lator, including the charges of surface states (SS), which
algebraic sum is equal to zero.




Let’s consider the legend used in the work and partially
shown in fig. 1. The sign attached to the structure of the ex-
ternal potential difference U will be determined assuming on
the fact that the voltage U becomes applied to the region II
relatively to the region I (i.e. the positive values of U will be
shift the band diagram of the region II down relatively to the
band diagram of the region I, and inversely). The contact po-
tential difference will be defined as the difference between the
Fermi potentials ® - = ®; — ®,, where ®; and ®, — the po-
tential difference of the corresponding Fermi levels and the
middle of band gap ®; = (sigan)FTlnll\/j/nA, j — number of
a semiconductor region (I or 1I); ]\9 — resulting concentration
of an impurity in the semiconductor region; »; — an own con-
centration of carriers in the semiconductor; F, — thermody-
namic potential.

It is obvious that the state of plane zones will occur in both
semiconductor regions in the case of U= @, at the chosen
legend and absence of charge in the dielectric.

To calculate the band diagram and to determine the sur-
face states in the semiconductor regions, the Poisson equation
must be solved for the entire structure, which in this case can
be written as:

for semiconductor regions

d?F(x)/dx* = —(g/e){N; = 2nsh[(Fx) — U)/Fl}; (1)
for dielectric
d>F(x)/dx> = —R(x)/e4, (1a)

where R(x) — the distribution function of the charge density
in the dielectric, including SS; & and e, — dielectric permit-
tivity for semiconductor and insulator, respectively; j = 1 for
area I and j = 2 for area II; U; = 0; U, = U. The boundary
conditions for solution of (1) are determined from the elec-
trical neutrality in the depths of the semiconductor regions:

Fx) = @;; Fxp)) =0, + U, 1.6 Fox) =o;+ U, 2)

where x; and x, — SCR border in semiconductor regions I
and II, respectively.

Let us assume that the charge in the dielectric is focused
on the interfaces and the equivalent values of its surface den-
sity are O, and Qy,. Then, considering that the electric field
is constant in the dielectric and applying Gauss theorem to
the interface, let’s define the system of equations connecting
the surface potentials F;, F;, and the field E;, E,, with the
parameters of the structure:

e(Eg — Eg) = Qg + Oy = Oy (3a)
Fy—Fo = Esh =
= [ef(Eg T Ep) + Qg — 0pl/(2C)), (3b)

where C,; — specific capacitance of the dielectric; £, — field
in the dielectric; # — thickness of the dielectric.

Thus, the equations (3), defining the relationship between
the desired function F(x) and its derivative E(x) = —F(x)/dx
at the interfaces, become those "matching” conditions for
solving of the Poisson equation (1) in the semiconductor re-
gions. Integration of equation (1) gives the four constants
(two for each semiconductor region), to determine which
there are two boundary conditions (2) and two matching con-
ditions (3).

For evidence of the unequivocal charge in the dielectric by
means of two effective surface charges it is necessary to de-

termine whether there is a correlation between Q, O,, and
R(x), in which the relationship between the surface potential
and the fields upon exposure of the distributed charge R(x)
will be the same, as in (3). Obviously, that one of the relations
follows from the Gauss theorem, which is expressed in for-
mula (3) for the entire dielectric:

*d2
Og+ 0p=0s= .‘R(x)dx5 4)
*d1
where x,;,, x;; — coordinates of the dielectric’s borders.

Specifying of the relationship between the difference in
surface potentials and the field in the dielectric and expressing
the dependence of the field in the dielectric by simple trans-
formations, we obtain the following expression:

Fg — Fyp = {SS(ESI + Ep +

X x Xa2
+ (1/h) | { | Rxdx'— | R(x’)dx'}dx} /2Cp,  (5)
Xa1 L *a1 X
where h = x;, — x,; — thickness of the dielectric.
Comparing (5) and (3b), we can find the second desired
relation:

Q5 — O = A0, =
X x Xd2
= (1/h) j{ | R(x"yax' — fR(x’)dx'de. (6)
Xa1 L Xd1 X
Performing transformations, from (4) and (6) we obtain:
‘o ox
0, =1/h | { | R(x’)dx’}dx; (7a)
Xa1 L *q1
X2 m*a2
0, =1/h | { fR(x’)dx}dx. (7b)
Xd] X

These relationships define the relation between an arbi-
trary distributed charge in the dielectric and two surface
charges equivalent by the field action on the semiconductor
fields.

Taking the integrals in (7) by parts, using the inner integral
expression as one of the functions and performing transfor-
mations, we obtain the known expressions for the effective
surface charges:

Xa2

Oy = (1/h) | (xzn — X)R(X)dx; (7c)

Xd1

Xd2

0y, =(/h) [ (x— x41)R(x)dx. (7d)

Xd1

Expression (7d) was obtained by a different method for
MIS structures [6], which confirms the correctness of the
made assumptions.

Analytical solution of the Poisson equation (1) for impov-
erishment conditions, enrichment and inversion in semicon-
ductor regions leads to the dependences:

a) at impoverishment:

F@) = @+ Uy = (aN/26)(x = )% ®)
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where xp—a coordinate of SCR border in the semiconductor
region (j = 1 or 2);

b) at enrichment
Fx) = ®; + U + (sign®) FIn{l + te’[(x; — x)/Lp]}, (9)

where L D= J2F.e,/(qN;) — Debye length of the relevant
region; at inversion:

F(x) = —@; + U; + (sign®) F,In[A(x)], (10)
A() = sh*Z(x; = x)/Lp].

where Z; = J2|®|/F,~1, and the parameters x; are deter-
mined from the conditions (3), after that the coordinates of
the boundaries of strong inversion X; can be determined by
"matching” of solutions for strong inversion regions and the

subsequent impoverishment regions:
x; = x; + (—l)fLDj[ln( /2|CDj|/FT—Zj)]/Zj.

The resulting solutions of Poisson’s equation give expres-
sions for the flat-band voltages and threshold voltages of
SIS-structures by analogy with the classical formulas for
MIS-structures.

Substituting in (8) the condition of the flat-bands in one
area F;=F, + U through the "matching" equation (3), de-
termine the flat-bands voltage in it at impoverishment of the
other:

Upg = ® +(=1/10y/Cy = 2040,/ Q). (11)

Similarly, determining the condition of strong inversion as

st = —}} + Uj, we obtain an expression for the threshold volt-

age in one of the semiconductor regions at impoverishment of
the other:

Uy = @ + (=D Qy/ Cq + 20(1 = Ny/N) =

= 200/ Q) + (Qp/ CI — DL4C,0,/ 0,1}, (12)

where i = 3 — j — the index, corresponding to the opposite
semiconductor region; Q,,; = (signN)2 /qe ,N®, — SIS
charge in the i-th region at its maximum size, i.e. at transition
into inversion state.

Expressions (11) and (12) contain the terms correspond-
ing to the same formulas for MIS-structures, and under ac-
complishment of the conditions [N/ N} < 1 and |Q;/Q,,| < 1,
which is provided at, for example, high concentrations of im-
purities in the i-th region (i.e., in the gate), coincide with
them completely. The remaining terms reflect presence of the
bands bending in the gate region. The expression for flat-
bands in case of enrichment in the gate area is similarly de-
fined from equation (10):

Upgy = &, + (—l)j{Qsj/Cd +
+ (sign®;) FyIn[1 + (Q,/0)*1}, (13)

where Q; = gN;Ly,.

The equations (8) for one area and (9) for other area allow
to determine the threshold voltage in case of enrichment in
the gate area, which is typical for semiconductors of one of
the conductivity type:

Uy = @ + (=10 + Q,,)Cy + 20, —
— (sign®) FIn[1 + (Q, + 0,,)%/ 0} 1}. (14)
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The relations allow us to make some conclusions about the
fundamental difference between the characteristics of para-
sitic SIS-transistors from classic MIS-transistors.

Firstly, it is not evident in which state the semiconductor
region will be without the calculation of the band diagram un-
der the specific set of physical parameters. Accordingly, the
choice of formulas for determining of the threshold voltage in
a compact model is ambiguous.

Secondly, transition of a gate from one state to another
(enrichment — impoverishment — inversion) at voltage change
between the drain and gate of the SIS-transistor and the cor-
responding change in the threshold voltage are possible. Thus,
the concept of the threshold voltage for the compact model
becomes uncertain and requires further consideration.

Thirdly, the voltage applied in the SIS-structure divides
not on two as for MIS-structure, but on three areas. Thus, for
example, in the case of impoverishment of the gate region and
inversion in the channel region, a change of the applied volt-
age mainly occurs in the gate region. As a result, modulation
of conductivity of channel of the SIS-transistor will be sig-
nificantly less than for a transistor with highly-alloyed gate.

Conclusion

The features of provision of the radiation resistance of
CMOS SOl transistors were reviewed. It was shown that cre-
ation of the compact models that take into account the impact
of the charge in the hidden oxide and the potential on the sub-
strate on the channel region needs analyzing of the field in-
teraction in the SIS-structure "transistor’s pocket — hidden
oxide — substrate". The model of SIS-structure that allows to
analytically evaluate the band diagram, threshold voltages and
flat-band voltages was presented. The resulting ratios may be-
come the basis for creation of refined compact models of par-
asitic SIS-transistors by CMOS SOI technology and provide
more accurate analysis of chips’ performance, depending on
the accumulated dose of ionizing radiation. The evidence of
the representation uniqueness of the charge in the dielectric
of SIS-structure by determination of two effective surface
charges also provides possibility to take into account the par-
asitic SIS-transistor of kinetics of charge accumulation in a
compact model under action of ionizing radiation.
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no mexnonoeuu 006eMHoU MUKpoobpabomku kpemuus. Mampuya npednaznavena 04 UCNOAb308AHUS 8 COCIABE ANNApama mak-

MUAbHOU OUACHOCMUKU 0451 MUHUMAAbHO UHBA3UBHOU xupypeuu.

Karoueevie caosa: makmuavubiii oamuux, MOMC, MUHUMAAbHO UHBA3UBHAS XUPYPeUS

B Hacrosiiiee BpeMsi TEXHOJIOTMU TaKTUJIBHOTO BOC-
MPUSATUS HAXOAST OOIIMPHOE TPUMEHEHUE B MEIULIU -
He U poboroTexHuke. sl MpuMeHeHUs] B KauyecTBe
TaKTWJIBHBIX JTaTYMKOB Hambojee moaxoasit MOMC-
YCTPOMCTBA, TaK KaK OHU CITOCOOHBI AaTh KOHKYPEHT-
Hble MpeuMylIecTBa Oiarogapss BOBMOXHOCTU UX Ce-
PUIAHOTO U3TrOTOBJICHUSI, MUHUATIOPHBIM pa3MepaM U
paclIMpeHHBIM (YHKIIMOHATBHBIM BO3MOXHOCTSIM.
B MenuuirHe HaOmroAaeTCs Bo3pacTaloliast TeHACHILIUS
o BKJIIOUeHUI0 MOMC-yCcTpoiCTB B COCTaB XUPYp-
FMYeCKUX UHCTpyMeHTOB. MBOMC-TexHOMI0rM1 MN03BO-
JISIIOT XUpypraM nojyvaTb UH(GOPMALIMIO O IUIOTHOCTHU
U TeMIepaType UCCAeayeMOil TKaHU B peXuMe peasib-
Horo BpeMeHu. KpoMe Toro, MOMC-TexHonoruu 1mo-
3BOJISIIOT MCIIOJIb30BaTh Oosiee 3((EeKTUBHBIE U ObICT-
pble METOObI 3axBaTa, Pe3KM W M3BJICUYCHUSI TKaHEM,
T€M CaMbIM YJIydlllasi pe3yJbTaTbl XMPYPTAYECKOTIO JIe-
yeHus [1].

[Ipy OTKPBITHIX OINEepalUsiX XUPYPT UMEET CBOOOI-
HBII JOCTYII K OpraHaM M TKaHSM W MOXET CBOOOIHO
UMU MaHUOyaupoBaTb. OQHAKO BO MHOTHUX CJIy4asix
pas3pe3, MO3BOJISIOLINI MOJYUYUTh JOCTYM K TpeOyeMoit
00y1acTH, TpaBMUPYET NallMeHTa B OOJIbLICH CTeneHu,
HEXEeJW caMa XUpypruyeckas omneparmusi.

B Hacrosiiiee BpeMsi METOAb MUHUMAaJbHO MHBa-
3uBHOM xupyprun (MUX) ctpeMuTeIbHO pa3BUBAIOT-
csl, TaK KaK MO3BOJISIIOT ONepaTopy (XUPYpry) He BCTY-
naTh B IPSIMOM KOHTAaKT C BHYTPEHHUMU OpraHaMM
nauuenTa [2]. 3nayuenne MUX TpynHO NepeolieHUTh,
MMOCKOJIbKY MpH MPOBEACHUN ONepalrii He TPeOYIOT-
cs1 OoJIbllIMe pa3pe3bl, YMEHBIIAIOTCSI NOTEPU KPOBHU,
COKpalllaeTcsl Iepuoa BOCCTAHOBJICHUSI, CHUXKAETCS
PUCK MH(PUIMPOBAHMSI, YIYUYIIAIOTCS KOCMETUYECKUE
pEe3yJIbTaTHI.

OCHOBHYI0 MH(OPMALIMIO O COCTOSIHUU UCCeaye-
MOI TKAHU XHUPYPT IOJYYaeT ¢ MOMOIIBIO OCSI3aHMS.
Hanpumep, eciin ormyxoJyib CKpbITa B TJIyOMHE 30pPO-
BO TKaHW, OOHAPYXXWUTb €€ BU3YyaJIbHO MPAKTUUECKU
HEBO3MOXXHO. B CBSI3M ¢ 9TUM IJIsI JaJIbHEHIIIErO pa3-

Butusgs MUX HeobxoguMo co3maHue MHCTPYMEHTOB,
MMO3BOJISIIOLIMX TTOJYYaTh TAKTUIBHYI0 MH(GOPMAIIUIO.

B uensx cosmanust Takoro mHcTpymeHTa B HITK
"TexHONIOTUYECKUI HeHTp" OblIa pa3paboTaHa mam-
PUUa 4y8cmMeuUmenbHblX I1eMeHmo8 0asaeHus sl TIpU-
MEHEHHSI B COCTaBe arfrapara TaKTUJIbHOU JuarHo-
CTUKH, KOTOPBIN MpeaHa3HayeH ISl MCITOJb30BaAHMS
BO BpeMsl XUPYpTUUeCKuX onepauuii. Marpuua — 3To
KpeMHueBbIl Kpuctayur MUII-7, Ha KoTopoM pac-
MOJIOKEHBl CeMb MHTErpajbHbIX MpeoOpazoBaTesecii
JaBlieHUs ¢ MeMOpaHoit TommuHoi 18 = 3 mxm. Ka-
XIbIH TpeoOpa3oBaTesib MpeACcTaBIsieT co00i TeH30-
PE3UCTUBHBIN MOCT, KOTOPbI/A paccuuMTaH Ha paboty
B auamna3oHe gasieHuii 0...40 kIla, ¢ 4yBCTBUTENIbHO-
ctbio 0,4...0,7 mB/B/kI1a. TexHosiorust U3roToBJICHMUS
MMUII/I-7 BxmouaeT B cedst 10 poTonuTorpadpuueckux
LIMKJIOB, OAUH U3 KOTOPBIX MPOBOAUTCS MO 0OpaTHOM
cTopoHe 1nacTuHbl [3]. Mcnonb3yst HUKIBI 00BEMHO
MUKPOOOPAOOTKU KPEMHHUSI, yaaloCh MpUAaTh MaTpu-
11e rabapuTHbBIE pa3Mepbl, HEOOXOAUMBIE JJIsI UCTIONb-
30BaHMS SHIOCKONA cTaHAapTHOTO nuameTpa (10 MMm).
Marpuua npenHazHaueHa JUisi TpeoOpa3oBaHUST JIO-
KaJIbHBIX JABJICHUI B 3JIEKTPUYECCKUI CUTHAJI, KOTOPBII
B JajbHellleM oOpabaTbiBaeTCsl U TPEACTaBIISIETCS B
yIOOHOM IJisl BOCIIpUSITHUS (popMe.

C noMmollIblo MPOrpaMMHON CHUCTEMbl KOHEYHO-
aiieMeHTHOro aHanu3a ANSYS 6bU10 TpoBeaeHO KOM-
NbIOTEpHOE MoaeanpoBaHue Kpuctamwia MUII-7. Ha
OCHOBe paszpaboTaHHOI Mojaenau [4] u mapaMeTpoB
npeobpa3oBaTesiel ObLT IIPOBeAEH pacyeT aedopma-
LMK MeMOpaH YyBCTBUTENbHBIX 2JieMeHTOB. Ha puc. 1
(CM. BTOPYIO CTOPOHY O0JIOXKM) MOKA3aHO pacIrpeac-
JleHue aedopMaluy 1o ocu Z B CTPYKTYype KpucTalia
npu nasieHuun 40 kITa u Temnepatype +20 °C. Mak-
CUMaJIbHOE CMEIIeHUE MPOUCXOIUT B LIEHTPE MeMOpa-
HBI 1 cocTapisieT 0,43 mxM. KoHCcTpyKms Kpucrauia
MO3BOJISIET MMHUMU3MPOBATh B3aMMHOE BJIMSIHUE CO-
CceHUX TMpeobdpa3oBaresieli Moj Harpy3Koi.

Ha puc. 2 (cM. BTOpyio CTOPOHY OOJIOXKM) MHpemd-
CTaBJICHO pacrpeneieHue NHTEHCUBHOCT MeXxaHuye-
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Puc. 3. Ooumii Bun 3aekTponnoro moayas MITIM-7
Fig. 3. General view of MPDM-7 electronic module

CKUMX HanpspkeHui mo ocu X B Kpuctauie MUITI-7
npu papieHuu 40 kIla u Temnepatype +20 °C.

B uensx mpoBepku XapaKTepUCTUK MaTPUIIbI ObLT
U3TOTOBJIEH 3JIEKTPOHHBIN Moayab MITAM-7 (puc. 3),
B COCTaB KOTOPOTO BXOASIT CpPeACTBa OOpaOOTKU BbI-
XOJHOTO CUTHAJIa MATPULIbI.

Martpulia YyBCTBUTENIBHBIX 3JIEMEHTOB T'epMETUYHO
COEIMHSIETCS ¢ OCHOBAHUEM, BBIITOJIHEHHBIM I10 TEXHO-
JIOTUM MHOTOCJIOMHBIX MeYaTHBIX I1aT. B ocHoBaHuU
MIPEAYCMOTPEHBI OTBEPCTUS IS TI0JaUM JaBjieHus. 3a
KPUCTAJIJIOM pacIiojlaraeTcs IepexomaHas IjiaTta, KOTo-
pas CIyXUT MPOMEXKYTOUHBIM 3BEHOM MEXAy KpH-
CTaJUIOM M IUIaTo 00paboTku curHanoB. Kpucramn u
repexoaHasl TjiaTa 3allyileHbl MeTATTMYEeCKUM KOXKY-
xoM. Hike mpeacTaBieHbl MOJIyYeHHBIE B XOA€ dKCIIe-
PUMEHTAILHBIX MCCISAOBAaHUI 3HAUCHUS ITapaMeTPOB
npeobpasoBartesicii B COCTaBe MAaTPULIBL:

TuI BBIXOMHOTO CUTHAMA . « v v v v v e e e e n s AHaJIOTOBBIN
Hanpsikenuwe nutanust, B ... ... .. ... .. .. .. 5
HoMmuHanbHbINM guana3oH uaMmepenuii, klla. . . . . 0...40
BoixogHoit curHan, MB .. ... 55...65
HauanbHbiii pazbamanc mocta, MB . ... ... .. .. +6

Koadpuuuent venmuneitnoctu mpu +20 °C, % .. 0,07

TemnepaTypHblii KOO(MOULMEHT CMELIEHUST HYJIS,

%/10 °C oo 0,11
TemrepaTypHblil KO3GDMOUIIMEHT YYBCTBUTEIBHO-
cti, %/10°C . ... 0,21

JaHHbIe, TOJyYeHHBIE TTPU KOMITBIOTEPHOM MOJIE-
JIMPOBAHUM, OJIM3KMU K DKCIIEPUMEHTATbHBIM 3Haye-
HUSIM.

CoBpeMeHHbIe TEeHASHIIMY YKa3bIBalOT HA TO, UTO
HauboJjiee TPOABUHYTHIE TEXHOJOTMM KOMITOHOBKU
9JIEKTPOHHBIX KOMITOHEHTOB, Hampumep, 2,5D-uHrtep-
no3epbl Wian 3D-UHTErpalibHbIE CXEMbI, TaK UM MHAYE
cBoasTca K flip-chip-moHTaxy [5]. Bce BHelHue BbI-
Bonbl MUII/I-7 pacnonaraioTcs Ha JULIEBO CTOPOHE
KpHUCTala, YTO HE TOJbKO IMO3BOJISIET MCIIOJIb30BaTh
texHosioruio flip-chip MoHTaxka, HO 1 U30€KaTh BIIUSI-
HUS BHEIIHUX BO3ACMCTBUM NPU (PYHKIIMOHUPOBAHUH
YCTPOMCTBA Ha MEXCOEAMHEHUsI KpUCTaJslia.

JanpHelilye uccienoBaHus OyayT HalpaBiIeHbI Ha
yJIydllleHWe U COBEPLIEHCTBOBAHUE TEXHOJOTMU TaK-
TUJIBHOM TUAarHOCTUKM, B YACTHOCTH, Ha YBEJIUUYCHUE
TUIOTHOCTU YYBCTBUTEIbHBIX 3JIEMEHTOB JaBJICHUS B
CcOCTaBe MaTpHII.

Paboma evinosnena npu gurarcosoti noooepicke Mun-
ooprayku Poccuu 6 pamkax eocydapcmeennoeo konmpakma
No 14.577.21.0112 (ynukanvHotii udenmuguxkamop npu-
KAaOnbix Hayuubix uccaedoeanuii RFMEFIS7714X0112).
Paboma npoeodunace ¢ ucnoavzosaruem obopyo0osanus
LKII "®yukuyuonasvhviti KOHMPOAL U OUACHOCMUKA
MUKpO- U HaHocucmemHou mexuuku" nHa 6aze HIIK
"Texnonoeuueckuii yenmp".
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Crystal Modeling of the Tensoresistive Matrixes

of the Sensitive Pressure Elements

The work describes R & D of the tensoresistive matrixes of the sensitive elements of pressure manufactured in accordance with
the technology of volume microprocessing of silicon. The matrix is intended for use as a part of the devices for the tactile diagnostics

of the minimally invasive surgery.

Keywords: tactile sensor, MEMS, minimally invasive surgery
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Technologies of tactile sensing find their application in
medicine and robotics. For tactile sensors MEMS devices are
the most appropriate. They can ensure competitive advantages
thanks to their possible batch production, tiny dimensions
and expanded opportunities. In medicine a trend is observed
for incorporation of MEMS devices in the surgical tools.
MEMS technologies allow surgeons to obtain information on
the density and temperature of an investigated tissue in a real
time mode. Besides, MEMS technologies ensure more effec-
tive and fast methods for capture, cutting and extraction of
tissues, improving the results of the surgical treatment [1].

In open operations a surgeon gets an access to the organs
and tissues and can manipulate them freely. However, in
many cases a cut, providing an access to the required area,
can injure a patient more than the operation itself.

Methods of the minimally invasive surgery (MIS) are now
rapidly developing because they allow a surgeon not to come
into a direct contact with the internal organs of a patient [2].
The importance of MIS can hardly be overestimated, because
an operation with their application does not require big cuts,
the loss of blood and risk of infection are lower, rehabilitation
period is shorter, and the cosmetic results are better.

A surgeon receives information concerning the condition
of an investigated tissue mainly by means of a touch. For
example, if a tumor is hidden in the depth of a healthy tissue,
it is practically impossible to detect it visually. In this con-
nection in order to advance MIS we have to develop tools, al-
lowing us to obtain the tactile information.

For this purpose NPK Technological Centre developed
a matrix of sensitive pressure elements for a device of tactile
diagnostics for use in surgical operations. The matrix is
MIPD-7 silicon crystal, on which seven integrated pressure
converters with 18 £ 3 um-thick membranes are located. Each
converter is a tensoresistive bridge intended for operation at
pressures of 0...40 kPa with sensitivity of 0,4...0,7 mV/V/kPa.
Manufacture of MIPD-7 includes 10 photolithographic cy-
cles, one of which is done on the reverse side of a plate [3].
Due to volume microprocessing of silicon, it became possible
to make a matrix of the dimensions, necessary for application
of an endoscope of a standard diameter (10 mm). The matrix
is intended for transformation of the local pressures into the
electric signals processed further and presented in a form,
convenient for perception.

By means of ANSYS program system of final-element
analysis a computer modeling of MIPD-7 crystal was done.
On the basis of the model [4] and parameters of the converters
the deformation of the membranes of the sensitive elements
was calculated. Fig. 1 (look at the figure on the 2-nd page of
the cover) demonstrates its distribution on axis Zin the crystal
structure at pressure of 40 kPa and 20 °C. The maximum dis-
placement of 0,43 um occurs in the membrane centre. The
design allows us to minimize the mutual influence of the
neighboring converters under loading. Fig. 2 (look at the fig-
ure on the 2-nd page of the cover) presents distribution of the
intensity of the mechanical stresses on axis X in MIPD-7
crystal at pressure of 40 kPa and 20 °C.

With a view to check the matrix characteristics, MPDM-7
electronic module (fig. 3) was made, the structure of which
includes means for processing of the output signal of the matrix.

The matrix of the sensitive elements is tightly connected
to the basis made by technology of the multilayered printed-
circuit boards. In the basis there are apertures for a pressure
supply. Behind the crystal is a transition board, an interme-
diate link between the crystal and the board for signal process-
ing. The crystal and the transition board are protected by a
metal case. The Table below presents the parameters of the
converters within the structure of the matrix obtained during
the investigation:

Type of the output signal . . .. .................. Analog
Supply voltage, V . .. ... ... .. ... ... 5
Specified measuring range, kPa. . ................ 0...40
Output signal, mV. . ......................... 55...65
Initial unbalance of the bridge, mV............... +6
Nonlinearity factor at +20 °C, % . ............... 0,07
Temperature coefficient of displacement of zero,

%710 °C . 0,11
Temperature coefficient of sensitivity, %/10 °C ... ... 0,21

The data obtained as a result of computer modeling are
close to the experimental values.

The trends demonstrate that the most advanced techno-
logies for configuration of the electronic components, for
example, 2,5D interposers or 3D integrated schemes, boil
down to a flip-chip assembly [5]. All the external terminals of
MIPD-7 are situated on the crystal’s face, which allows us to
use the technology of the flip-chip assembly and avoid the ex-
ternal influences on the crystal interconnections during op-
eration of the device.

The aim of the further research works will be perfection of
the tactile diagnostics technology, in particular, increase of
the density of the sensitive pressure elements in a matrix.

The work was done with financial support of the Ministry of
Education and Science of the Russian Federation within the
Jframework of the state contract No 14.577.21.0112 (unique iden-
tifier of applied scientific research REFMEFI57714X0112). The
work was implemented with the use of equipment of TsKP Func-
tional Control and Diagnostics of Micro- and Nano-system
Technologies, based on NPK Technological Center.
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2 SApocnaBckuit punman puznko-TexHogorndeckoro nuHcturyra PAH

CAMOOPIAHU3ALUNOHHDBIE NMPOLUECCHI B XOAE SAEKTPOAUTUHECKOTIO

HAHOCTPYKTYPUPOBAHUA KPEMHUA

Ilocmynuna 6 pedaxyuro 15.12.2014

IIpedcmaeaensi sKcnepumenmanvHvie U meopemuyeckue 0aHHvle, KOMopble C8UOeMeAbCmEYIOm 0 HAAUMUU NPOYECcco8 Camo-
OP2aHU3AYUU 8 CUCmeMe INEKMPOIUM/NOAYNPOBOOHUK. DMU NPOUECCHL BbIPANCAIOMCA KAK 8 PA3MUMHOU OUHAMUKe NPOMEKaHUs.
AHOOUPOBAHUS 8 3ABUCUMOCIU OM NAPAMEMPO8 Npoyecca, maxK U 6 QopmMuposarHul GpaKmaibHbiX NOPUCMbIX KAACMEPO8 6 KO-
HeuHOM pe3yabmame, 8 MOM uucie U Ha HaHomacwmaoax. Pazpabomansl anasumuueckue modeau, onucsl8aloujue 6ce nepedic-

JIeHHble A6/1EHUA.

Karouesnie croea: camoopeanusayus, nopucmolii Kpemuuli, 6uyypkayus, ppakmansHole ceolicmea, HAHOPaA3MepHbvle Kaacme-

Dbl, AHOOUPoBaHUe NOAYNPOBOOHUKO8

BBenenue

ITpyHUMIT camMoOpraHM3alMK SIBJISIETCS OJHUM M3
001IMX, 0a30BBIX MOJIOKEHUI B 00bICHEHUU (yHOa-
MEHTAJIbHBIX aCMEKTOB COBPEMEHHOTO MUPOYCTPOIi-
ctBa [1, 2]. ITogoOHBIe BOIpOCHl OOILETO XapakTepa
BO3HMKAIOT U MPU UCCIIeTOBAaHUM HATIpaBIeHUS pas-
BUTUS MPOLIECCOB TpaHC(HOPMALIMU CTPYKTYphI TO-
BEPXHOCTU U 00beMa TBEPAbIX TeJ MPU UX B3aUMOeH -
CTBUHU C XUMHUYECKU aKTUBHBIMU CPEIaMM, UTO HAXOIUT
CBOE NMPUMEHEHUE MPU HAHOCTPYKTYPHON MoauduKa-
LIMA CBOWCTB MOBEPXHOCTU U 0ObeMa 3JIEKTPOHHBIX
CHCTEM. DTU BOIIPOCHI KacaroTcsl XapaKTepHOIo OT-
KJIMKa CUCTeMbl Ha BHEIIIHee BO3IEMCTBUE, BhIpaXKalo-
1ieecs 1100 B GOPMUPOBAHUM CTPYKTYP MTOHUKEHHOM
Pa3MEpPHOCTH C pa3nyHol Mopdosorueit, 1mdo Haau-
YU pexkruMa dJIeKTPOIIOJUPOBKHU, a TAKXKe CMEHBI pa3-
JIMYHBIX AMHAMWYECKUX PEXKUMOB aHOIUPOBAHUS U AP.
BaxkHBIM acIekToM I HaHO- U MUKPO3JIEKTPOHUKHU
SIBJIIETCS] TIOHUXKEHUE Pa3MEPHOCTU IPOCTPaHCTBA
MPU XMMUWYECKOM U 3JEKTPOXMMUYECKOM BO3AEHCT-
BUM aKTUBHBIX Cpell Ha Psi TBEPAOTEIbHBIX COSIUHE-
HU. DTUMU COEAMHEHUSMU SIBJISIIOTCS BElleCTBa, 00-
Jlafarole Kak MeTaJuTMYeCKUMHU, TaK U TTOJTYITPOBOI-
HUKOBBIMU CBoicTBaMU. B MOAOOHBIX COeNMHEHMSIX
BO3MOXHO MPOTEKAaHNE XUMUIECKUX JINOO DIIEKTPOXH -
MMYECKUX peakluil, MpUBOASIIMX K (DOPMUPOBAHUIO
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MOPUCTOTO MpocTpaHCTBa |3, 4]. XapakTepHbIMU OCO-
OCHHOCTSIMM OTMEUYEHHBIX BBIIIIE ITPOILIECCOB SIBJISIOT-
csl, BO-TIEPBBIX, ITPOTeKaHUE peaklMil yepe3 MOBepX-
HOCTb pasiefia ABYX Cpel, W, BO-BTOPbIX, U3MEHEHUE
3apsIIOBBIX COCTOSIHUI BEIECTB, HAXOASIIUXCS B KOH-
TakTe. M3MeHeHUe 3apsimoOBOTO COCTOSIHUSI CHCTEMBI
MOXET OBbITh, CJI€A0BATEIbHO, CBOCOOPAa3HbIM MHIMKA-
TOPOM aKTHUBALMU OMpPEAEJIEHHOTO poia MpOoLECCOB.
TexHOIOTMYECKN OCBOSHHOM K HACTOSIIIEMY BpeMEHHU
CUCTEMOM TaKOro poda SBJISIETCS MOPUCTBIA KPEMHUIA
(ITK), pa3nuuHbIM acrieKkTaM (OPMUPOBAHUS U UC-
MMOJIb30BaHUsI KOTOPOTO IOCBsIIIEHa MHOTOYMCIIEHHAs
Hay4yHasi autepatypa (063opsl [3—5]). HecmoTps Ha
00JIbIIIOE KOJUUYECTBO HAYYHOMW JIUTEPATYypPhl, TTOCBSI-
IIEHHON MCCAEIOBAHUIO PA3IMUYHBIX aCMEKTOB MpPO-
OJieMbl peakliMd CUCTeMbl Ha BHEIlIHEe BO3ACHCTBUE
MMOHMXXEHUEM Pa3MEePHOCTH OTHOTO M3 KOMIIOHEHTOB
CJIOXKHOM CUCTEMbI U Pa3BUTUEM IOBEPXHOCTU pasfe-
Jla, OKOHYATEJIbHOr0, OOILIEMPUHSITOIO PeIIeHUST BCEX
TEOPETMYECKIX MOMEHTOB 3TUX SIBIICHUI K HACTOSIIIE-
My BpEMEHU He cylecTByeT. OMHUM U3 TaKUX Hepe-
IIEHHbIX MOMEHTOB SIBJISIETCSl TPOLIECC CUHXPOHM3A-
LIMM BJIEMEHTAPHBIX aKTOB, COCTABJISIOLIMX MPOLECC
AHOIMPOBAHUS KPEMHUsI B PAcTBOpax IUIABUKOBOU
KHUCIOTHL. B 11ie10M psime paboT ObLIO MPOAEMOHCTPU-
POBAaHO HAJIMYME PEKMMOB aHOAMPOBAHUS, COMPOBO-




KIAIOIIUXCST TIEPUOJNUYECKUMMU M3MEHEHUSIMUA TUHA-
MUUYECKUX MapaMeTpoB CHUCTEMbI, HAIIpUMEpP TOKAa U
HanpsikeHus [6—11]. KpoMe Toro, nmpoiiecchl camMo-
OpraHu3alliu, BbIpaXarolmecs B NepUoaniecKoM 13-
MEHEHMU TOKAa U HampsDKeHUs, HAOMIOJalNCh B CEH-
COPHBIX CHMCTeMaxX Ha OCHOBE HU3KOPA3MEPHBIX CHUC-
TeM, a TaKxXe MOPUCTOro KpeMHHUS. DTU (PaKThl CBU-
JIETENbCTBYIOT O BIMSIHUM TIPOLECCOB, MPOTEKAOLINX
BOJIM3U TpaHMULbI pasaesia cped, Ha (popMuUpoBaHUe
COBOKYITHOT'O OTKJIMKA CHUCTEMbI B XOJe AWHaAMHYe-
CKOTO U3MEHEHUS CTPYKTYpbl (ppoHTa MOaUDUKALIMA
TBEPAOTEIbHON COCTABIISIOLICH.

OnHUM M3 acIeKTOB, BbI3bIBAIOIIMX HEM3MEHHbIH
uHTepec npu uccienoBaHuu cBoictB I1K, sBasiercs
u3yuyeHue (pakTagbHbIX XapaKTepUCTUK CHOPMUPO-
BaHHBIX MIOPUCTBIX CTPYKTYP. DTO MOXET CBUICTEIbCT-
BOBaTbh O HAJIMYMU YHUBEPCAIBHOTO (DpaKTaJIbHOTO Me-
XaHU3Ma (POPMUPOBAHUS MOPUCTOIO MPOCTPAHCTBA, O
yeM YIOMHUHAJIOCh B pabote [12]. B padore [13] npen-
CTaBJieHa TeoMeTpuYecKasi MoJesib MOPUCTOTO KpeM-
HUS, KOTOpasi OCHOBaHa Ha (hpaKTaJbHbIX MOCTPOE-
Husx. PesynbraThl Mogenu [13] cpaBHUBAIOTCS C OI-
TUYECKUMU U3MEPEHUSIMU, CBUICTECIbCTBYIOLIUMU O
COIVIACUMM 3KCIMEPUMEHTAbHBIX U TEOPETUUECKUX TTO-
CTPOEHUIA Iy p-Thna KpeMHus. B padore [14] Ha oc-
HOBE 9KCMEPUMEHTAIbHBIX UCCICIOBAaHUN BOIOPOIAHO-
o TOKPBITUSI HAHOIMOPUCTOTO KPEMHUsSI p-TUIIA Cle-
JIaH BbIBOJI O (bpaKTaJIbHOM Mpupoae chopMUpPOBAHHOM
TMOPUCTOI TTOBepXHOCTU. PazpaboraHa Takke dpak-
TajbHasl MOJEb, ONMUChIBaloLas Mopdooruio chop-
MUPOBaHHBIX HAHOKPUCTAJIUTOB, KOTOpasi MMeEeT
¢pakTanbHyl0 pasMepHocTh 2,1...2.4.

B Hacrogieir pabore paccMaTpuBaeTcsl OOLIMIA
MOAXO/ TIOJIyYEHUST TIOPUCTOro KpeMHUsI ¢ ppakTaib-
HBIMM CBOMCTBaMU METOJOM aHOAHOTO TpaBJeHUSs Oe3
CO3IaHMs CIIeIIMaIbHBIX 3aTPAaBOK. DTO MO3BOJISIET T10-
HSITh BO3HUKAIOIIME MTPOLIECCh CAMOOPTraHU3alM1 KaK
B 0011Ieii peaklMM CUCTEMBbI, TaK U B MOBEIECHUU M-
HaMHUYECKHX TTapaMeTpOB, YIIPABISIONINX BCEil crCTe-
MOIi, B TOM YMCJI€ U OTIAEIbHBIMU €€ KOMIIOHEHTaMHU.

DKCIEPUMEHTAJIbHBIE JAHHBIE MO KOJ1e0aTeIbHbIM
npoueccaM npu aHOJAHPOBAHMH KPEeMHHS
H CBOICTBA MPUTPAHUYHOIO CJIOS

HccnenoBaHrue mOIMEPEeYHBIX CKOJOB ITOPUCTHIX
CTPYKTYP TTO3BOJIMJIO OOHAPYKUTh 3aKOHOMEPHOCTb,
CBA3aHHYIO C IEPUOANYECCKUM N3MCHCHUEM ITapaMeET-
POB CHCTEMBI KPEMHUIA — 3JIEKTPOJIMT B XOI¢ aHOIM -
pOBaHUS: TOJIIMHA CTEHOK ITOp MEePUOINYECKUA Me-
HSETCA C F.TIy6I/IHOI71 B COOTBETCTBUU C aHAJIOTUYHBIM
M3MEHEHUEM ITapaMeTPOB CUCTEMBI ¢ TEYCHUEM Bpe-
MEHU. DT 3aKOHOMEPHOCTU TOAPOOHO OIMMCAaHBI B
pabotax [9—11]. ®ororpadust TOTOOHOI CTPYKTYPHI C
MepUOANYECKU U3MEHSIOIIMMCS IIPOMUIEM NOPUCTHIX
KaHaJIOB IIpYBeIcHa Ha puc. 1.

Puc. 1. Ilepuoauueckne u3MeHeHHs1 MOPUCTOI CTPYKTYPbI BAOJIb Ka-
HAJIOB TOP

Fig. 1. Periodic changes of the pore structure along the pores’ channels

OTMETHM, YTO LIETIOUKA IIEKTPOXUMNIECKIX peaK-
LIMIA B KPEMHUU, COOTBETCTBYIOIAs PEaKLIMsIM MTOPO-
o0pa3oBaHUs, HE SIBIISIETCS OKOHUYATEJIbHO YCTAHOB-
JIEHHOM K HacToseMmy BpeMeHU. B pabdote [15] (cMm.
takxke [3, 4, 16]) npemroxeHa Hanbosree OOIIENTPUHSI-
Tasg MoAeJb MOCJIeA0BaTeIbHOTO (GTOPpUPOBAHUS TIO-
BEPXHOCTU. DTa MoJeab 0a3upyeTcsl Ha TeOpUHU, pas-
BUTOI B padorte [17].

HccnenoBaHue cBOIMCTB MHTepdeiica CUCTEMbI AJIeK-
TPOJIUT — TIOIYIIPOBOIHUK C TOUKH 3PCHUS UMITCHaH-
ca JIJIs1 TPOIIECCOB MOPOOOPA30BaHUs TIPEACTABICHO B
pabore [18]. B aT0i1 paboTe OoTMEYaeTCsI, YTO PEXUM
MopooOpa3oBaHMS XapaKTepU3yeTCs HATMYUEeM OTHOM
MeTAr, UMEIOLEH OTPULIATESbHYIO YacTh 3aBUCUMO-
CTH, a IIPOMEKYTOUYHBIN PEXUM — HAIMYHUEM IBYX TIe-
TeJb, IPUYEM OJHA U3 HUX HE MMEET OTpHULIATEIbHOM
YaCTH 3aBUCHUMOCTH. DJICKTPOTIOIMPOBKA XapaKTepy -
3yeTcsl HaJuMyMeM JBYX IeTesb 0e3 oTpuuaTebHOMN
yacTu 3aBucuMOCTU [18]. DTO MOXET TpaKTOBaThCs
Kak ¢opMUpOBaHUE CI0S CO CeUMPUIECKUMU CBOI -
CTBaMM Ha TTOBEPXHOCTH KpeMHHMS. [1pumnoBepXHOCT-
HBIN 3apsa B 3TOM CJIO€ OTPEAeNIsieTCsI eMKOCTHBIMU
CBOMCTBAMU MMIIEIaHCa, a YaCTOTHbIE 3aBUCUMOCTU
TO3BOJISTIOT BBISIBUTH CIIEIIM(PUUECKIIE YaCTOThI, KOTO-
pble XapakTepu3ylOT AMHAMUKY 3apsIKd 3apsiiOBBIX
neHTpoB. opMupoBaHKUe AUBICKTPUUECKON TIICHKH
MPUBOAUT K HAJMUYMIO MOBEPXHOCTHBIX COCTOSIHUI —
"OBICTPBIX" Ha TPaHUIE TJICHKU C TMOJYIIPOBOTHUKOM
¥ "MeJJICHHBIX Ha TpaHUIIE TUIEHKU C 3JEKTPOJIUTOM.

B nuHamuky oOMeHa HOCUTENISIMU 3apsiia MeXXIy
IBYMST Pa3IMIHBIMM CpeIaMU BHOCST CBOM BKJIaH TTO-
BEPXHOCTHBIE COCTOSTHUSI. OHM MOTYT (hOPMUPOBATHCS
pY 00pa30BaHUM ITOBEPXHOCTHOTO ANAJIEKTPUUECKO-
IO CJIOS CJIOKHOTO COCTaBa B XOJE 3JEKTPOXMMUYE-
CKMX peakluil mopoodbpazoBaHus, O YEM CBUACTENb-
ctBytot uccienoBanuss MK cnekrpos [12]. UK cnek-
TPbl CBUAETEJIbCTBYIOT 0 Hanuuuu Si—H, O—Si—H,
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Puc. 2. 3aBucumocTn Hanpsikenus UB cucTeMe 3JIEKTPOJMT — KpeM-
HMii 7-THIA OT BPEMEHM 7, CHATbIE B X0J€ AHOAMPOBAHMUSA MPH pa3-
JIMYHBIX YCJIOBHAX ISl PACTBOPA 3JIEKTPouTa, cocrosimero n3 HF u
UIIC B coornomenun 1:1 no odnemy

Fig. 2. Dependence of U in the system "electrolyte — n-type silicon" on
the time t, obtained at anodizing under various condition for the HF and
1PA electrolyte soltution in a ratio of 1:1 by volume

Si—O—Si u npyrux cBsi3eil B MPUITOBEPXHOCTHOM 30HE
nopuctoro kpeMuus [12]. Kpome toro, ¢prop u3 anek-
TPOJINTA CITOCOOEH MTOCTATOYHO TIIYOOKO MPOHUKATH B
KpEeMHUI Mo MOBEpPXHOCTh pasmena cpen [19]. Ot-
METUM, YTO aHAJIOTMYHOE SIBJICHUE IJTyOOKOro Mpo-
HUKHOBeHHUS (TOpa B KpeMHUI1 HabytomaeTcs U Mpu
IJIa3MOXMMUYECKOM TpaBJIEeHUU KpeMHUs BO (GTOp-
comepxammx coeanHeHUIX [20]. PTop TakXKe CIOCo-
OeH BJIMSATb Ha COCTOSIHUE TPUIIOBEPXHOCTHON IOU-
3JIEKTPUYECKON TUIEHKN, MOIUMUIIAPYS €€ CTPYKTYPY.
OOBIYHO HAa BHYTPEHHE! MOBEPXHOCTU AUAJIEKTPUYE-
CKOTO CJI0SI HaXomsATCs "OBICTPhIe" TTOBEPXHOCTHEIC CO-
CTOSTHMSI, KOTOPBIE XapaKTepPU3YIOTCsSI BpeMEHEM 3a-
XBaTa HOCUTEJIEH 3apsiia mopsiaka 1078...1073 ¢. Ha
BHEIITHE# TMTOBEPXHOCTH TUAJIEKTPUIECKOTO CIIOS TIPH-
CYTCTBYIOT "MeIJIEeHHbIE COCTOSIHUS" ¢ OOJBbIINM Bpe-
MeHeM 3axBata — ot 1073 ¢ 10 HECKOJIBKUX 4acoB. ITpo-
HUKawluit ri1ydoko B odpasel; KpeMHUsI GTOp CIIO-
cobeH MOIMMUIINPOBATH MPUITOBEPXHOCTHBIN CITON U
dopmupoBaTh LIEHTPHI 3aXBaTa 3apsiga BHYTPU KpeM-
Hus [19]. B KUHETUKY MPOLIECCOB B CEHCOPHBIX CTPYK-
Typax Ha ocHOBe 1K BHOCST cBOIt BKJIam "MeIIcHHBIC
cocTosiHuA". JIMHaMuKa mpoleccoB MOpooOpa3oBaHUs
W peakIusi CEHCOPHBIX CTPYKTyp Ha ocHoBe 1K Ha
BO3IeCTBUE aTMOChEPDl TOJSIPHBIX MOJIEKYJI UMEIOT
MHOTO OOUIEro.

Ilepe3apsiaka cOCTOSTHUI MOXKET MPUBOAUTD K TO-
My, 9TO TaJieHWe TIOTeHIIMAJla Ha AWBJICKTPUUECKOM
IUIeHKe OyIeT MpPersITCTBOBaTh NMPOHUKHOBEHUIO 3a-
psiia onpeneseHHOro 3HaKa yepe3 Ty IUIeHKY. B aTom
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cayyae majeHue MOTeHIIMaNa B IMIEHKE HY>XXHO B3STh
¢ 00paTHBIM 3HAKOM, YTO HEOOXOIMMO yYeCThb B CO-
OTBETCTBYIOIINX ypaBHeHMAX. [lepesapsaka moBepx-
HOCTHBIX COCTOSIHUI MOApOOHO M3yyajach B paboTax
[21, 22], B KOTOpPBIX OTMEUYAIOCh, YTO TMOSIBJIEHHUE OC-
LWUISIIMOHHBIX SBJAEHUM CBSI3aHO C HaIlpaBJIeHUEM
npoxojga BAX (BHauajge — OT MUHYca K IUTIOCY JIMOO
Hao0opoT). ToJIbKO B OMHOM U3 3TUX CJIy4aeB UMEETCS
YYaCTOK C OTpHULIATebHOU nuddepeHManbHOi Mpo-
BOIVMMOCTBIO, TIE CHJIa TOKa Yepe3 CUCTEMY YMeHbIIa-
€TCS1 C YBEJIMUEHMEM HaIlpsLKeHUsI. DTOT yyacTOK CBsI-
3aH ¢ OCUWIISIHUOHHBIMY TIpOLIeCCaMU TSI TMHAMM-
YeCKMX TIepeMEHHBIX (puc. 2).

Ha puc. 2 xpusas I orobpaxaeT 3aBucuMoctb U(7),
COOTBETCTBYOLIYIO hopmupoBanuio [1K HyneBoro Tm-
na Mop@OoJIOTUH, KprBasg 2 oToOpaxkaeT 3aBUCUMOCTh
U(f) nns mepBoro tumna mopdoioruu, Kpusas 3 — U(7)
JIJIs1 BTOporo tuiia mopdonorun, kpusas 4 — U(f) nns
TpeThero Tumna mopdojoruu. 3aBucumoctb U(?) ams
pacTBopa 3jieKTpojuTa, cocrosinero ud3 HF u uzo-
nponanoja (UIIC — u3onponuaoBelil CIUPT) B CO-
oTHoOIIeHNH 1:3 1Mo 06BEMY, OTpaxkeHa KpUBLIMU 3, 0,
CHSITBIMU TIPU PA3JIUYHBIX YCIOBUSIX OCBEIICHUST aHO-
IupyeMoro obpasiia, IIpudeM 3aBUCUMOCTb 6 COOT-
BETCTBYET 0oJiee BBICOKOW WMHTEHCHUBHOCTH OCBEIIE-
HUSI aHOAMPYEeMOro odpaslia Mo CPaBHEHUIO C 3aBU-
CUMOCTBIO 5.

CornacHO MOAENIM TIPOLIECCOB 3JIEKTPOXUMMUYE-
CKOro TpaBJIeHUs, IIpemiokeHHoi B padote [15], ¢
MMOBEPXHOCTHIO pa3iesia ABYX Cpel IMIPOMCXOIUT OOMEH
3apsiiaMuy o0erx 3HaKOB. 3axBaT MOBEPXHOCTHBIMU CO-
CTOSIHUSIMU HOCUTENIel OTpULIaTEIbHOTO 3HaKa (dJ1eK-
TPOHOB) 3aTPYAHSIET UX TOCTaBKY K noBepxHocTu. O06-
pasyeTcsi HECUMMETPUYHBI Oapbep, KOTOpbINA TIpe-
MSATCTBYET MPOHUKHOBEHMIO 3aPSKEHHBIX PeareHTOB K
MECTY peakiivii, a TakXe MX paBHOBECHOMY JBUXe-
HUIO0. DTOT (PakT 0OyCIOBIMBAET CMEHY 3HaKa IIpU
NaJieHuuU noTeHuuana V,; = eeh (B eAMHULIAX SHEPTUM,
npuyeM V= eU, U — pa3HOCTb MMOTEHLIUATIOB B BOJIb-
Tax, e — 3apsia BJEKTPOHA) B IUJIEKTPUUYECKOM TIIeH-
Ke B 4JeHe, OIMCHIBAIOIEM BEPOSTHOCTb yXoJa B
peakiuio (1;1), € — HaIpSIXKEHHOCTb MOJISI B IUIJIEK-
TPUUECKOU TIJIEHKE, A — TOJIIMHA AUBJEKTPUUECKOMN
mwieHku. Bug BAX B 3TOoM ciyyae IJIsI CEHCOPHBIX
cTpykTyp Ha 6a3e 1K coBnamaet ¢ BAX a5t mpouecca
aHonupoBaHUs KpemHus B pactBopax HF, kortopas
npeacrasiaeHa B pabote [11]. Ha stux BAX ocummis-
L1SIM TPeaIIecTBYeT YYaCTOK C OTpUlLATeIbHON Aud-
depeHuMaabHONM MpoBoauMOcThio [11]. JAuHamMuka
BAX nis1 mpoliecca aHOAUPOBaHUSI KPEMHUSI B pac-
tBopax HF B 3aBUCHMOCTU OT yCIIOBUII SKCIIEpUMEHTA
MpU HATWYKUU OCLIMJUISILIMM AUHAMMYECKUX TapameT-
poB u3y4yanach B pabdorax [7—11] u npeacraBieHa Ha
puc. 2.

Takum o0Opa3oM, 3KCHepUMEHTAJbHbIE AaHHBIE
CBUIIETEILCTBYIOT O HAJTMYMKU CUHXPOHHBIX TIEPUOIH-
YECKUX MPOLECCOB B CUCTEME KPEMHMI — 3JICKTPOIUT




Ha OCHOBE TUTABUKOBOM KHUCJIOTBHI. DTHU MPOLIECCHI CBSI-
3aHbl C aKTMBHBIM OOMEHOM 3apsSLKEHHBIMM KOMIIO-
HEHTaMU MEXIY Pa3IMIHBIMUA CpeIaMu Yepe3 TTOBepX-
HOCTHBIE cocTosiHUSI. CBOMCTBA 3TUX COCTOSIHUI MOTYT
paguKalbHbIM 00pa3oM MEHSIThCS KakK IMoj AeiCTBUEM
MOJIEKYJ (aTOMOB) cpelbl, TaK UM MNpU MOAMGUKALIAN
CaMoil TOBEPXHOCTU, B YACTHOCTH, B Mpoluecce dhop-
MMPOBaHMsI TOHKOTO AMAJIEKTpUIECKOro cios. Bee atn
(hakThl COCOOHBI CYILIECTBEHHBIM 00Pa30M BJUSThH Ha
IUHAMUKY TIPOTEKAIOIINX B CUCTEME IPOLIECCOB.

Cucrema ypapHeHmii
JUISl TMHAMMYECKHX NepeMeHHbIX

CucreMa ypaBHEHUi, ONMChIBAIOlIas TWHAMUKY
MMPOTEKAIOLINX B CUCTEME IIPOLIECCOB, BBINJISIAUT Clie-
JIYIOLIUM 00pa3oM:

r,-r
%z LNy 2Py (1)
‘CA Td Ts
_ 2/3
LN K -Npiln 0
Tr Tr Ts
dh, _
W =G— phpN_ th: (3)

0 0 —
rne v, = 1, exp{(E; — ech)/kgT}, 1, ~ 10712 ¢ — xa-
PAaKTEPHOE BPEMS MOJIEKYJIAPHBIX KojebaHuii, £ —
BbICOTa Oapbepa; E; = E; — eeh — BbICOTA MOBEPXHO-

CTHOTO Gaphepa, N3MEHSIONIAsACs 3a CUeT BOZHUKHOBE-
HUS B IIOBEPXHOCTHOU IUICHKE 3JEKTPUYECKOTrO IOJIS;
kp — mocrosaHHaa bonbuMmaHa; p,

U — COOTBETCTBYIOLIUE KOADDULIM-
eHTbl; I’ — cyMMapHasi MOBEpPXHO-

VYpaBHeHue (1) onmMchIBaeT KUHETUKY MPUX0OAa/yxona
Ha TTIOBEPXHOCTHBIE COCTOSHUSI HEUTPAIBHBIX TTOJISIP-
HBIX MOJIEKYJI. B mpaBoil yactu ypaBHeHus (2) nepBoe
cjaraeMoe €CTh YHCJIO 3apsSKEHHBIX MOJISIPHBIX MOJIE-
KyJ1, OOpa3ylonmxcs B pe3ysibTaTe TYHHEIUPOBAHUS
3JIEKTPOHOB, BTOPOE CJIaraeéMoe — YHCJIO 3aPSKEHHBIX
MOJIEKYJI, TEPSIIOIINX 3JIEKTPOH B pe3yJibTaTe 00paTHO-
TO TIpoliecca, TPEThe cllaraeMoe — ITOTOK 3apsDKeHHBIX
MOJIEKYJ1, MOKUIAIOIIMX MOBEPXHOCTh aKTHBALIMOHHBIM
obpazoM. OTMETUM, YTO TeopeTHYecKasi MOIesb MO-
BEPXHOCTHBIX MPOLIECCOB, OCHOBAHHAsI Ha YpaBHEHU-
sax (1)—(3), 10CTaTOYHO XOPOILLIO paboTaeT AJIsl O0bsIC-
HEHMS TIPOLIECCOB TPaBJeHUS KpeMHUsI Bo (Topco-
JepKallieil miaa3Me, 0 YeM CBUIETEbCTBYET aHaIu3
OCHOBHBIX 2KCIIEPUMEHTAIBHBIX HaHHBIX. Kpome To-
ro, UMeeT MECTO COOTHOlleHUe ¢ = 4neN/e,.

Hnst pemieHust cuctembl ypaBHeHuit (1)—(3) ux
yIoOHO o0e3pa3MepuThb. PellieHre cucTeMbl YpaBHEHUI
(1)—(3) npoBOAMIOCH YUCIEHHO, IIPUYEM SKCIIOHEHTA
B IIOKAa3arelie BETUYNHBL T, = ‘cg exp{(E; — ech)/kpT}
pacKyIanbIBaach B s 1o napamerpy Y = esh/kgT no
TPETbEU CTENEeHU BKIIOUUTEIBHO, Ili€ BeJUUMHA € OTl-
penensnaachk popmyioit € = 4neN/e;. 3HaK nipu napa-
MeTpe Y B OKCIMOHEHTE 3aMEHSICS Ha MPOTHUBOINO-
JIOKHBI B CBSI3W C Iepe3apsiiKoil MOBEPXHOCTHBIX
COCTOSIHMH, (hr3ryecKas MpUYMHA 3TOr0 OTMeyasach
Bbllle. PelieHue mpeacTaBiIeHHON CHUCTEMbl ypaBHE-
Huit (1)—(3) m1s1 6e3pa3MepHbBIX EPEeMEHHBIX X(1), (1),
z(t) Opu COOTBETCTBYIOLIMX 3HAUYEHMSIX TNAapaMeTPOB
MpeacTaBieHo Ha puc. 3. MOXHO TakkKe TpaKToBaTh Ie-
PEMEHHYIO /1,, OMUCBIBAIOLYIO KOHLICHTPALIMIO ABIPOK,
KakK TPUITOBEPXHOCTHYIO KOHILIEHTpalulo, u3Mepsie-

CTHasg KOHIIEHTpaLUMWs HeHUTpab-
HBIX W 3apsSKeHHBIX MOJIEKYIT (aTo-
MOB, MOHOB); I'; — KOHLEHTpaLus
AKTUBHbBIX LIEHTPOB acOpOLUU (COB-
Majamoias ¢ KOHIEHTpAIMeil JToBy-
1ek); N — KOHLEHTpaLus 3apsiKeH-
HBIX MOHOB ((TOpa); T4, T; — Xapax-
TEpHBIE BpeMeHa amcopOoIuu/me-
COpOIMU  HEUTPAJTbHBIX MOJIEKY
(aToMOB); T, — BpEMsI aKTUMBALMOH-

HOro mpeononeHus (yxoaa) ImoBepx-
HOCTHOTO 0apbepa 3apsKeHHON MO-
JIEKYJION (MOHOM); Ty M T — Bpe-
MeHa TIPSIMOTO M 0OpaTHOTO TYHHE-
JIMpoBaHMsT HocuTess 3apsiga. OtMme-
TUM, YTO COIJIAaCHO BbIBOAAM pPabOT
[3, 4, 16, 17], akTUBHBIMU aTOMaMu
(MoHAMM) SIBJISIOTCSI, IIPEXIE BCETO,
aroMbl ¢ropa. Ilpu cocraBreHun
ypaBHEHUST TIpeHeOperajoch 3aps-
JIOM, COCPEIOTOYEHHBIM B ILUICHKE.

Puc. 3. Pemenns, npeacrasisiomue ¢okyc. Pazsopor oceii Koopaunar x, y, 7 4 COOTBET-
CTBYIOHIE MACHITA0BI IEPEMEHHBIX HA 0CAX KOOPAMHAT BbIOPAHDI ISl JIydIleil AeMOHCTPALNH
0COOEHHOCTEi NMOBEIEHNS KPHUBOM: ¢ — BBIYMCIICHMS Ul IPUBEAEHHOM K MOBEPXHOCTHOM

2/3 .
MJIOTHOCTU KOHLIEHTPALIUK JIBIPOK /1 p/ ; b — BBIYMCIICHMS /ISl YMCTO OOBEMHOM KOHUEH-
Tpaluu ABIPOK hp

Fig. 3. Solutions that represent the focus. The turnback of the coordinate axes x, y, 7 and the
scale of the variables on the coordinate axes are chosen for a good demonstration of features of

the curve: a — calculation of the hole concentration hlz,/ 3 reduced to the surface density; b —
calculations for a purely volumetric holes’ concentration hp
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MYIO HE B eAMHMIIaX 00ObeMHOM KOHLIEHTpAllUU (M_3),
a B €IMHUIAX TTOBEPXHOCTHOUW KOHIIEHTPAIIUA (M_z),
KakK M Ipyrue COOTBETCTBYIOILIME TUHAMUYECKUE Te-
peMeHHbIe. Bce aTu paccyXaeHusT CBI3aHbI C OTCYT-
CTBMEM Ha HACTOSILLIMI MOMEHT 3KCIIepUMEHTabHBIX
JIaHHBIX, HEOOXOAUMBIX [JIs1 60Jiee KOPPEKTHBIX Bbl-
BOJIOB.

Kak BumHO u3 puc. 3, 4, Ipu COOTBETCTBYIOLLIMX
3HAUCHUSIX MapaMeTPOB JIsl AMHAMUYECKUX MePEMEH -
HBIX UMEET MECTO YCTOMUMBBIN (pokyc. MoxHo ybe-
JIIUTHCS, UTO CYLLECTBYET TaKXKe pellieHue B BUJE IMpe-
JIEJIbHOTO LIMKJIA TIPU APYTUX 3HAYEHUSX ITapaMeTpoB
IUIS1 AMHAMMYEeCKUX MepeMeHHbIX. PazMep npenesb-
HOTo LIMKJa OMNpeaessieTcsl AMCCUIIallMeil SHEPTUU B
cHUCTEME.

VpaBHeHus (1)—(3) onuchiBalOT CBOMCTBA CUCTE-
MbI B Pa3IMYHbIX oOnacTsx. YpaBHeHus (1) u (2) xa-
pPaKTEpPU3YIOT CBOMCTBA CUCTEMBbI B MPUITOBEPXHOCT-
HoI obOnacTtu. YpaBHeHue (3) BKIOYaeT B ceOsl 00b-
eMHoe ornucaHue. Ha ocHoBaHUM 3TOro mapameTp p,
BXOJISIIIMIA B 9TU YPaBHEHMSI, MOXKET ObITh HECKOJIBKO
WHBIM U151 ypaBHeHU: (3), T. €. JOJDKEeH OBITh 3aMEHEH
B HEM Ha p'.

B skcniepumeHTanbHoM pabote [7] ObLIO BBIABU-
HYTO TIPEINIOJIOXKEHNEe, YTO B CUCTEME KPeMHMI —
BJICKTPOJIUT Ha OCHOBE PAcTBOPOB ILIABMKOBON KU-
CJIOTBI MOXET UMETh MECTO OMdypKalvs Tuna AHAPO-
HoBa—Xormda. BDTo yTBepxXIeHUE TpedyeT OoJiee
TILIATEJIbHOTO TEOpeTUUYeCKOoro aHanusa. M3 mpoBe-
JEHHBIX TEOPETUUECKOrO aHaarM3a U YUCICHHOTO pe-
LIeHUs ClIeayeT CyllecTBOBaHMe OUdypKaluu poxiae-
HUS TIPEACIBHOTO IMKJIA U3 YCTOMYMBOTO (hOKyca Mo-
CPEICTBOM MSTKOr0 BO30yXIeHMsI. OTMETUM, 4TO

9KCIEpUMEHTAJIbHbIE NaHHbIE CBUAETEIbCTBYIOT O
HaJlM4MMU YCTAHOBJIEHHBIX TEOPETUYECKU B HACTOS-
11leM UcCJIe0BaHUU 3aKOHOMEPHOCTSIX B MOBENEHUN
IUHAMMYECKHMX IepeMeHHbIX [7—11], T. e. xopoio
COIIacyloTcCs APYr € APYroM.

ITocTanoBKka nmpodJieMbl H 000CHOBAHHE
aJrOpMTMAa KOMIBIOTEPHOTO MOJIEIUPOBAHUA
(opMUpOBaHKS MOPUCTOrO MPOCTPAHCTBA

HaHHBII pa3aen MOCBSIICH UCCIeA0BaHUIO MPO-
OsieMbl CBSI3U (ppakTanbHBIX cBOKMCTB ITK ¢ MexaHu3-
MaMu (OpPMUPOBaHUS TTOPUCTOTO MPOCTPAHCTBA, T. €.
HUCCIIeIOBaHUIO TTPUYMHBI caMOTIoao0ust cpopMupo-
BAHHBIX B TTOJIYITPOBOTHUKOBBIX KPUCTALIAX KPEMHMS
MOPUCTBIX CTPYKTYp. Ocoboe BHUMaHUE YICISIETCS
W3yICHUIO MEXaHM3Ma JOCTaBKM YIaCTBYIOIINX B 3JIEK-
TPOXMMUYECKUX peakiusix AbIpok. PakTuyecku (pak-
TaJbHBIA PEeXUM (POPMUPOBAHMS TTOPUCTBIX KJIACTe-
POB B KPEMHUM CBSI3aH ¢ MAaCIITAaOHON MHBapUAHTHO-
CTbIO YPaBHEHUI, YIPABISIOLIUX JOCTABKOU IBIPOK K
MECTY DBJIEKTPOXMMUYECKUX PEAKIUI PacTBOPEHUS.
DuszndecKn 3TO OCYIIECTBISICTCS TP JOCTATOYHO XO-
polieit MPOBOAMMOCTU 3JIEKTPOJINTA, KOTAA TTOBEpX-
HOCTb pazfesa sIBsieTCsl 9KBUMOTEHIMAIbHOM, a 3a-
pSAI pacTipenesnsseTcs 1o 3TOi MOBEPXHOCTH COTJIACHO
€€ KpUBU3HE.

Kaxk mpogemoHcTprpoBaHoO Ha puc. 5, popMupoBa-
HUE OCHOBHBIX MOP(OJIOTMYECKUX TUIIOB MOPUCTHIX
CTPYKTYP MOXKET ObITh COMOCTABJIEHO C XapaKTePHbIMU
yuyactkamu BAX mpoiiecca mopooO6pa3oBaHuUs B KpeM-
HuUM n-tuna. Ha yyactke HavyasibHOro moabemMa BAX
bopmupyeTcsT CTpyKTypa, COCTOSIIAsS M3 KIJIACTEPOB,
3aMOJHEHHBIX  MUKPOCTPYKTYpOI
(YyCJIOBHO 3TOT TUIT MOP(OJIOTUM Ha-

3eaH tin 0). Ha ywacTke peskoro
nogbeMa BAX o0pasyroTcst BeTBSI-
LIMecs] MaKpOKJIacTepbl U COOTBET-
CTBYIOLLIAsI MUKPOCTPYKTYpa (Tui 1).
Ha yuactke Hacwienust BAX ¢op-
MUPYIOTCS BBITSIHYTbIe MajOBETBSI-

yyacTKe BTOPOIO PEe3KOro mnoabemMa
BAX ¢dopmupyoTcsd TpakTUUeCKU
HEeBETBsIIMeCs KiaacTepbl (TUIl 3).
OTMeTUM, YTO TMOpPUCTasT CTPYKTypa

Puc. 4. Pemennsi, npeacrasisionue npeaeybabi muKI. Pazsopor oceil koopaunar x (Bie-
BO), y (BHepen), z (BBepX) H COOTBETCTBYIONIME MACIITAOBI MEPEMEHHBIX HA OCSAX KOOPAMHAT
BbIOPAHDI IS JTy4lIeii IEMOHCTPAMH 0COOEHHOCTEl NOBeeHNsI KPUBOIi: @ — BbIYMCIICHUS
MPOBEAEHBI JJIsl MPUBEIEHHON K MOBEPXHOCTHON TUIOTHOCTH BEJIMUMHBI KOHUEHTPAUUU

2/3 .
IIBIPOK A p/ ; b — BBIUMCJIEHUSI IIPOBEAEHBI IJIST YUCTO OOBEMHOM KOHIIEHTPALIMH JBIPOK hp

Fig. 4. Decisions that represent the limit cycle. The turnback of the coordinate axes x (left), y
(forward), 7 (up) and the scale of the variables on the coordinate axes are chosen tor a good

KpPEeMHUS n-TUTIA yOOoOHA ISl M3Y-
YeHMsI BBUIY HaJUYUSI MaKpPOCKO-
MMUYECKOM CTPYKTYpPBI, Hapsay C
MUKPOCTPYKTYpoii. JIJis mopucToro
kpemHus p-tuna BAX He umeer
y4yacTKa HachIlLIEHUs, 1 3aKOHOMEP-
HOCTM (DOPMUPOBAHUSI MOPUCTOIO
MPOCTPAHCTBA OTJIMYAIOTCS OT CIIy-
yasi n-TuMa.

|
|
|
|
|
|
|
|
|
: 1uecss Makpokiactepsl (turn 2). Ha
|
|
|
|
|
|
|
|
|

2/3

demonstration of features of the curve’s behavior: a — calculation of the hole concentration I, Hccnenosanue mpobiaeMbl Gop-

reduced to the surface density; b — calculations for a purely volumetric holes’ concentration hp
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MUpPOBaHUSI (ppaKTaJbHBIX TMOPUC-




KoMnbloTepHBbIii aroputM 6a3u-

pyeTcsl Ha pacCMOTPEHMU Cleaylo-
el cxembl Tipolecca. M3BecTHO,
YTO Ha TpaHMILE paszaena 3JIEeKTPO-
JIUT/TOJYyITPOBOAHUK  TTPOMCXOIST
MHOTO3TaITHbIE 3JIEKTPOXUMUYECKHUE
peakiuu ¢ y4aCTUEM IMOJOKUTETbHO
3apsSDKEHHBIX 4acTULL (IBIPOK), MpHU-
BOJSIIAE K 3JIEKTPOXMMUYECKOMY
pacTBOPEHMIO KPEMHUS IIPU HaJIM-
YUU Pa3HOCTU MOTEHLUAIOB MEXIY
9JIEKTPOJIUTOM (KaToaoM) U KpeMm-
HueM (aHogoM). K moBepxHOCTH

paszmenia 3JeKTPOJIUT/KPEMHUI U3

Puc. 5. Bom.’r-aMnepln.le XAPAKTEPUCTHKH p- H n-TUINOB KPEMHHUA C MOJICBETKOI 1 0€e3 moj-
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[JIYOUHBI ITOJYIIPOBOAHMKA ITUD Y-
3MOHHBIM 00pa3oM MpPU HAIUYUU
COOTBETCTBYIOIIETO BHEILIHETO II0-
TeHUManaa JOCTaBJSIIOTCS IBIPKU,

CBETKH W COOTBETCTBYWOmHe Mopdosornieckne Tambl s n-Si, chopMHAPOBaHHBIE NPH HA-

XO02KNCHUHA paﬁoqeﬁ TOYKH npouecca aHOAUPOBAHUA HA COOTBETCTBYIOIIHUX YYacTKax BAX

Fig. 5. CVCs of the silicon of p- and n-type with and without illumination, and the corresponding
morphological types for n-Si, formed when the operating point of the anodizing process was located

on the relevant CVC sections

TBIX KJIACTEPOB B KPEMHUU, M3JIOXKEHHOE B HACTOS-
1eM pasjesie, 6a3upyeTcs Ha KOMITbIOTEPHOM MOJie-
nupoBaHun. [locTaHOBKA 3amayM OCHOBBIBAeTCS Ha
peaJibHbIX YCJIOBUSIX MPOBEACHUST IKCIEPUMEHTOB IO
(hopMUpPOBaHUIO TIOPUCTOIO KPEMHUSI TOCPEACTBOM
QHOJIMPOBAaHUSI COOTBETCTBYIOLIEH MOMIOXKH B pac-
TBOpE TIJIABUKOBOW KHCJIOTHI B PEXXMME CaMOOpPTaHU-
3yIollerocs Ipoiiecca, T. €. 6e3 (popMUpoOBaHUS CIie-
LIMAJIBHBIX 3aTPaBOK, OMPEAISIIOIINX MPEeUMYIECTBEH -
HOE€ pa3BUTHE TOPUCTOTO TMPOCTPAHCTBA. TUMHUYHYIO
MOCTAHOBKY 3TOW 3KCIMEPUMEHTAJbHONH 4YacTU MpO-
O6sieMbl MOXXHO HalWTH B pabotax [3, 11].

B 3amaye cienyeT BbIIEIUTb HECKOJBKO aCIEKTOB.
Bo-niepBbiX, TocTaHOBKA B 0011I€M Cllydyae TpeXMEepHOI
3amaum 6m3Ka K 3agade CredaHa ¢ ABMXKYLIEHCS rpa-
Huuei [23]. KoHdurypauusi 3Toil rpaHULIbI 3JI€KTPO-
JIUT/TIOIYIIPOBOIHUK MEHSIETCSI CO BpEMEHeM, M Tpa-
HUILIA paclpocTpaHsieTcsl BIyOb oOpaslia, CTaHOBSICh
Bce OoJjiee m3pe3aHHO. Bo-BTOphIX, Ha TIOBEPXHOCTHU
IpaHULIbl pasaesa 3JeKTPOJIUT/HOJYyNPOBOAHUK TPO-
HUCXOMAT BJEKTPOXUMUUYECKUE PEaKILIMU PACTBOPEHUS
KpEMHUSI, TOUYHBII XapaKTep KOTOPBIX IO KOHIIA HE BbI-
sicHeH [3, 18, 24]. HesiceH Takke 10 KOHIIA MEXaHU3M
BO3ICMCTBUSI Ha TOBEPXHOCTb PA3IMYHBIX T0OABOK B
BJIEKTPOJIUT TUIA TTOBEPXHOCTHO-aKTUBHbBIX BEILIECTB
(ITAB), npuBoasiuux, Mo-BUANMOMY, K IIepepacrpe-
JIeJICHUIO 3apsiia Ha TpaHulie pa3aea. B-TpeTbux, pas-
BUBaeMasi TEOpUsI CYILLIECTBEHHBbIM 00pa3oM ONuUpaeTcs
Ha MoJenb (GopMUPOBAHUS MOPUCTOIO MPOCTPAHCT-
Ba, KOTOpasi onpeaesisieTcsl AOCTaBKOU AbIPOK K MECTY
2JIEKTpOXUMMYECKMX peakumii [3, 11, 15], yto xapak-
TEPHO JIJIsI KPEMHUSI #-TUIIA; TIPOTEKAHUE XXe peaKinid
CBSI3aHO C TTOCJIeN0BaTeIbHBIM (PTOPUPOBAHUEM KPEM-
Hus [15].

KOTOpbIE YYaCTBYIOT B 3JIEKTPOXU-
MUYecKUX peakumsx. s mosisie-
HUSI JBIPKU TIOJYIIPOBOJHUKOBbBIE
KpHUCTaJUIbl KpEMHUsI #-TUTA TPeOy-
€TCsl OCBELIATh 3JEKTPOMArHUTHbBIM
usnyyeHueM. B xone (popMupoBaHus TOPUCTOIO IIPO-
CTpaHCTBAa IrpaHuILIa pa3nesa cpell CUIbHO MOAU UL~
pyertcs. IlopucToe poCcTpaHCTBO 3aIIOHSIETCS IIPO-
BOZSILIIUM BJIEKTPOJIUTOM, YTO BHOCUT BKJIAJ HapsIy C
BHEILLIHUM MPUJIOXEHHBIM MOTEHLIMAJIOM B (DOPMUPO-
BaHME PE3YJIbTUPYIOLIETO JTEKTPUIECKOTO MOTEHIIU -
aJIbHOTO TIOJISI, YIIPABJISIONIEr0 IBUXEHUEM JIBIPOK.
JBrxeHue caydaitHo Oy>KIaroleid JbIpKY IIpyU Ha-
JIMYUY TIOTeHUMaNa Pa3IMYHON MPUPOIbI MOIEIUPO-
BaJIOCh HA OCHOBE CJIEAYIOLIETro ypaBHeHUS [25]:

dr _
E‘ U(l', t)a

r(z) = ry, (4)
roe U(r, ) = uf(r, N+ ufr, 1), uf(r, f) — IeTepMUHU-
poBaHHass KOMITOHEHTA TTOJIST CKOPOCTEeH, CBSI3aHHAS C
BHELIHUM NPWIOXEHHBIM TOTEHUMANIOM; U/T, 1) —
cayJaitHas KOMIIOHEHTA TTOJIST CKOPOCTEH, 3aBUCSIIAsT
OT TeMIIepaTypbl KPEMHUEBOM MOMIOXKKM; Iy — Ha-
YaJibHOE TTOJIOXKEHHE ONYKIAIOIIE YaCTUIIBI.
HeTepMUHUPOBaHHAS M COy4aiiHass KOMIIOHEHTBI
TOJIeil CKOPOCTeil CBSI3aHBI C MIOTOKAMM YaCTHIIL:

fup =27, fu,=-pZ, s)

rae f= f(r, ) — GyHKIUS pacripeaeaeHuss HocuTeaein
3apsaa (apIpok); D — KoadduuueHT auddy3un (s
ABIPOK — Dy); y — KO3(PGULMEHT, ONUCHIBAIOIINIA CO-
MPOTHUBJIEHUE CPENbl; ¢ — MOTCHIIMAN, PABHBI CyMMe

TOTEHIMANIOB ¢ = ¢ext + ¢clust + ¢non—elect’ npuyem ¢ext’

¢CI“S’, ¢"0”'elec’ — TIOTEHLIUAJIBI, COOTBETCTBEHHO, BHELLI -

Hult, (popMHpyeMoOro Kjaacrepa U HE3JEKTPUYECKOI
npuponabl (Hamnpumep, aedopMaloHHbIN). Bbeipaxke-
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HUs (5) MO3BOJISIIOT B AaJbHEHIIEM c(hOpMYIUPOBATh
HccieayeMyto MpoodjaeMy B TepMMHAX (QYHKIUM pac-
TIpeNeJICHNS ¥ CBSA3aTh 3a1avy ¢ ypaBHeHWeM Tria Pok-
kepa—IlmaHka. JIBMzkeHWe AbIPOK ITpeaIioiaraeTcs Tep-
MOJIU30BaHHBIM, T. €. PACHpPENEICHUE MO CKOPOCTIM
SIBJISIETCS MAaKCBEJUIOBCKUM, W JBIPKU HAXOMISTCS B Te-
IUIOBOM PaBHOBECHUHM C KPUCTALIMUYECKON PEIIECTKOM.

HoBoe mosoxeHue 4acTUIIbI PACCUMTHIBAECTCS IO
dopmyie

r(1 + A =) + (up+ u)Af, (6)

KOTOpas siBjsieTcsl (OpMaTbHBIM pellleHUeM ypaBHe-
Hus (4), npuueM r(7) npeacTaBisieT coOOi MOIOXKe-
HHME YaCTUIIBI Ha IpeabIaylleM Iare; Af — IIar Io
BpEMEHU.

Hamnpasienue BekTopa u, BbIOMpaercs caydyainHbIM

00pa3oM COIJIACHO aJIrOPUTMY, OMMCAHHOMY HUXKeE,
a IJWHA TIpUMpaBHUBAETCS K CpeIHEKBAIpaTUYHOM
CKOPOCTH YacTUILIBI UIEANBHOTO 3JIEKTPOHHOTO Ta3a:

lu,| = ,/3kT/mj , rne kg — nocrosinHast bonblMaHa;
T — abconoTHas TeMnepaTypa (MU3MEHSIeMbIil Tapa-
MeTp Mojienn); mj — 3GhGEKTUBHAsS Macca JbIPKU B
KPEeMHUM.

BekTtop ckopocTH Uy B MOIEIH SIB/ISIETCST ICTEPMHU-
HUPOBAHHON BEJIMUMHOM, ONMpPEneIsieTCs JIeKTpUIe-
CKMM TIOJIEM U PACCUMTBIBAETCSI COTJAacHO (hopMyJie
ur = w,E, rie E — BeKTOp HanpsKeHHOCTH 3JIEKTPU-
YECKOTO IO0JIS; 1y, — IMOABUKHOCTb AIPOK B KDEMHUM.

XoTs BTOpOE cjlaraeMoe B ypaBHeHUMU (4) IO BHEILI-
HEeMy BUIY MMeEeT IPOCTYIO JMHEIHYI 3aBUCHMOCTD
OT BpeMEHH, OHAKO BKJaj B JABUXEHUE, OMUChIBaE-
MBIii BTOPLIM CJIaraeéMbIM BUJA W, Af, HOCUT YUCTO CTO-
XacTUYeCcKMii xapakTep Tvna cdW (c — cpenHee KBaj-
paTMYHOE OTKJIOHEHUWE CIyYalHOU BequuuHbl; dW —
Cly4aiiHblii BUHEPOBCKUI1 TIpoliecc), TaK UTO 3TO pa-
BEHCTBO MMeEET MPSIMYIO aHAJIOTUIO ¢ ypaBHeHUEM MTo
[26], a 3amaya B 3TOM citydae 6sM3Ka K rmpobiaeme OpH-
mTeiiHa— YJeHOeka.

MacmTadHasg MHBAPHAHTHOCTD 3a4a4H

B ciygae ommcaHus IBYDKEHUS TEPMOJIN30BAaHHBIX
YyacTUll, T. €. HOCUTEeJIel 3apsiga, KOTOpPble HaXOASITCS
B TEIJIOBOM PAaBHOBECUU C KPUCTAJUIMYECKON pelIeT-
KOH, TaK YTO MX pacmnpeneieHre Mo CKOPOCTSIM MMeeT
BUI pacrpeneneHuss MakcBeiia, ypaBHeHUE HeETpe-
PBIBHOCTH UTSI TIOTOKOB YaCTUII TIPUBOIUT K CIICAYIO-
1IeMy pe3yJibTaTy:

g_f; + div(fU) = 0, 7)

gf; div(s- gradq)) — DAf =0, 8)
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KOTOpO€ aHaJOormyHo Au(p@y3MOHHOMY YpaBHEHUIO
®okkepa—Ilnanka. OTMETHM, YTO BpeMeHa pejlak-
caly UMITyJIbCa 2JIEKTPOHOB IMPU KOMHATHOM TeM-
rneparype B MOJYNPOBOJHUKAX COCTABJISIIOT MOPSIAKA

1071210 ™ ¢. Morenuman d)d”S’ HaXOIUTCS U3 ypaB-

Henus IlyaccoHa A¢ = —4np, KOTOpOe B cliydae pa-
BEHCTBAa HYJIO KOHIEHTPALIMM CBOOOJHBIX HOCH-
TeJell p MepexoauT B ypaBHeHMe Jlaraca, ImpuyeM

E® + Eclust + Enon—elect Enon—elect —

u,= wE, E = i (]

— _grad(d)non—elect)’ wy, —
HuM, A — omneparop Jlammaca.

B ocHoBe ypaBHeHUs (5) JiexXUT ypaBHeHUe nudady-
3un: of/ot = DyAf, KOTOPOe UHBAPUAHTHO OTHOCUTEJIb-
HO CJIeQyIIIMX MacluTaOHbIX nMpeodpazoBaHuit [27]:
r'=2Y 21', t'= A\t, THe A — Oe3pa3MepHbIii MacIITad-
HBII MHOXWTEb.

s 6oJiee aeTaabHOTO aHaaM3a ypaBHeHUs (8) me-
pEeMnuIlIeM ero B CJACAYIOLIEM BUME:

TIOOABMKHOCTD ABIPOK B KPEM-

2
?f paf+ L. 1 ©)
yhal‘ or 'Yh ar

rae 1/y, = nj, — NOABMXHOCTD YacTULbI (AbIpkH). [To-
TeHLMAaJ ¢ yIOoBIETBOpsET ypaBHeHMIO [TyaccoHa 1nbo
ypaBHeHU1o Jlaraaca B OTCyTCTBUE CBOOOMHBIX 3apsIIOB.
IIpoananu3zupyemM OoJiee AeTaJbHO BTOPOE CliaraeMoe
B ypaBHeHuHU (9). Tak KaKk UMeeT MECTO COOTHOIIIE-
nue E = —d¢/or, To MaciurabHas MHBapMAHTHOCTD
Bcero BbIpaxkeHus (9) B ciayyae, eciu AJisl MPOCTPaH-
CTBEHHBIX TIEPEMEHHBIX MUMEIOT MECTO IpeobdpaszoBa-
aua r' = A2 1= At, ompenensieTcs IIpeodpa3oBa-
HUSIMH TIOTEHIIMaja WX HanpskeHHOCTH 1011, Ecom,
HaIpruMep, IMMOTEHIINAI MMeeT BUI KyJTOHOBCKOTO TT0-
teHuuana (¢ = kq/r, k — pasMepHBbIi MHOXUTEJb,
npuyeM B cucteme CI'CO — k = 1), To, B cilyuae eciin
sapsi TipeoGpasyercsi coracHo ¢' = Al/2g, Bbipaxe-
Hue (9) ocTaeTcsl HEM3MEHHBIM TIOCJIe CIEMYIOIIMX Tpe-
00pa3oBaHUIA:
r'=2 2r,

=, q'=2"%q. (10)

B aTOM ciygae o6GbeMHast ITTOTHOCTD 3apsia JIOKaTb-
HO TIpeoOpasyeTcsi Kak oOpaTHasl Iuiowanb .S, mpo-
MOPLMOHAJIbHAsI raycCoBOM KpuBu3He K: p = ¢q/V —
— [XI/Z/X3/2] = [k_l] — 1/S —» K, rne K — rayccoBa
KpPUBM3HA MPOCTPAHCTBA B JAHHOI TOYKE, paBHAasl Mpo-
W3BEICHMIO IBYX IVIABHBIX KPWBU3H B JAHHOW TOYKE
K = kyk,, Tak uro [k] = [1/r], r — pannyc KpUBU3HbBI
[28, 29]. IlocnenHee cooTHomeHue 1/S5 — K MOXHO
TOJTYYNTh, UCITOL3YS TeopeMy ['aycca o cyliecTBoBa-
HUM CBSI3M MEXIY IUIOLIANbIO MOBEPXHOCTH Sy, ILIO-

HIaabIo ee chepruuecKoro u3oopaxeHus S ph 1 Tayc-

COBOI KpUBU3HOU K MOBEPXHOCTHU f. DTa CBSI3b BbI-
paxaercs cieaylolleil TeopeMoit ['aycca: oTHollIeHUE




womwaa chepruyeckoro M3o0paxeHus o0JIacTU Ha
MOBEPXHOCTU K IUIOIIAAU 3TOU OOJACTU CTPEMUTCS K
abCOJIIOTHOMY 3HAYEHUIO TayCCOBOM KPUBU3HHI B TaH-
HOI TOUKE MOBEPXHOCTH, KOTAa 00JacTh CTSTMBAETCS

K JaHHOM Touke [28]: lim (Ssph/Sf) = K, roe y — rpa-
y—0

HHULa 001aCTH Sy. DTOT (HAKT MO3BOJISICT TIPY aHATHM3e

3aMEHUTH TUIOMIAAbL TTOBEPXHOCTH BOJM3M BBIACICH-
HOI TOUKM COOTBETCTBYIOLLEH IUIOIIAAbIO ChEePhI €A~
HUYHOro paauyca (cepuyeckoe M300paxkeHue), ae-
JICHHO# Ha rayccoBy KPUBU3HY.

OTMETHM, YTO HANPSEKEHHOCTh 3JICKTPUUECKOTO I10-
JIT Ha TpaHUIIEe pas3nelia TpeodpasyeTcsl Kak MOBEPXHO-
CTHasl IJIOTHOCTD 3apsiaa (£ = q/r2 — [kl/ 2/7»] = [k_l/ 2]),
T. €. B pacCMaTpMBaeMOM CJIyyae IPOIOPIIMOHATBHO
cpenHei KpuBU3He npocTpaHcTea M = 1/2 - (ky + ky),
rae ky, ky — TIaBHble KPUBU3HBI MOBEPXHOCTH [29].

Ha vickpYBJIeHHOI1 TTOBEPXHOCTH 3apSKEHHOTO TTPOBOJI-
HMKa UMEET MECTO COOTHOIICHUE IUISl HAIPSKEHHO-
1 0F _ _ 1,1

CTU DJIEKTPUUYECKOTIO IOJIS — — 2M=—| =+ —|,
E on ror

NpUYEM 7y, 1, — TJIABHBIE paauychbl KpuBu3HBL [30].
layccoBa u cpenHsiss KpUBU3HBI CBSI3aHBI APYT C APY-
TOM CJIEAYIOLLMM COOTHOLIEHUEM: M>—K=1 /4(1/r —

- 1/}’2)2 > 0. OTMeTUM, YTO B OMOMJIMYECKUX TOYKAX
(xorma r = r,), rae uHaMKarpuca JrorneHa umeer Gopmy

OKPYXXHOCTH, NEUCTBUTEIILHO COOTHOILLIEHUE M= K,
TaK YTO B 3TOM CJIy4ae MOXHO MCIOJIb30BaTh JIO0YIO
n3 BeTWYMH M vwim K 119 onrcaHus CBOMCTB U30THY-
TOI MOBEPXHOCTH.

151 cucTeMBl IBYX IIPOBOASIINX Chep, COeNUHEH-
HBIX TTPOBOJHUKOM, MMEIOT MECTO CJIEAYIOIIHNE CO-
OTHOIUEHUS: ¢ = ¢, = const, T. €. paBEHCTBO IO-
TeHUManoB ooeux chep. [Ipu aToM 1715 3apsiIoB UME-
I0T MECTO COOTHOWEeHus: q; = QOr/(ry + r) = r,
g, = Ory/(r; + ry) =y, tne Q = q; + g, — CyMMapHbIii
3aps chep paaguycaMu rq U ry, IPUYEM q/q, = r1/1,,
T. €. 3apsiAbl TPOTIOPIIMOHANIBHBI paguycaMm cdep.
s TIoTHOCTE# 3apsiioB UMEET MECTO COOTHOIIIEHUE
ql/47tr]2 > q2/4nr22 (wmm ¢, K} > ¢, K5, K, K, — rayc-
COBBI KPUBU3HBI C(ep COOTBETCTBEHHO C PANUyCaMU 7
U ry), ecin ry < 15, T0 61 > o,. TakuM 06pasoM, B 3TOM
clyyae TIPOMCXOAMUT paclpenejeHue 3apsiia Ha MC-
KPUBJIEHHBIX ITOBEPXHOCTSIX B COOTBETCTBUHU C UX KPU-
BU3HOM, TTPUYEM TIJIOTHOCTB 3apsiia 00JIbliie Ha OBEPX-
HOCTH OOJbINei KpUBU3HBI. OTMETHUM, YTO B BBIpAXKE-
HUU IS TUIOTHOCTH 3apsiaa p = q/V — [kl/ Z/XS/ 2] =
= [X_l] — K CTOUT B 3TOM cJlydyae rayccoBa KpMBU3HA,
T. €. MPOU3BeJeHUE MIaBHbIX KpUBU3H. CiempoBaTesb-
HO, €CNIM paclpeneicHre TJIOTHOCTH 3apsma Ha TI0-
BEPXHOCTM paziena B GOPMUPYEMOM OTIEIBLHOM ITO-
PHUCTOM KJIacTepe MPOUCXOIUT MPOTIOPIIMOHATIBHO Ta-
YCCOBOU KPUMBM3HE, TO MaclliTaOHbIE MPeoOpa30OBaHUs

(10) ocraBasoT ypaBHeHue (9) HeuaMeHHbIM. Hens-
MEHHOCTb MOTEHIIMaga BAOJb MOBEPXHOCTU pasiesa
BIIEKTPOJINT/KPEMHUIM CBUICTEILCTBYET 00 SKBUIIO-
TeHIUAIBLHOCTU rpaHuubl [11].

Hccnenosanne 3aKOHOMEPHOCTEl pelIeHnst
| pe3yJbTaThl KOMIBIOTEPHOTO MOJETHUPOBAHUSA

B cnyyae, xorma ayist onmrcaHus MOTEHIMAIA UMEET
MecTo ypaBHeHuUe Jlariaca, aBTOMOJEIbLHOE pPelleHe
ypaBHeHus (9) umeet cienywouii Bun [31]:

1 (r—uft)2 1
(4nDht)3/2eXp ) 4Dyt ’ (b

fr, ) =

rae uy = u,E. Beipaxenue (11) npencrasusger coboit
rayccoBYy KPUBYIO U SIBJISIETCS aBTOMOMACIBHBIM pellie-
HueM ypaBHeHus (9) ipu Ad = 0.

IIpu ncnoab30BaHUM TUCKPETHBIX aJITOPUTMOB CITy-
yaifHOro OJIy>KIaHUSI MOXHO TOKa3aTh, YTO pellieHue
¢axkTopusyetcs B aHajornuyHywo (11) popmyny. Kak
cliefyeT U3 aHajIu3a paboT MO 3aKOHOMEPHOCTSIM ¢(hpak-
TajbHOTO pocta [27, 32, 33], Haubosiee UHTEHCUBHO
MPOUCXOIUT Pa3BUTUE KOHIIOB (hpakTaJIbHBIX CTPYK-
Typ. @paKkTaabHBIM POCT ITOPUCTOTO KJacTepa MPOuC-
XOIUT, KOTAA JIOKaJIbHAsA TUIOTHOCTh 3apsiia BhIllE B
MecTax OoJibllieil KpUBU3HBI KiacTepa. BeposTHOCTb
Tpoliecca pocTa B 3TUX MECTaXx BO3PacTaeT.

s uccaenoBaHusl 3aKOHOMEPHOCTEH (ppakTaabHO-
IO poCTa KJIacTepoB ObLI pa3paboTaH MakeT MpOorpaMm,
JAIINNA IIMPOKKE BO3MOXHOCTH JJIsl BU3yalu3aluun
Mpoliecca pocTa KiIacTepoB B AByMepHOM (2D) u Tpex-
mepHoM (3D) cayuasix. [Taker mporpamMm mo3BOJIUI
M3y4aTh JTI000e TOPU3OHTATBHOE WJIM BepTHKAIbHOE
CEeYeHHEe CUCTEMbI B JIIOOO MOMEHT BPEMEHU MOJIE-
JIMPOBAaHUS TIpoIecca M IejaTh MTHOBEHHBIC CHUMKM
npoliecca.

Hwxe mpencrtaBieHbl pe3ynbTaThl MCCIEIOBAHUS
CHUCTeMbl Ha OCHOBE pa3pabOTaHHON KOMIIbIOTEPHOM
MOJENIN ¥ MX COTIOCTABIICHUE C SKCITEPUMEHTATBHBIMU
JaHHBIMU. B OCHOBHOM HM3yYasioch KpucTajaorpadu-
yeckoe HampasieHue (100). Ha puc. 6 mipencraBieHBI
pacyeTsl pacrpenesieHusl MOoTeHIMana U COOTBETCTBYIO-
IIMX IBYMEPHBIX TOPHUCTBIX CTPYKTYP, a TakKKe (PoTo-
rpacdust OTHON M3 MOJYYEHHBIX IMTOPUCTHIX CTPYKTYP B
n-TUTE KPeMHUS. XOPpOIIO 3aMETHO, UTO pacrpeese-
HHeE TIOTEeHIIMAajIa HEpaBHOMEPHO, TaK YTO TPAINeHT I10-
TeHIIMaja JOCTUTaeT CBOero MakCMMyMa BOJIM3U KOH-
1IOB TI0p. BOMM3M HIKHE# rpaHUIIbl, KaK 3TO BUTHO U3
puc. 6, a, IOTEHLIMAJI pacIpeae/ieH TOCTaTOYHO paB-
HOMepHO. BHEITHMIT BUI CTPYKTYp, MPEACTaBICHHBIX
Ha puc. 6, a, XOpOILO COIJIACyeTCsl CO CTPYKTypaMu,
¢dororpaduu KOTOphIX Ony0JMKOBaHbI B padote [34].

DpakraibHy10 pa3MepHOCTD Dy BbIMUCIISUIN COLITACHO

obuIenprHATON hopmyie [27]: De= lim0 (—InN(3)/Ind),
d—>

rme 8 — auaMeTp IIapoB, KOTOPBIMU MOKPBIBAJIaCh
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Puc. 6. CTpykTypa AByMepPHBIX HOPHCTBIX KJIACTEPOB, MOJYYEHHAS NPH PA3HBIX NAPAMETPAX M COOTBETCTBYIONAS KAPTHHA SKBHIOTEHIMAIbHBIX
Jmnuii (a, b); nonepevyHblil CKOJI IKCHEPAMEHTAILHO MOJYIYEHHOH MOPACTO# CTPYKTYPHI (c)

Fig. 6. The structure of the two-dimensional porous clusters obtained at different parameters and the corresponding picture if equipotential lines
(a, b); the transverse chip of the experimentally obtained porous structure (c)

CTpyKTYypa; N(8) — MHUHHMAJIbHOE YKCJIO 1IAPOB C
JIMaMEeTPOM 8, HEOOXOAUMBIX AJISl IOKPBITUSI U3MEPSsIe-
MO CTPYKTYpbI. Pe3ynbTaThl BoIUMCIIeHUs (PpaKTalib-
HBIX pa3zMepHocTell u 3D-MoaeanpoBaHusT MpeacTaB-
JIEHBI Ha puc. 7, 8.

TakuMm 00pa3zoM, aHAIU3 aBTOMO- -

JIA BSI3KMX MAJIbLEB COCTABIISIET ISl CPABHUTENIBHO HeE-
OOJIBILIMX KJIACTEPOB Df =1,3+ 0,1, Torma Kak s
Pa3BUTHIX KJIACTEPOB B PAIUAILHON TEOMETPUH TTOTyJe-
HbI 3HaueHUst Dy = 1,7 £ 0,05 [35] (cMm. puc. 7). 3Ha-

JeMbHBIX pellleHuii ypaBHeHUs (9)
tuna ypaBHeHus1 Pokkepa—I[1naH-
Ka IMO3BOJISIET MOHSTH MpUpoay hop-
MMPOBaHUs (PPaKTATBHBIX IIOPUCTHIX
KJ1acTepoB B kpeMHuU. PaccMoTpeH
OVMH U3 BO3MOXHBIX MEXaHU3MOB
¢dopMupoBaHus (pakTalbHBIX IO-
PUCTBIX KJIacTEPOB B TOJYIPOBOI-
HUKOBBIX KpHUCTajajgax KpeMHMS,
CBSI3aHHBIM C JOCTAaBKOU IBIPOK K
MMOBEPXHOCTU pasjaena, TIOe OHH
MPUHUMAIOT YYaCTUE B IJTEKTPOXU-
MHWYECKNX PEeaKLMsIX PACTBOPEHUS

P —

~{-i.00, 10.0.

[
[
[
[
[
[
[

=" oparranuian paswopwoct nop:] 417309117 oot

kpemHusi. [Ipoiiecchbl caMoopraHm-

-2.2 -1.7 -1.2 0.7

3alyu, Beaylme K (popMUpOBaHUIO

(paKTATBbHBIX TIOPUCTHIX KJIACTEPOB,
MIPOMCXOST B IMATIA30HE TTapaMeT-
poB EClust > pext 1 e xorma B6IM3M
TIOp ABVKEHHE IBIPOK OTPEIessieT-
Cs BIMSHUEM MO (OPMHUPYEMBIX
xnactepoB. Ilo Mepe yBeqMUEHUs
BHEIIHETO MPIIOKEHHOTO HaTpsDKe-

HUSI ABVIKEHUE IObIPOK CTAaHOBUTCS
MeHee XaOTUUHbIM, U (POPMUPYIOTCS
BCEe MEHee BETBSILMECS KIACTepHI.
ITonyyeHHble Ha OCHOBaHUU
pacueToB 3HaueHUS (paKTaJIbHBIX
pa3MepHOCTeil JIBYMEpHBIX KJa-
CTEPOB (Df < 1,5) 3aHMMa0OT Opo-

o

... Koppenunoman paswepnocrs: 147131031 jog3(eps) ..

23 28 33 38 43 48

MEXYTOYHOE 3HAYEHHUE MEXIY MO- . _ - _ _ __ _ __

IeIMUA  TIpo0O0sS  IUBJIEKTPUKOB
(Df = 4/3 = 1,33) u MoJeblo arpe-
raluu, orpaHuYeHHoON nuddysueit
(D = 5/3 =~ 1,7) [33]. 3HayeHue

(bpakTabHON pa3MEepHOCTH B MOJe- (inserts)

28 HAHO- I MUKPOCUCTEMHAS TEXHHKA, Ne 5, 2015

Puc. 7. Pe3yabraTsl BoiunciaeHns GpakTaabHOI pa3MEPHOCTH IS ABYMEPHBIX (pPaKTaIbHbBIX
CTPYKTYP Df = 1,417 (BBepxy) u KoppeaAnHOnHOi pasmeproctu D, = 1,471 (Ban3y) u co-

OTBETCTBYIOIIME (PPAKTAIbHBIE CTPYKTYPbl (BCTABKH)

Fig. 7. The results of calculating of the fractal dimension of two-dimensional fracral structures
Df = 1,417 (top) and the correlation dimension D,,,. = 1,471 (bottom), and the fractal structures




Puc. 8. PesyabTaTsl MOJEIMPOBAHUA TPEXMEPHBIX KJIACTEPOB, MOTy4EHHbIE NPH PA3THYHBIX MApPaMeTpPax
Fig. 8. The results of the simulation of three-dimensional clusters obtained at different parameters

yeHue ppakTanbHOil pasmepHOCTU Dy ~ 2,39 nna cny-
yasi TpeXMEpPHBIX KJIacTepoB (CM. puc. 8) B JHaHHOM
MOJEIN XOPOILIO COMIACYETCS C 3KCIEPUMEHTAIBHO
U3MEPEHHBIM MTOCPEICTBOM aTOMHO-CHUJIOBOM MUKPO-
CKOIIMY 3HaYeHUEM Df= 2,36...2,47 [36].

3akmouenne

CyliecTBeHHBIM MOMEHTOM JUTSI MHTEpITpeTaliy Ha-
omonaeMbiX 3 (HEKTOB SIBISIETCS B3aMMOCBSI3b JIOKATb-
HOTO Y MIO0AJIbHOTO TMOBEAeHUsI TMHAMUYECKUX Tepe-
MeHHBbIX [38]. [IpuBeneHHbIe BhIle ypaBHeHUs (1)—(3)
HUMEIOT MECTO ISl OMHOPOAHBIX MO IMTOBEPXHOCTU TIPO-
1eccoB. B ciayyae, korga cucrema nmpeacTaBisieT coOoi
COBOKYITHOCTb JIOKAJIbHBIX 00J1acTeli, B KOTOPBIX TPO-
HUCXOIAT pa3MyHbIe MPOLIECCHI, OTINYAIOIINECS CKO-
POCTSIMU JIEKTPOXMMUYECKUX peaKklnid, crieubUKOoi
HX TPOTEKAHUS W T. II., B CUCTEME MOIYT BO3HUKATH
pasjiMyHble peXUMbl Pa3BUTUs OOLIEro IMpoiecca
(opMupoBaHus MOP, KOTOPbIE XapaKTepU3YIOTCS pa3-
HbIM MOBEIEHUEM NMHAMUYECKUX MEPEMEHHBIX. DTOT
acreKkT KjacTepus3aluu (parMeHTUPOBAHHOW Ha OT-
JIeJIbHbIE 00JIACTH AUHAMUYECKON CUCTEMBI U €€ CHH-
XpOHU3ALMKU TpedyeT NalibHEMIIEero HCCieloBaHus,
mogo0HO TOMY, KakK moka3aHo B pabore [37].

OC00EHHO BaXXHBIM MOMEHTOM SIBJISIETCSI HATMYME
JIUSJIEKTPUIECKOTO CJIOS CIIOKHOTO COCTaBa, KOTOPBIi
BBUIY IPUCYTCTBUS 3apsAOBbIX COCTOSIHWI, BHOCUT
CyIIeCTBeHHBIN BKJIaL B (popMUpOBaHME TWHAMHUKU
TOBEIEHUS TTapaMeTPOB CUCTEMBI.

B nmanHoi1 paboTte ObLI pacCMOTpeH OAWH M3 BO3-
MOXHBIX ME€XaHU3MOB (DOPMUPOBAHUSI (PpaKTaTbHBIX
KJIaCTepOB B KPEMHUU, CBSI3aHHBIN ¢ camMononoduemM
ciydarinoro omyxnanus [27, 32]. K HacTosiemy Bpe-
MEHHU SIBJIEHWE OCUWJUISILIMIA JMHAMUAYECKUX TTapaMeT-
POB B Mpoleccax aHOAMPOBAHUS TIPU OMpPeAeIeHHbIX
YCJIOBUSIX OOHAPYK€HO B OOJILILIOM KOJIMYECTBE CUC-
teM. Hannuue n1o6aBoOK B cocTaBe 2J1€KTPOJIUTA, TPU-
BOISIIMX K (POPMUPOBAHUIO OCLIMJUIMPYIOIEH TUHA-
MMKH TIpoliecca aHOAUPOBAHUSI KPEMHUSI B COCTaBax
HF/H;PO,4, nmogyepkusanoch Takxke B pabore [38].
DKCcnepuMeHTATbHO 0OHAPYXKEHO, YTO B IIyOMHE MOop

¢dopmMupyeTcsl IIPUTPAHUYHBINA CJION CO CIOXKHBIM XU-
MMUYECKMM COCTaBOM, TOXOXMUI Ha okcui. B pabote
[39] ocumnsiLiuy HanpsKeHWsT HAOJI0AaIM B MpoLieC-
ce aHoauWpoBaHMS MomIoXeK InP ¢ n-tumoM mpoBo-
numoctu opueHTauuu (100) B BonHbix pactBopax HCI
MPU BBICOKMX TMOCTOSIHHBIX TJIOTHOCTSX Toka. Ilpu
oIpeae/IeHHBIX 3HAaUeHHUSIX ITapaMeTPOB OCUMILISIINN
MPUBOIMIN K CUHXPOHM30BAHHBIM MEPUOINYECKUM
M3MEHEHUSIM KOHTYPOB KaHaJIOB IOp, IMTOAOOHBIM TEM,
KOTOpbIE MPeICTaBIeHbI HA pUC. 2 HACTOSIIIE pabOTHI.
B pabore [40] oOHapy:XeHBI OCHWIISLIMM TOKa IIPH
QHOIMPOBAHUU AJIOMUHUS B MOTEHUUOCTATUYECKOM
pexume B pactBopax H,C,Oy. Ipoduias nop B mogo6-
HBIX pexXMMax TakxKe Mepuoandecku umeHsuicda. Oc-
LWUISIIAY TOKa OOHApYKEeHBI MPY aHOIUPOBAHMHU Ka-
poripouHbix ciiaBoB tmna 2KC6K (cruraBel, BKITIO-
yale HUKeJb U XpOM) B 3JIEKTPOJMTAX Ha OCHOBE
NaNOj [41]. TIneHnkn HUKeNSA B BOIHBIX U BOIHO-OP-
TFaHWYECKUX PacTBOpax 3JIEKTPOJIUTOB HUTpaTa HATPUsI
MPOSIBJISIIOT OCHMJUISILIMOHHbIE 3aBUCUMOCTU TOKa OT
BpemeHU [41]. Bo Bcex YIOMSIHYTBIX B HACTOSILLIEM UC-
cJenoBaHMU paboTax OTMEYaeTCs OTCYTCTBUE TEOPUH,
MPUBOSIIEH K aHAIMTUYECKOMY OIMMCAHUIO OCLIMJI-
JIMpYIOLLIeTO MoBeAeHus cucTeMbl. HacTosias pabora
MpenocTaBIsieT aHATUTUUECKYIO MOJIE/Ib, OCHOBAaHHYIO
Ha (pOpMYJIBHOM OINMMCAaHMU OCHOBHBIX 3aKOHOMEPHO-
CTEW IMHAMUYECKOU CUCTEMBbI, IIPUBOIMIIIMX K IIEPUO-
JMYECKMM 3aBMCHMOCTSIM TMHAMUYECKUX IMapaMeTpoB.

Taxkum 006pa3oM, aHaIM3 aBTOMOJEIbHbIX pELIEHU I
ypaBHeHUA (9) Tuma ypaBHeHUS Pokkepa—I[Imanka
MO3BOJISIET MOHATH Mpupoay GopMupoBaHus Gpak-
TaJIbHBIX TIOPUCTBIX KJIacTepoB B KpeMHUU. [Tporieccol
caMOOpraHuM3aluu, Beaylme Kk GopMupoBaHuio ¢Gpak-
TaJbHBIX TOPUCTHIX KJIACTEPOB, MPOUCXOIIT B AMara-
30He mapamerpoB ECUS! > FeX! yorma rpanuia pasnena
MOJYMPOBOAHUK/IUSEKTPUK SIBJISIETCS 3KBUIOTEH-
LIMaJIbHOM TTOBEPXHOCTBIO U pacnpenesieHre 3apsiaa Ha
HEW TPOUCXOIMUT TMPONMOPLHUOHATBHO KPUBU3HE IIO-
BEPXHOCTU. DTO MOCTUTACTCS XOPOIIeH MPOBOIUMO-
CTBIO BJIEKTPOJIMTA U OTCYTCTBUEM MOBEPXHOCTHO-AK-
TUBHBIX H00aBoK B HeM. Eciu mone 3apsiaa, pacripe-
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JIEJIEHHOTO 110 TIOBEPXHOCTH, OMpPEAesieT ABMXKCHNE
JIBIPKA K MECTY D3JIEKTPOXMMMYECKON peakiuu, TO
dopMupyetcs (pakTalibHasi CTPYKTypa KiacTepa.
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Self-Organizing Processes During an Electrolytic Nanostructuring of Silicon

The work presents experiment and theoretical data, which testify to the presence of the self-organizing processes in the electro-
Iyte/semiconductor system. These processes are expressed both in various dynamics of the course of anodizing depending on the proc-
ess parameters, and in formation of the fractal porous clusters as the end result, including the nano-scales. Analytical models de-

scribing all the above phenomena were developed.
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Introduction

Self-organization — one of the basic provisions in expla-
nation of the fundamental aspects of world order [1, 2]. Such
issues also arise in the study of the transformation of the sur-
face’s structure and volume of solids in their interaction with
chemically active medias that is used in nanostructured mod-
ification of surface and volume of the electronic systems.
These issues relate to the system’s response to external action,
which is expressed in formation of the low-dimensional struc-
tures with different morphology or presence of the electropo-
lishing mode, as well as the change of dynamic regimes of an-
odizing and others. An important aspect for nano- and mi-
croelectronics — lowering of dimensions at chemical and
electrochemical affection of the active media on a number of
solid-state compounds. These compounds are materials hav-
ing metallic and semiconducting properties. The chemical or
electrochemical reactions leading to the formation of the pore
space might flow in such compounds [3, 4]. The characteristic
features of the above mentioned processes are reactions which
are carried out across the interface between two media and
charge of the charge states of substances that are in contact.
The change in the charge state can be, therefore, a kind of in-
dicator of activation of a certain kind of processes. The tech-
nologically utilized system of this kind is a porous silicon
(PS), scientific literature [3—5] is devoted to various aspects
of its formation and use. Despite the large amount of litera-
ture on the study of various aspects of the system response to
external affection with decreasing of dimensions of one of the
components of a complex system and development of the in-
terface, the conventional solution to the theoretical aspects of
these phenomena does not exist. One of such issues is syn-
chronization of the elementary acts constituting the silicon
anodizing process in hydrofluoric acid solution. A number of
studies demonstrated presence of the anodization modes, ac-
companied by periodic changes in the dynamic parameters of
a system, such as current and voltage [6—11]. Self-organiza-
tion, which is expressed in a periodic variation of current and
voltage was observed in sensory systems based on low-di-
mensional systems, as well as based on porous silicon. These
facts testify influence of the processes near the interface on
formation of the total system response during dynamic
changes in the structure of the modification front of the solid
component.

One of the aspects which attracts interest in study of the
properties of the porous silicon, is study of the fractal char-
acteristics of the formed porous structures. This may indicate
the presence of a universal fractal mechanism for formation

of the pore space [12]. In [13], a geometric model of porous
silicon, which is based on fractal constructions is presented.
The results of the model [13] are compared with the optical
measurements which indicate good agreement between ex-
periment and theory for silicon of p-type. A conclusion was
made in [14] about fractal nature of the formed porous sur-
face on the base of experimental studies of hydrogen coverage
of nanoporous p-type silicon. A fractal model describing the
morphology of the formed nanocrystals, which has a fractal
dimension of 2,1...2,4 was also developed.

This paper considers the approach to obtaining of the po-
rous silicon with fractal properties by anodic etching without
creating special seeds. This allows to understand self-organi-
zation in the overall system’s response and in behavior of the
dynamic parameters that control it, including the individual
components.

Experimental data on oscillatory processes in anodizing
of silicon and the properties of the boundary layer

Study of the cross chippings of the porous structures has
revealed a regularity associated with a periodic changes of the
parameters of silicon-electrolyte system during anodization:
the thickness of the pore’s walls periodically varies with a
depth in accordance with the corresponding changes in the
system over time. These laws are described in details in [9—11].
An image of the structure with periodically changing profile
of porous channels is shown in fig. 1.

It should be noted, that the chain of electrochemical re-
actions in the silicon corresponding to pore formation is not
completely revealed. In [15] (see. also [3, 4, 16]), a common
model of sequential surface fluorination is proposed. This
model is based on the theory developed in [17].

Study of interface of the system electrolyte-semiconductor
in the context of impedance for pore formation is presented
in [18], where it is noted that the pore formation is charac-
terized by the presence of one loop, which has a negative part
of the dependence, and the intermediate regime is character-
ized by the presence of two loops, one of which has no neg-
ative part. The electropolishing is characterized by two loops
without a negative part of the dependence [18]. This can be
interpreted as formation of a layer with specific properties on
the silicon surface. The near-surface charge in it is determined
by capacitive characteristics of the impedance and the fre-
quency dependencies can help to reveal the specific frequen-
cies that characterize the charging dynamics of the charge
centers. Formation of dielectric film leads to occurrence of
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the surface states — fast on the film’s border with the semi-
conductor and slow on the film’s border with the electrolyte.

The surface states contribute in the dynamics of exchange
of the charge carriers between the two environments. They
may be formed during formation of the complex surface di-
electric layer during the electrochemical reactions of pore for-
mation, as evidenced by the study of IR-spectra: availability
of Si—H, O—Si—H, Si—O—Si and others links in the surface
area of the porous silicon [12]. Moreover, the electrolyte’s
fluorine capable to deeply penetrate into the silicon under
surface of the media interface [19]. It should be noted, that
similar penetration of fluorine into the silicon is observed in
plasma etching of silicon in fluorine-containing compounds
[20]. A fluorine also can affect on the near-surface insulating
film, modifying its structure. The "fast" surface states are
usually located on the inner surface of the dielectric layer,
which are characterized by the capture time of the order of
1078...1073 5. The "slow states” with a large capture time —
from 1073 to several hours are located on the outer surface’s
layer. A fluoride, penetrating deeply into the silicon is able to
modify the surface layer and to form charge trapping centers
inside of the silicon [19]. The "slow states" contribute into the
kinetics of processes of the sensory structures based on porous
silicon. The dynamics of pore formation and reaction of the
sensory structures based on porous silicon on affection of the
atmosphere of polar molecules have much in common.

Recharging of the conditions can lead to a potential drop
on a dielectric film, which will prevent penetration of the
charge of a certain sign through it. In this case, the potential
drop in the film need to be taken with the opposite sign, which
must be taken into account in the appropriate equations. Re-
charge of surface states has been studied in details in [21, 22],
in which it was noted that appearance of the oscillatory phe-
nomena is associated with the direction of the CVC passage
(firstly — from minus to plus or conversely). Only in one case
there is a section with a negative differential conductance,
where the current decreases through the system with increas-
ing voltage. This site is associated with oscillatory processes
for dynamic variables (fig. 2).

Curve [ in fig. 2 shows the dependence U(f), correspond-
ing to formation of the porous silicon of the zero type of
morphology, the curve 2 shows the relation U(¢) for the first
type, the curve 3 shows the relation U(7) for the second type,
curve 4 shows the relation U(?) for the third type. The de-
pendence U(?) for the electrolyte solution of HF and isopropyl
alcohol (IPA) in a ratio of 1:3 by volume is reflected by the
curves 5 and 6, taken under the different exposure of the an-
odized samples, in what connection the dependence 6 corre-
sponds to a higher light intensity of the anodized sample in
comparison to the dependence 5.

According to the model of electrochemical etching pro-
posed in [15], an exchange of the charges of both signs with
a surface between two media occurs. Capture of the negative
sign (electrons) by surface states of the carriers complicates
their delivery to the surface. An asymmetrical barrier became
formed, which prevents penetration of the charged reactants
to the reaction site and their equilibrium movement. This fact
causes the change of sign in the potential fall V; = eeh (in the
units of energy, in what connection V= e+ U, U — the po-
tential difference in volts, e — electron’s charge) in the die-
lectric film in the term that describes the probability of fade
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into the reaction (r;' ), at that ¢ — the intensity of the field
in the insulating film, 4 — its thickness. In this case, CVC for
sensor structures based on porous silicon coincides with CVC
of the silicon anodized in HF solution, presented in [11].
(On these CVC, the section with a negative differential con-
ductivity precedes to the oscillations.) The dynamics of CVC
of the silicon anodized in HF solution depending on the ex-
perimental conditions in the presence of oscillations in the
dynamic parameters was studied in [7—11] and represented
in fig. 2.

Thus, the experiments indicate the presence of periodic
synchronous processes in the system silicon-electrolyte based
on hydrofluoric acid, which are associated with the active ex-
change by charged components between various media via
surface states. Their properties may vary considerably under
the influence of molecules (atoms) in the medium and surface
modification, particularly at forming of a thin dielectric layer.
All these facts can significantly affect on the dynamics of
processes in the system.

System of equations for the dynamical variables

The system of equations describing the dynamics of the
processes carried out, as follows:

ar _ ;- °r _ N, .
v _ o LNy 28 1
dt T4 T T P M
e i VA @)
tr T T
dh
—L =G—ph,N — ph 3
7 ph,N — ph, 3)

where t, = ¥ exp{(E, — esh)/kpT}, 10 ~ 10712 s — the char-
acteristic time of molecular oscillations, E; — the height of

the barrier, E; = E;— ech — the height of the surface barrier,

changing due to appearance of the electric field in the surface
film; kp — Boltzmann constant; p, p — corresponding co-

efficients; ' — total surface concentration of neutral and
charged molecules (atoms, ions); I, — concentration of active

adsorption centers (coincides with the concentration of traps);
N — concentration of the charged ions (fluorine); 14, T, — the

characteristic times of adsorption/desorption of the neutral
molecules (atoms); t; — time of activation overcome of the

surface barrier by a charged molecule (ion); Ty and 7 —

times of the forward and reverse tunneling of a charge carrier.
It should be noted, that according to [3, 4, 16, 17], the active
atoms (ions) primarily are the fluorine atoms. The charge in
the film was neglected while composing the equation. Equa-
tion (1) describes the kinetics of arrival/departure of the neu-
tral polar molecules on the surface states. In the right-hand
side of equation (2), the first term is a number of the charged
polar molecules, which formed as a result of tunneling of the
electrons, the second term is a number of charged mole-
cules, which lose the electrons as a result of the reverse proc-
ess, the third term is a stream of charged molecules leaving
the surface by activation manner. It should be noted, that
the theoretical model of the surface processes, based on the
equations (1)—(3), works well in explanation of the silicon
etching in a fluorine-containing plasma, that as evidenced




by the analysis of the main experimentals. Furthermore,
there is a relation: ¢ = 4neN/e.

To solve the system of equations (1)—(3) it is convenient
to give up on the sizes. This decision was carried out nu-
merically, moreover the exponent in the index in the value
T, = 12 exp{(E; — eeh)/kgT} was expanded in a line by the
parameter Y = eeh/kpT till the third degree inclusively,
where ¢ was defined by the formula ¢ = 4neN/g;. The sign at
the parameter Yin the exponent was replaced at the opposite
due to the recharge of surface states, the physical reason for
it was noted above. Solution of the provided system of equa-
tions (1)—(3) for the dimensionless variables x(t), y(1), z(t)
at corresponding values of the parameters is shown in fig. 3.
It is also possible to interpret the variable hp, which describes
the concentration of holes, as the subsurface concentration,
which is measured not in terms of volume concentration
(m_3), but in terms of surface concentration (m_z), as well as
other relevant dynamic variables. All these arguments are re-
lated to the lack of experimental data needed for more accu-
rate conclusions.

As can be seen from figs. 3, 4, the stable focus exists at the
corresponding parameters for dynamic variables. We can see
that there is also a solution in the form of a limit cycle for oth-
er parameters for dynamic variables. The size of the limit cy-
cle is determined by the energy dissipation in the system.

Equations (1)—(3) describe the system in different areas.
Equations (1) and (2) characterize the properties of the sys-
tem in the near-surface region. Equation (3) includes the vol-
umetric description. Based on this, parameter p, entering in
these equations, may be slightly different for the equation (3),
i. e., it should be replaced by p".

A suggest was made in [7], that Andronov-Hopf bifurca-
tion may occur in the silicon-electrolyte system based on so-
lutions of hydrofluoric acid. This statement requires a careful
theoretical analysis. The existence of a bifurcation birth of the
limit cycle from the stable focus through soft excitation results
from theoretical analysis and numerical solution. It should be
noted that the experimental data indicate the presence of the
regularities in the behavior of dynamical variables [7—11],
theoretically established in this study, i. e., in good agreement
with each other.

Issue statement and justification of the simulation algorithm
of pore space formation

This section is devoted to the study of connection of the
fractal properties of porous silicon with the mechanisms of the
pore space formation, i.e., reasons of the self-similarity of the
porous structures formed in semiconductor crystals of silicon.
A particular attention was paid to the delivery mechanism of
the holes involved into the electrochemical reactions. In fact,
the fractal mode of formation of porous clusters in the silicon
is associated with the large-scale invariance of the equations
that govern the delivery of holes to the site of electrochemical
reactions of dissolution. Physically, it can be carried out with
a good conductivity of the electrolyte, when the interface has
equipotential nature, and the charge distributes on it accord-
ing to the curvature.

As shown in fig. 5, formation of the main types of porous
structures can be correlated with CVC areas of pore formation
in n-type silicon. The structure organized from clusters and

filled with microstructure (conventionally, this type of mor-
phology is called type 0) become formed in the area of the in-
itial CVC rise. The branching macro-clusters and microstruc-
ture become formed in the area of a sharp CVC rise (type 1).
The elongated sparingly branched macro-clusters become
formed in the area of CVC saturation (type 2). The un-
branched clusters become formed in the area of the secondary
sharp CVC rise (type 3). The porous structure of n-type sili-
con is useful for study due of the presence of macroscopic
structures, along with the microstructure. CVC of the porous
p-type silicon has no saturation area and the patterns of pore
space formation differs from the patterns of pore space for-
mation of n-type silicon.

Study of formation of the fractal porous clusters in silicon
described in this section are based on computer simulation.
Statement of the problem is based on the actual conditions of
the experiments on formation of the porous silicon by ano-
dizing of the appropriate substrate in a solution of hydrofluo-
ric acid in a self-organization mode, i. e., without forming of
special seeds, which primarily determine the development of
the pore space. A typical formulation of the experimental part
can be found in [3, 11]. Several aspects of the problem should
be highlighted. Firstly, in general, setting of the three-dimen-
sional problem is close to the Stefan problem with moving
boundary [23]. The configuration of the boundary electro-
Iyte/semiconductor varies in time, and the boundary extends
into the sample, becoming more rugged. Secondly, the elec-
trochemical reactions of silicon dissolving occur on the sur-
face of the interface electrolyte/semiconductor, the exact na-
ture of which has not been fully studied [3, 18, 24]. The
mechanism of action of various types of additives in the elec-
trolyte as surface-active agents (SAA) on the surface is un-
clear, resulting, apparently, to the redistribution of charge at
the interface. Third, the developed theory is based on the
model of pore space formation, which is defined by holes de-
livery to the site of electrochemical reactions [3, 11, 15], that
is characteristic for n-type silicon; reactions behavior is asso-
ciated with sequential fluorination of silicon [15].

Computer algorithm is based on consideration of the fol-
lowing scheme. It is known that the multistage electrochem-
ical reactions occur on the boundary electrolyte/semiconduc-
tor with the positively charged particles (holes), which lead to
the electrochemical dissolution of silicon in the presence of
potential difference between the electrolyte (cathode) and the
silicon (anode). The holes become diffusively delivered to the
boundary electrolyte/silicon from the depth of the semicon-
ductor with appropriate external potential, which participate
in electrochemical reactions. For occurrence of the holes, the
n-type semiconductor crystals of silicon required to be irra-
diated by electromagnetic radiation. During formation of the
pore space, the boundary between the media becomes heavily
modified. The pore space is filled with a conductive electro-
Iyte that contributes along with external applied potential into
formation of the resulting electric potential field, which con-
trols the movement of holes.

The movement of accidentally wandering holes at the po-
tential of a different nature was modeled on the base of the
equation [25]:

ar — y, 1,

7 r(fy) = ry, “4)
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where U(r, 7)) = uf(r, f +ufr, 1), uf(r, ) — the determinated
component of the velocity field associated with the external
applied potential, u(r, /) — a random component of the ve-
locity field, which depends on the temperature of the silicon
substrate, ry — the initial position of the wandering particle.

The determinated and random components of velocity
fields are associated with the flow of particles:

— 1,00 = -p&
fuf yfér’ fut Dara (5)

where f= f(r, ) — distribution function of the charge carriers
(holes); D — diffusion coefficient (for holes — D,); y — co-
efficient describing the resistance of the medium; ¢ — poten-
tial equal to the sum of potentials ¢ = ¢ + ¢elust + gnon-elect.
and &, pclust gnon-elect __ potentials, respectively: external, of
a cluster becomes formed and of non-electrical nature (e. g.,
deformational).

The expressions (5) allow us to formulate the studied
problem in terms of the distribution function and to relate the
task with the Fokker—Planck equation. The movement of
holes is expected to be thermalized, i.e. the velocity distribu-
tion will follow the Maxwellian rule, and the holes are in ther-
mal equilibrium with the lattice.

The new position of the particle is calculated according to
the formula

r(1+ A =r() + (up+ u)Ar, (6)

which is a formal solution of the equation (4), at that r(7) rep-
resents the position of the particle in the previous step, At —
time step.

Direction of the vector u, is chosen randomly according to
the algorithm described below, and the length takes equal to
the root-mean-square velocity of the particle of an ideal elec-

tron gas: |u| = ,/3kT/mj,, where kg — Boltzmann’s con-

stant, 7 — absolute temperature (variable parameter), mj —
effective mass of a hole in silicon.

The velocity vector ufin the model is a deterministic val-
ue, which is determined by the electric field and is calculated
according to the formula: u,= p,E, where E — the vector of
the strength of the electric field; pj, — hole mobility in silicon.

Although the second term in equation (4) has a simple lin-
ear dependence on time, but its contribution to the motion
described by the second term of the form of w,Az, has purely
stochastic character of cdW type (¢ — the root-mean-square
deviation of a random variable, dW — random Wiener proc-
ess), so that this equality has a direct analogy with the Ito
equation [26], and the problem is close to the problem Orn-
stein—Ulenbeck.

Scale invariance of an issue

In case of motion of thermalized particles, i. e. charge car-
riers, which are in thermal equilibrium with the lattice, so that
the velocity distribution follows the Maxwell type, the equa-
tion of continuity for the particles’ flux leads to the result:

g_/; + div(fU) = 0; ()

g{ - div(f- %gradq)) — DyAf=0, (8)
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which is similar to the Fokker—Planck diffusion. It should
be noted, that the relaxation times of electrons’ impulse at
room temperature in semiconductors are in the order of

10712..107 5. The potential ¢’ can be found from the
Poisson equation A¢p = —4np. In the case of free carrier con-
centration is equal to zero, p goes to the Laplace equation,

and u = HhE E = E¥ + Eclust + Enon—elect were Enon—elect —
— _grad(d)non—elect)’ W, —
Laplace operator.

The diffusion equation lays in the basis of (5): 6f/ot = D,Af,
1 /2

the mobility of holes in silicon, A —

which is invariant under scale transformations [27]: r'= A
t'= \t, where . — dimensionless scaling factor.

For a more detailed analysis of the equation (8) let us re-
write it as:

Qf 1o .of 4 1,0
DAf+Y P 5r+w,far 9

where 1/y;, = n, — mobility of a particle (hole). Potential ¢
satisfies the Poisson equation or Laplace equation in the ab-
sence of free charges. Let us analyze in details the second term
in the equation (9). Since the relation E = —d¢/cr is true, the
scale invariance of expression (9) is defined by the transfor-
mation of potential or by the field strength in the case if the
transformations r' = AY2r, #'= \r are true for spatial varia-
bles. If, for example, the potential has the form of the Cou-
lomb potential (¢ = k* g/r, k — dimensional factor, moreover,
in the CGS electrostatic system k = 1), then, if the charge is
converted according to: ¢' = Al 2q, the expression (9) remains
unchanged after the transformation:

r'=312, g =22 (10)

In this case, the volume charge density becomes locally
transformed as the inverse square .S, which is proportional to
the Gaussian curvature K: p = g/V — [x1/2/x3/2] = [k_l] -
— 1/85 — K, where K — Gaussian curvature of space at a giv-
en point, which is equal to the product of the two principal
curvatures at the point K = kk,, so [k] = [1/r], r — the ra-
dius of curvature [28, 29]. Last ratio 1/S — K can be obtained
using Gauss’ theorem on the existence of the relationship be-
tween the surface area .Sy, the area of its spherical image S,

t'= A,

and Gaussian curvature K and the surface f. This relationship
is expressed by Gauss theorem: the ratio of the area of the
spherical image of the area on the surface to the area of this
region approaches to the absolute value of the Gaussian cur-
vature of the surface at this point of surface, when the region

shrinks to this point [28]: hm (S, ph/Sf) K, where y — the

boundary of region Sf.

This fact allows us in the analysis to replace the surface ar-
ea near the selected point with the area of a unit radius (spher-
ical image), divided by the Gaussian curvature.

It should be noted, that the electric field at the interface
is transformed as the surface charge density (£ = q/r2 -
- [kl/z/k] = [k_l/z]), i.e., it is proportional to the average
curvature of region M = 1/2(k; + k;), where ki, k; — the
principal curvatures of the surface [29]. The relationship for

strength of electric field — ! gf —2M = —(l + l) is valid

ron




on the curved surface of a charged conductor, moreover, 7y,
r, — the principal radii of a curvature [30]. Gaussian and av-
erage curvatures are related to each other by the relation
M? — K= 1/4(1/r, — 1/r;)> = 0. It should be noted, that in
the umbilical points (when r; = r;), where the Dupin indic-

atrix is circular, the relation M? = Kis true, so that you can
use any of the values of M or K to describe the properties of
a curved surface.

For a system of two conducting spheres connected by a
conductor, we have the relations: ¢; = ¢, = const, i. e. the
equality of potentials of the two spheres, and for the charges
we have the relations: ¢ = Or/(ry + 1) ~r, ¢y = Or/(r +
+ ry) ~ r,, where Q = g + g, — total charge of the sphere of
radii r; u r,, where q,/q, = r|/r, i. e. the charges are pro-
portional to the radii of the spheres. The following relation is
true for charge densities: ¢;/4n rl2 > qy/4n r22 (or ¢ K} > K5,
K, K, — Gaussian curvatures of spheres with the radii +, and
ry, respectively), if r; < ry, then 6| > o,. Thus, a distribution
of charge on the curved surfaces occurs in accordance with
their curvature, moreover, the charge density is greater on the
surface of large curvature. It should be noted, that the expres-
sion for the charge density p = g/V — [xl/ 2/x3/ 2] = [k_]] - K
uses Gaussian curvature, i.e., the product of the principal cur-
vatures. Therefore, if the distribution of charge density on the
surface of the interface in the formed separate porous cluster
occurs proportionally to the Gaussian curvature, so the scale
transformations (10) keep the equation (9) unchanged. The
constancy of the potential along the surface of the interface
"electrolyte/silicon" indicates the equipotential nature of the
boundary [11].

Study of patterns for decisions
and results of computer simulation

In the case where the Laplace equation is true for descrip-
tion of the potential, the self-similar solution of the equation
(9) has the form [31]:

2
fir, = —1 exp{—(r_uft) } (11)

(4r D" 4D,1

where uy= p,E. The expression (11) represents a Gaussian
curve and appears a self-similar solution of the equation (9)
at Ap = 0.

When using a discrete random walk algorithms, it can be
shown that the solution can be factored into a similar (11) for-
mula. As it follows from the analysis of works by the laws of
fractal growth [27, 32, 33], the tags of the fractal structures
become developed most intensively. The fractal growth of a
porous cluster occurs when the local charge density is higher
in places of a greater curvature of a cluster. Probability of
growth in these areas increases.

A software package that gives wide opportunities for vis-
ualization of cluster growth in two-dimensional (2D) and
three-dimensional (3D) cases was developed to study the laws
of fractal cluster growth. It allowed to study any horizontal or
vertical cross section of the system at any time of process sim-
ulation and to take snapshots.

The results of study of the system on the basis of the de-
veloped model and its comparison with experimental data are
given below. The crystallographic direction (100) was mainly
studied. Fig. 6 shows the calculations of the potential distri-
bution and two-dimensional porous structures, as well as a
photograph of one of the porous structures obtained in n-type
silicon. It is noticeable that the potential distribution is une-
ven, so its gradient reaches a maximum near the tags of the
pores. Near the lower limit (fig. 6a), the potential is distrib-
uted fairly evenly. The configuration of the structures (fig. 6a)
is in good agreement with the structures whose photos were
published in [34].

Fractal dimension waas calculated according to the for-

mula [27]: D= 6limo(—lnN(S)/lnS), where & — diameter of
-

the balls that cover the structure; N(8) — the minimum
number of balls with a diameter 8, necessary for its coverage.
Calculation of fractal dimensions and 3D-modeling are
shown in figs. 7 and 8.

Thus, the analysis of self-similar solutions of the equa-
tion (9) of Fokker—Planck type allows us to understand the
nature of formation of the fractal porous clusters in silicon.
One of the possible mechanisms of formation of the fractal
porous clusters in semiconductor silicon crystals associated
with delivery of the holes to the interface was shown, where
they participate in the electrochemical reactions of silicon
dissipation. Self-organization, leading to formation of the po-
rous fractal clusters occurs in a range of settings ES“! > EeX,
i. e. when the motion of holes near the pores is governed by the
influence of fields of the clusters being formed. With increase
of external applied voltage, the movement of holes becomes less
chaotic, and the less branching clusters become formed.

The fractal dimensions of two-dimensional clusters
(Dfs 1,5) obtained on the basis of calculations are inter-
mediate between the dielectrics’ breakdown models
(Df= 4/3 = 1,33) and aggregation models limited by diffu-
sion (Df = 5/3 ~1,7) [33]. The fractal dimension in the model
of viscous fingers consists for Df= 1,3 £ 0,1 for small
clusters, whereas for the developed clusters in a radial ge-
ometry were obtained Df= 1,7 = 0,05 [35] (see. fig. 7). The
fractal dimension Df ~ 2,39 for three-dimensional clusters
(fig. 8) in the model is in good agreement with the value
D,= 2,36...2,47, experimentally measured by atomic force
microscopy [36].

Discussion and conclusions

The essential point for interpretation of the effects is the
relationship of local and global behavior of the dynamical var-
iables [38]. The above mentioned equations (1)—(3) are true
for the processes homogeneous by its surface. In the case,
where the system represents a set of the local areas, where the
processes occur different in the speed of electrochemical re-
actions, the specificity of their occurrence, etc., the system
can has the various development modes of the overall process
of pore formation, which are characterized by different be-
havior of dynamical variables. This aspect of clustering and
synchronization of a dynamic system fragmented into sepa-
rate regions requires further study, similar to that shown in
[37]. A particularly important aspect — the presence of the di-
electric layer of complex composition, which in view of the
presence of the charge states, makes a significant contribution
into the dynamic behavior of the system parameters.
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In this paper, we considered one of the possible mecha-
nisms of formation of the fractal clusters in silicon, associated
with the self-similarity of the random walk [27, 32]. The phe-
nomenon of oscillation of the dynamic parameters in the an-
odizing process under certain conditions was found in a large
number of systems. The presence of additives in the electro-
lyte, which lead to formation of the oscillatory dynamics of
silicon anodization process of in HF/H;PO, compositions,
also was emphasized in [38]. It was experimentally found, that
the boundary layer similar to oxide becomes formed in the
depth of pores. The voltage oscillations were observed in [39]
during anodization of InP substrates with n-type conductivity
of orientation (100) in aqueous solutions of HC1 at high con-
stant current densities. The oscillations under certain param-
eters resulted in a synchronized periodic changes in the con-
tours of the pore channels, similar to the shown in fig. 2 of this
paper. The current oscillations during anodization of alumi-
num in potentiostatic mode in solutions of H,C,0, were
found in [40]. The profile of pores in these modes also was pe-
riodically changed. The current’s oscillations were also de-
tected at anodizing of heat-resistant alloys of JKC6K type (the
alloys, including nickel and chrome) in the electrolytes on the
basis of NaNOj; [41]. Nickel films in aqueous and aqueous-
organic solutions of sodium nitrate electrolytes show oscilla-
tory dependencies of current versus time [41]. In all these
works there is a lack of the theory, which leads to the ana-
lytical description of the oscillating behavior of a system. The
present work provides a model based on the symbolic descrip-
tion of laws of the dynamical system, which lead to a periodic
dependence of the dynamic parameters.

Thus, the analysis of self-similar solutions of the equa-
tion (9) of Fokker—Planck type allows us to understand the
nature of formation of the fractal porous clusters in silicon.
The self-organization, which leads to formation of the porous
fractal clusters occurs in a range of values E“! > E® when
the interface "semiconductor/dielectric” appears an equipo-
tential surface and the charge distribution on it becomes pro-
portional to the curvature of the surface. This becomes
achieved by good conductivity of the electrolyte and absence
of the surface-active additives therein. The fractal structure of
the cluster becomes formed, if the field of the surface distrib-
uted charge determines the motion of a hole to the place the
electrochemical reaction.

This work was financially supported by the Ministry of Ed-
ucation and Science of the Russian Federation, the agreement
No 14.574.21.0099 from 08.26.2014 (The unique identifier of
the applied scientific research RFMEFI57414X0099).
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OLEHKA XAPAKTEPUCTUK MUKPOMEXAHUYECKUX AATHUKOB
M MOAYAEM MPU UX TPYNNMOBOM U3TOTOBAEHUMN.
METOA U ETO TEXHUYECKAS PEAAU3ALINA

Ilocmynuna é pedaxyuro 27.10.2014

[Ipeodnoscern memoo oyeHKU CAYHAUHOU COCMagasowel OUHAMUYECKOU NO2PeUHOCU MUKPOMEXAHUHECKUX 0amH1UKo8 U Mo-
dyaell Ha OCHOGe 80CHPOU3BeOeHUsI KOAeOAHULl ¢ 3a0aHHbIM cheKmpom yacmom. Memoo 3aKkaouaemcs 6 CpasHeHUuu CHeKmpos
6X00H020 8030elicmeusi coO CMeHAa U 8bIXO0H020 CUSHANA C Uccredyemoeo damuuka uiu modyis. l[lposedeHsl sKcnepumeHmanbhsle
uccredosanus pazpabomannozo memoda. Queneno cpeduee Keadpamu4rHoe OMKAOHEHUe NOZPEUHOCIU BbIPAOOMKU YeN08 KaAUKU
MUKDOMEXAHUHECKOU becnaampopmeHHOU UHEPUUAAbHOU HABULAYUOHHOU cucmembl, Komopoe cocmasuno 0,8°, umo coomeemcm-
8yem munogou nozpewHocmu 0as npubopos nodobHozo Kaacca. llpumenenue yKazaHHo20 mMemooa no3604Um COKPAMUMb EPemsl
OUEHKU XapaKmepucmuk 0am4uKo8 npu ux epynnogoM U3eomoeieHUU.

Karoueenie cao6a: 3a0annbiii cnekmp wacmom, cAy4auHas COCMABAAWAs OUHAMUMECKOU NOSPeUHOCMU, 6X00H0e 8030eUC-
8ue, cpeOHee K8aOpamu4yHoe OMKAOHEHUe NOSPEUHOCMU BbipaAOOMKU Yen08 Ka4Ku

BBenenune

OCO0OEHHOCTBIO M3TOTOBJECHUSI M3ACIUNA MUKPO-
CUCTEMHOM TeXHUKU SIBJISIETCS UX IPYIIIOBOM BBITYCK.
Kax mpaBuio, 3Tu u3fgenusi COCTOSIT M3 KpUCTajja
MMepPBUIHOTO TIpeoOpa3oBaTeNs U KPUCTAJIa CUCTEMBI
yIIpaBieHUsI U 00paboTku uHpopmanuu. B To Bpems
KaK TeXHOJIOTMSI M3TOTOBJICHUSI MOJIYITPOBOJHUKOBBIX
3JIEMEHTOB XOPOILlO OTpaboTaHa Ha OCHOBE MpEMbl-
IYILEeTOo 3HAYMTEIBHOTO OIbITa CIIeIIMaIu3uPOBAHHBIX
NPeANpPUSITUNA, U3TOTOBJEHUE MUKPOAATYMKOB IO Ta-
KO TEXHOJIOTUU TIPEACTABIISIET ONMpeaeeHHYIO TPy -
HOCTb. JIocTaTOYHO cKa3aTh, UTO BBIXOJA FOAHBIX KPH-
CTaJJIOB MUKPOJATUMKOB B MUPE COCTaBJIsIeT He OoJee
60 %. He saBnstorcs MCKITIOUEHUEM M MUKPOMEXaHU -

yeckue UHepluaabHble gaTyuku (MM/) — rupocko-
bl U aKCeJepOMEeTPbl, U3TOTABIMBAEMbIE HA OTEUYECT-
BEHHBIX TIPEANPUSATUSIX, BBIXOI TOMHBIX KOTOPBIX 3HA-
ynTeabHO MeHblle. OcobeHHocThio MMJI siBiseTCs
3HAYUTENbHBIN pa3dpoCc UX XapaKTEePUCTUK MPU IPYyM-
MOBOM M3roToBjieHUU. Hampumep, MaciuTabHbI KO-
3¢hGULIMEHT Y MUKPOMEXaHUYECKUX TMPOCKONOB (hurp-
Mbl Analog devises [1] Tuma ADXRS He HopMmupyeTcs,
a pa3dopoc YyBCTBUTEIbHOCTM HOPMUPYETCS B Mpeae-
nax 5—10 % oT TUIIOBOro 3HAYEHMSI. YKa3aHHAasI OCO-
OEHHOCTb 3aCTaBJIsIeT MPOBOAUTH MHAUBUIYATbHYIO Ka-
JIMOPOBKY NaTyuKoB. [Tpu 3TOM UX CTOMMOCTb BO3pac-
TaeT Ha MOPSAOK. YMEHbIIEHUE CTOMMOCTU Kajauo-
poBkru MMJI cBsizaHO C MPUMEHEHUEM TPYIMOBBIX
MeTonoB. [Ipn 3TOM HEOOXOAMMO, YTOOBI TEXHOJIOTH -
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YeCKHUI MPOLIECC UCIBbITAHUN MO3BOJISUI KaJIMOPOBaTh
HECKOJIbKO XapaKTepUCTUK JaTYMKOB 32 MUHUMAaJb-
HOe BpeMsl, U XeJlaTeJIbHO, UTOObl OH BBIMOJHSIICS B
aBTOMaTU3UPOBaHHOM pexume. CieayeT OTMETUTh, YTO
JI0 HacTosllero BpeMeHu B Poccuu He mMpuHSITA HO-
MEHKJIaTypa XapakTepucTuk MMJI, o0s13aTebHBIX K
HOPMMPOBAHUIO U3TOTOBUTESIMM, UTO AesIaeT 3aTpy/-
HUTEJbHBIM CpaBHEHHUE XapakTepucTuk MMJI pa3Hbix
nsrotopureeir. OTMETMM U TO, YTO B MHKpOMeEXa-
Huuyeckux rupockonax (MMI), usroraBinBaeMbiX B
OAO "Kontuepu "LHUHUU "Brnexrporpmubop” mpuHSTA
HOMEHKJIaTypa XapaKTepuCTUK, MpUBEJeHHas B pa-
6ote [2]. OueBUOHO, YTO yKa3aHHbIE OCOOCHHOCTU
KannopoBku MMJI oTHOCSTCS ¥ K MUKpPOMEXaHUYE-
CKMM MOJIYJISIM, B COCTaB KOTOPBIX BXOISIT HECKOJIBKO
MM/. CTOUMOCTb 3TUX MOIYJIEH TaKKe JOJIKHA ObITh
MUHUMaIbHOM. CUTyalns OCJIOXKHSIETCS TeM, UTO CIie-
UAIM3UPOBAHHOTO 000PYIOBAHUS JIST BHITTOJTHEHMS
5THUX TEXHOJIOTMYECKUX OIepallrii He BHIITyCKaeTCs.

MeTo OLEHKH XapaKTepUCTHK
MHMKPOMEXAHHYECKUX JATYMKOB M MOIyJIei

O1eHKa AMHAMWYECKHNX XapaKTePUCTHUK JATYNKOB,
B TOM YMCJI€ YACTOTHBIX, 3aHMMAET 3HAUYUTEIbHOE Bpe-
MsI, B HEKOTOPBIX CIy4yasiXx HECKOJIbKO pabouyMX CMEH.
DTO CBSI3aHO ¢ HEOOXOIMMOCTBIO MPOBEICHMS UCIIbITA-
HUIMA HAa KaXIOW 4acTOTe B OTIACILHOCTH C MOCIEAYIO-
et 00paboOTKOM 3HAUUTEIBHBEIX OOBEMOB JaHHBIX.

s cokpallieHrsI BpeMeHH OLIEHKH TOTPEITHOCTE
MM (TupoCKOMNOB U aKCeJIePOMETPOB) B AMHAMUYE-
CKOM peXUMe MPEeAIOXKEH METOM Ha OCHOBE BOCTIPO-
U3BeJeHUsT KojieOaHUI B 3aIaHHOM CIIEKTpe 4acToT.
IIpennaraemblii METOA OTHOCUTCSI K YMCIYy METOIOB
cpaBHeHUs. [Ipu 5TOM 00pa3LOBBIM SBJISIETCS CUTHAI
CTeHJa, 3afalollero MoJurapMoOHMYecKre KoJieOaHUs
B 3aJaHHOM cIleKTpe 4JacToT. C HMM CpaBHMBAeTCs
CHUTHAJI MUKPOMEXaHNYECKOTO MHEPLMAIBHOTO U3Me-
PUTENIBLHOTO MOIYJISI UJIU AaTYMKa, YCTAHOBJIEHHOTO Ha
creHae. Ha ocHOBe MoJjlydeHHbIX peanu3aivii ocylie-
CTBJISIETCSI pacueT CMEKTPaIbHbIX XapaKTEPUCTUK BXOI-
HOTO U BBIXOJHOTO CUTHAJIOB MyTeM Ilepexoja U3 Bpe-
MEHHOI 00JIacTU B YAaCTOTHYIO C MOMOIIIbIO TTpeodpa-
3oBaHust Pypre. CpaBHEHHE IONYYSHHBIX CIIEKTPOB
BXOJHOI'O M BBIXOJHOTO CUTHAJIOB MO3BOJISIET OLICHUTD
MUCTIEPCHUIO TTOTPELIHOCTH AAaTYMKA UM MOIYJIS B 3a-
JlaBaeMOM YaCTOTHOM JTHAara3oHe.

ITycTb Xx(f) — BXOAHOI CUTHaJ CO CTeHJa (2TaJOH-
HOe BXOIHoe BosaeicTBue), y(f) = x(f) + e(f) — BbI-
XOJIHOM CUTHAaJI C IaTyurKa U MonyJis, rae €(f) — 1mo-
IPEIIHOCTh JaTYMKa uiu monyss. Toraa

e(n) = y(H) — x(2).

CriexTpasnbHas IJIOTHOCTb TOrpelHocTh S,.(f) B co-
OTBETCTBMHU ¢ TeopeMmoii Bunepa—XwuHumHa [3] ompe-
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JieNigeTcss KaKk OIHOCTOpPOHHee mpeobpasoBaHue Dypre
OT KOPPESILIMOHHON (hYHKIIMY MOTPEITHOCTH:

S = 2°§Rg(r)e‘/2“frdr, (1)

rae R.(t) — KoppelsaunoHHasg (YHKUMSA TOIPELIHO-
CTU; T — WHTEPBaJ KOPPEISIINN.

ITocKoBKY CUTHAIBI HAa BXOAE U BBIXOAE CHCTEMBI
SBIITIOTCST KOPPEINPOBAHHBIMU, TO

R,(v) = R(1) + R(x) — 2R (), )

rae R,(t) — aBTOKOppeNALUMOHHAasg QYHKIMUA BXOIHO-
ro CHTrHaJIa co cTeHna; R (1) — aBTOKOppessILMOHHAsI
(byHKIIMS BBIXOJHOTO CUTHAJIA C IaTYMKa WM MOIYJIS;
R, (t) — B3auMHasi KOppe/sIMOHHAsT QYHKLIMSL.
IToncrasnss Beipaxenue (2) B (1), moaydyum crek-
TPaJIbHYIO IJIOTHOCTh IMOIPEIIHOCTY UCCIIEAyeMOro AaT-
YMKa WJIM MOXYJsg, KOTOpas XapaKTepHU3yeT HUCIIep-
CHUIO TIOTPEIIHOCTM BO BCEM YACTOTHOM JMara3oHe.
Hckomas qucriepcust onpeaensseTcsl Kak IUIOMaab MO
rpacMKOM TMOJYYEHHOM CHeKTpaabHON MIOTHOCTH:

IIpeumyiecTBa pazpaboTaHHOTO METOA 3aKJIIoya-
IOTCSI B TOM, UTO BpeMsi, HEOOXOAMMOe IS oIpeese-
HUSI AMHAMUYECKUX MOTPELIHOCTE MUKPOMEXaHUJe-
CKMX MHEPLMAJbHBIX JaTYMKOB U MHEPLMATbHBIX U3-
MEPUTEJIbHBIX MOAYJIE HA UX OCHOBE, 3HAUUTEIBLHO
COKpallaeTcs 3a CYeT UCKIIOUYEeHUSI HEOOXOAMMOCTHU
WCIBITAHUI Ha KaXAO0# 4acToTe B OTACIbHOCTU U CO-
crapnsger 10...15 muH. Kpome TOro, MeTo mo3BoJsieT
MOBBICUThH TOCTOBEPHOCTh OLIEHKW AUMHAMUYECKUX IO~
TPELIHOCTEN MPU U3MEPEHUSIX B KOHKPETHBIX yCJIO-
BUSIX 9KCIUTyaTalliu, XapaKTEPU3YEMbIX 3a1aBAEMbIMU
CMEKTpPaMU BXOIHOTO BO3[ECHCTBUSI.

CreHapl 1151 OLIEHKH TUHAMMYECKHX XapaKTepPUCTHK
JATYAKOB M MOJYJICH

OueBUAHO, YTO CIeLMAIM3UPOBAHHOE 00OPYA0Ba-
HUE UISI OLICHKM JMHAMMYECKUX XapakKTepucTuk MMJI
1 MOJyJIeil Ha UX OCHOBE CEPUIHO He BbIMyCKaeTcs.
B cBsi3u ¢ aTum B OAO "Konuepu "LIHUU "BaekTpo-
npudop” ObUIM pa3paboTaHbI IBA CTEHIA IJIS JMHAMU-
YECKUX UCITBITAHNN MUKPOMEXaHUUECKUX TaTYNKOB U
MoayJei Ha ux ocHoBe. [1epBblid U3 HUX — JABYXOCHBIN
CcTeH/ Kauku [4], paboTalolliuii B paCIIUPEHHOM 4ac-
TOTHOM AuanaszoHe. OH MPUMEHUM ISl MCIBITAHUM
MOZYJIei BBICOKOIMHAMUYHEIX O0BEKTOB. JIBYXOCHBINM
creHn (puc. 1) obecneynBaeT 3amaHue KojeOaHUi 110
JIBYM TICPIIEHINKYJISIPHBIM OCSIM B IWAaria3oHe Y4acTOT
0,1...4 T'u ¢ pukcupoBaHHBIMU aMILIUTYHaMu 15 u 25°
MO KaXJI0i OCU COOTBETCTBEHHO.




Puc. 1. O0mmii BUA IByXOCHOTO CTE€HIA KAYKH
Fig. 1. A general view of a two-axle pitching stand

CreHj npencTaBisieT co00i pacKauyMBaloIIyOCs B
JIIBYX TUIOCKOCTSIX TMIaT¢OpMy, YCTaHOBJIEHHYIO Ha
KpecTooOpasHoM mozasece. Konedanus miardopmsbl Mo
rapMOHHMYECKOMY 3aKOHY O0eCIeuyrBalOTCsl KMHEMaTH-
YecKOH Iepemaveil creHaa, mpeodpasyoolieii Bpaa-
TeJIbHOE JABUXEHME BaJlOB ABUTATesIeil B BO3BPATHO-
MOCTynaTeIbHOE IBUXEHME C ITOMOIIbIO KPUBOIIIMII-
HO-KYJIMCHBIX MEXaHM3MOB. PaciivpeHne 4acTOTHOro
Jyafna3zoHa padOThl JOCTUTaeTcs 3a CUYET YCTaHOBKU
TPUBOJHBIX ABUTATEJIEN KaXIOU OCUM HA OCHOBAHUU
YCTPOMCTBA U TAKMM 0OpPa3oM YMEHBIIEHUSI MOMEHTA
MHEPLUM IIOABKHEIX yacTeil. [IpruMeHeHre cnenmab-
HOTO TPEXCTENEHHOI0 MOAIIMITHUKA KaueHUsT obecre-
YMBaeT yCTpaHEHME IIePEKPECTHOM CBsI3U, IPU KOTO-

poii KosiebaHus TI0 BHYTPEHHEN OCU MOTYT MOJYJIUPO-
BaTh KojebaHus 1o BHelllHel ocu. CbeM JaHHBIX 00
YIJIOBOM TIOJIOKEHHU TIIAT(OPMBI BBEITIOTHSIETCS C TI0-
MOILbIO 1IMGPOBLIX (HOTOBIEKTPUUECKUX MPeodpaso-
BaTesiell YIJIOBOTO IepeMelleHUsI.

Btopoii cteHn — cTeHn AJisl BOCIIPOM3BEACHUS Bbl-
COKOYACTOTHBIX YIJIOBbIX KosebaHuit [5] (puc. 2). OH
TMOCTPOEH IO CXeMe Ha OCHOBE IBYX 3JIEKTPOMAarHUT-
HBIX MPUBOAOB, TTpeobpasylolleil oceBbie BO3BPATHO-
MOCTyIIaTeIbHBIe IBWXKEHUS TOABIKHONW KaTYIIKU
YIpaBJIeHUS 3J1€KTPOMAarHUTHOTO MPUBOMA B YIJIOBbIE
KoJebaTeTbHbIe IBUKEHUS TIIAT(GOPMBI Yepe3 Kpu-
BOIIIMIT TOCPENCTBOM ABYXCTeIeHHOro mapHupa. Uc-
MOJIB30BaHNE IBYX MPUBOIOB TO3BOJISET YBEINIUTH
MOMEHT Ha Bajly Iu1aThopMbl, a TaKXKe KOMIEHCHPO-
BaTh MOTPEITHOCTH, BBI3BAHHBIE MX KOHCTPYKTUBHBI-
MU ocobeHHOCTIMU. MHGpopMaLs 00 yIJI0BOM I10JI0-
KEHUM MIaTdhOpMbl CTEHAA CHUMAETCSl C MOMOIIbIO
JaTyrKa yrijia moBOpoTa IIaTGhOpMBI, pa3MeIIeHHOTO
Ha ocH I1aT(HOPMBI.

CucrteMbl yIpaBiieHUsI pa3pabOTaHHBIX CTEHIIOB
MO3BOJISIIOT 3a/1aBaTh 3HAYEHMST YACTOThI M aMITJIUTYIbI
KoJie0aHMIi KaK B pyYHOM pexXuMe, MyTeM BBOAA CO-
OTBETCTBYIOILIMX 3HAUECHU I B OJIOKM IOJIb30BATEIbCKO-
ro uHTepgerica, Tak 1 B aBTOMaTUYeCKOM — TI0 3apa-
Hee 3aaHHOMY 3aKOHY. 7151 yripaBieHUsT ABYXOCHBIM
CTEHJOM KayKu B aBTOMAaTUYECKOM pPEXHME HEeo0XO-
IUMO co3nath daitn ¢popmara *.txt, B KOTOPBIN 3aHO-
CATCSl JaHHbIE O 3HAYEHUU 3a/aBacMbIX YaCcTOT KOJe-
GaHWMi1 110 OCSIM M BpeMeHU MX M3MeHeHUsI. OTMeTHM,
YTO B CBSI3U C OCOOEHHOCTSIMM CYLIECTBYIOIIEH cucTe-
MBI YIIpaBJieHUsT U3MEHEHHWE YacTOT KoJieOaHWit BO3-
MOXHO Juiib ¢ waroM 0,1 T'u. JIns cteHaa Bocnpous-

Puc. 2. Crena nis BoCHpou3BeJeHNs] BBICOKOYACTOTHDBIX YIJIOBBIX KOJieOaHuii: ¢ — oO1IMil BUA cTeHaa; b — Bua 6€3 KPbIIIKK; [ — 3JIEKTPO-
MarHuT; 2 — BaJl TIOBOPOTHOU MIaTdopMbl; 3 — y3ei MaTuuKa yria; 4 — sIKOpb ¢ KaTylIKaMH YIIPaBJIeHUs HA JIMHEWHOM HATPaBISIIONICH;
5 — UWIMHAPUYECKUIA IHApHUP; 6 — UCTOYHMK MUTAHUS KaTyllleK HAMAarHMYMBaHUs; 7 — UCTOYHUK MUTAHKS BEHTHISTOPOB; & — BEHTUIIATOP;
9 — pazbeM MOAKITIOYEHUsT TUTaHus; /0 — pa3beM TOAKIIOUEHMS BBIXONA YCuuTeNsl; 1/ — pa3beM TOAKIIOUeHUS AaTInKa yria

Fig. 2. Stand for simulation of high-frequency angular oscillations: a — general view; b — view without cover; 1 — electromagnet; 2 — shaft of the
rotating platform; 3 — angle sensor unit; 4 — anchor with control coils on the linear guide; 5 — cylindrical joint; 6 — magnetizing coils’ power supply;
7 — fans’ power supply; 8§ — fan; 9 — power connector; 10 — amplifier output connector; 11 — angle sensor connector
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Puc. 3. AMILIATY/1HBIE CIEKTPbI CHTHAJIA C IBYXOCHOTO CTEH/IA KAYKH:
X(f) — aMIUIUTYIHBINA CIEKTP CHUrHajia; f — 4acToTa KoJjieOaHWii;
—— (xpuBas I) — mmama3oH 4yacToT — 10 2 [, crekTpasbHBIiT
MakcMMyM — Ha vactoTe 1 I'i;

---- (kpuBasi 2) — aMarna3oH 4yactot — 10 4 ['11, crieKTpaybHbII MaK-
cumMyM — Ha vactote 1 I'm;

----- (kpuBasi 3) — mMana3oH 4actoT — a0 4 ', crekTpaabHbie
MakcuMyMbl — Ha yacrotax 1 I'mu 3 T

—+— (KpuBasi 4) — Auamna3oH 4actoT — 10 4 ', crekTpajibHbIi
MakcUMyM — Ha yactote 4 I'1;

—++— (kpuBas 5) — Amara3oH 4acToT — 10 4 I'l, cieKTpaJbHBII
MakcUMyM — Ha yactote 2 I'1g

Fig. 3. Amplitude spectra of the signal from the biaxial pitching stand:
X(f) — the amplitude spectrum of the signal; f — oscillations frequency,
—— (curve 1) — frequency range below 2 Hz, spectral peak — at a
frequency of 1 Hz;

---- (curve 2) — frequency range below 4 Hz, the maximum at a
frequency of 1 Hz;

""" (curve 3) — frequency range below 4 Hz, the maxima at a
frequency of 1 Hz and 3 Hz;

— + — (curve 4) — a frequency range below 4 Hz, the maximum frequency
at 4 Hz;

—++— (curve 5) — frequency range below 4 Hz, the maximum at a
frequency of 2 Hz

BEJICHUSI BBICOKOYACTOTHBIX YIVIOBBIX KOJIEOAHUIT He-
00X0IMMO B MOJIEJIM CUCTEeMBI yIIpaBiaeHus B Simulink
BMECTO OJIOKOB 3aIaHUSI TOCTOSTHHBIX 3HAYEHUWIA IO
aAMIUTMTYIE W YacTOTe YIJIOBOM CKOPOCTH pa3MECTUTh
0J10KHM, pean3yolIne HEOOXOAUMbIe 3aKOHBI M3MEHE-
HUSI OTUX MMapaMeTPOB.

[TogoOHast aBTOMAaTU3als M3MEHEHUSI MapaMeT-
pOB KoJiebaHMi1 TTO3BOJISIET PeaiM30BaTh BOCIIPOM3BeE-
JIeHNe HeperyIsIpHBIX KOJeOaHWil ¢ 3aJaHHBIM CITeK-
TPOM 4YacCTOT.

DKCIHEePUMEHTAJIbHBIE HCCJIEIOBAHUS CTEHIOB
IS TUHAMUYECKHUX MCNBITAHWIA JATYMKOB M MOJYJIei

[na nmpoBeneHNsT 3KCIIEPUMEHTATbHBIX MCCIEI0-
BaHMUI JBYXOCHOTIO CTeHJIa Kauyku (cM. puc. 1) ObLu
c(hopMUpOBaHbl YIpaBysiiolue (haiibl 11 U3MeHe-
HUSI 4acTOT KOJieOaHUIl B aBTOMAaTUYECKOM PEXHMME.
ITo 3HaueHUsIM yIJIOB KaykKu, MOJYYEHHBIX C Mpeoo-
pasoBaTesieil yIJI0BOro TepeMelleHUs TIaTGhOPMBI,
OblJ1a BBIMOJIHEHA TIpolieypa MOJyYeHUsT aMILIATY/I-
HBIX CIIEKTPOB Ha OCHOBE OBICTPOIO MpeoOpa3zoBaHUs
®ypre. [Ipr 3TOM Ha MOJTYYCHHBIX I'pachrKax HabJIIO-
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aJIoCh 3HAYMTEIBLHOE YMCIO BTOPUYHBIX MAKCHUMY-
MOB, 00YyCJIOBJIEHHOE (PUKCUPOBAHHBIM 11IaroM 3ajaa-
Hug yactoThl (0,1 T') 1 MOCTOSAHHOI BPEMEHU CTEH-
na. B pesynbTate 00pabOTKM peanu3aluii MOJyYeHbI
BO3MOXHbIE aAMIUIMTYIAHbIE CHEKTPbl BXOAHOIO BO3-
JeiictBusl cteHga (puc. 3, KpuBble [—J5). OTMeTUM,
YTO CYLIECTBYET BO3MOXHOCTh MOJIydaTh KaK IJIaJKUe
CIIEKTPBI, B TOM YMCJIE CIOXHOM (POPMBI C HECKOJb-
KWMU MakCUMyMaMM, TaK U JIMHEHYaTble CIEKTPHI.
ITpu sKcrnepuMeHTaAIbHBIX UCCIEI0BAHUSX CTEH-
a ISl BOCIIPOM3BEAEHUSI BbICOKOYACTOTHBIX YIJIO-
BBIX KOJIeOaHWI BapbMPOBaJUCh AMAMNA30H YacTOT U
¢opma nmomyuyaemoro crnekrpa. Ha puc. 4 npencrasieH
aMIUIUTYAHBIA CIIEKTp OJHON M3 BO3MOXHBIX peaiu-
3al1ii, HOCTPOEHHBIN MO pe3yJbraraM 00pabOTKU JaH-
HBIX C JaTyMKa yrja noBopoTa IiatdhopMbl CTEHIA.

DKCnepuMEHTAIbHBIE UCCIIeTOBAHUS
MHKPOMEXAHHYECKO# OecmiaTdopMeHHoi
HHEPUHAJILHON CHCTEMBI

Ha BTopom stare paboTbl ObLIM MPOBEAEHBI 3KC-
MepUMEHTaJbHbIE HCCIENOBAaHUS MMKpPOMEXaHHYe-
cKoli OecruiaT()OpMEHHOM WHEPIUATbHONM CUCTEMBI
(BMHC) mnpoussoactea OAO "Konuepn "HHWUU
"Dnexrponpudop” [6] Ha IBYXOCHOM CTEHAE KauKH, pa-
Ooraroiiem B auanaszone yactot 0,1...4 T'u (cm. puc. 1).
B mpoiiecce uccienoBaHuii 3agaBajiuch pasIMUHbIE
(bopMbI CIEKTPOB BXOAHOIO BO3AEHCTBUS CTEHIA, OT-
JIMYAIOIIMECS AUANa30HOM BOCIPOU3BOAMMBIX YaCTOT
(ot 1 1o 4 I'ti) ¥ YacTOTaMM CHEKTPATbHBIX MAKCUMY-
MoB. B xone uccienoBaHmii Obl1a IpoBeAeHA OLICHKA
CJy4yaliHOM COCTaBJISIIOLIEH MOTPelIHOCTH BhIpabOTKHU
yrioB Kauku BUHC B nmHaMu4yecKoM pexkKuMe.

Ha puc. 5 npencraBieHbl pe3ybTaThl UCIIBITAHUMA
npu 3alaHuu KoJjiebaHuil B nuamnaszoHe no 4 I'i co

(5]
——

Puc. 4. IIpumep aMIUIMTYTHOTO CHEKTPA CHIHAJA, NMOJYYEHHOTO CO
CTeHJAa BBICOKOYACTOTHBIX YIJIOBBIX KosieOanmii: X(f) — aMruury-
HBIW CIIEKTp CUTHaJa; f — 4yacToTa KoJiebaHMiA

Fig. 4. An example of the amplitude spectrum of the signal received from
the stand of high-frequency angular oscillations: X(f) — the amplitude
spectrum of the signal; f — frequency of the oscillations




CKOJIBKY OLIEHKAa MOTPEITHOCTH Oy-
JIeT TPOBOAMUTBHCS Cpa3y BO BCEM

YaCTOTHOM Juaria3oHe paboThl, YTO
BaxKHO MpPHU MACCOBOM IIPOU3BOJICT-
Be MM/I;

— IIPOBOAUTH UCIIBITAHUS AaTYM-
KOB U MOMYJIEM C YYETOM CIIEKTpa
BXOOHOTO (paboyero) BO3ACUCTBUS,
YTO MO3BOJIUT OMPEAEIUTD ITOTPelil-

Puc. 5. Cnekrpsl BxoaHoro Bosaeiicteus (7) u curnasa BUHC (2)
Fig. 5. Spectra of the input action (1) and BINS signal (2)

HOCTb JAaT4YuKa B YCJIOBMSIX, HauOO-
Jiee NPUOIMKEHHBIX K pPeaJibHbIM
YCJIOBUSM BKCIUTyaTalluu, XapakTe-
pU3yeMBbIM 337aBa€MbIM CIIEKTPOM,
3TO, B CBOIO OY€PED, TO3BOJIUT I10-
BBICUTB IOCTOBEPHOCTh PE3YJIBTATOB
U3MEPEHUI;

— YMEHBIIUTb cToUuMOCTb MMJI
TPY UX TPYIIIOBOM M3TOTOBJIEHWUU, B
CBSI3U C BO3MOXHOCTBIO OJHOBpE-
MEHHOW KaJMOPOBKM MMAapTUM JaT-
YUKOB U MOIYJIEH.

Kpome Toro, pazpaboTaHHBIA Me-

Puc. 6. CnekTp norpemnoctu BUHC
Fig. 6. Range of error of SINS

CIIeKTpaJIbHBIM IUKOM Ha 4vactore 4 I'm. Ha puc. 6
MpeacTaBieHa Pa3HOCTh CIEKTPOB BXOJAHOIO BO3ei-
CTBUS (CIIEKTp cTeHaa) U BeixogHoro (criektp BUHC).
M3 aTOro prcyHka BUIHO, UTO HaMOOJIbIIIME TTOTPelll-
Hocti BUHC nogsnsiorcs Ha yactoTax cBbie 3 I,
YTO 00YCJIOBJEHO UHEPLIMOHHBIMU CBOMCTBAMM YYBCT-
BUTEJIbHBIX 3JIEMEHTOB, BXOISIIUX B COCTaB MOIYJIS.
PaccunranHoe CKO morpelHocTy BHIPaOOTKU YIJIOB
Kaykyd B AuanazoHe yactoT a0 4 I'u cocraBuio 0,8°,
YTO COOTBETCTBYET TUIIOBOM MOTPEITHOCTH MUKPOME-
xanmueckoir BUHC.

3akmouenne

[TpenyioxXeHHBI METOd OLIEHKU XapaKTepUCTUK
MMJI 1 MoayJieil Ha OCHOBE BOCIIPOU3BEICHUS KOJIe-
0aHM1 ¢ 3aJaHHBIM CIIEKTPOM YacCTOT IMO3BOJISIET Olle-
HUTb AUCTIEPCUIO TTIOTPELTHOCTU UCCIEIYeMOro AaTum -
Ka WM MOIYJIs BO BCEM YaCTOTHOM Jvana3oHe UX pa-
00THEI. Alipobaiyst MeToa MpoBeIeHa Ha CTeHaaxX IS
JIUHaAMUYecKux ucnbiTaHuiit MM/l u mopyneid. Ilpo-
BElIEHbI 3KCIEPUMEHTAJIbHBIE MCCIEIOBAHUS MUKPO-
Mmexanndeckoir BUHC, oneneHo MmakcumanprHoe CKO
MOrPELIHOCTU BbIPAOOTKU YIJIOB KauKHU.

PazpaboraHHbIl METOA MOXHO KCIIOJIb30BaTh OIS
OoJiee LIMPOKOro Kjacca CTEHIOB 3allaHus TapMOHM-
yeckux kosnebaHuii. [IlpyuMeHeHne yKazaHHOro MeToza
TO3BOJIUT:

— COKpaTUTb BpeMsl OLIEHWBAHUSI XapaKTePUCTUK
OJHOTO JAaTYMKa ¢ HECKOJbKHUX JHEW 10 15 MUH, To-

TOA MPUMEHUM U JUJISI OLIEHKU CTa-
TUYECKUX XapaKTePUCTUK JATYMKOB,
Hampumep MacitabHoro koaddgu-
nueHTa. Tak, 3amaBast KoJeOaHUs B
CIIEKTPE YacTOT, MBI pacrojaracM
nHbopMalMeit Kak 00 aMIUTUTyae U
4yacToTe KoyuedaHui, Tak 1 00 YIJI0BOi CKOPOCTH U yC-
KOpPEHUHU, BOCHPOU3BOAUMBIX MIPU 3TOM.

Takum obpazom, MpUMEHEHNE YKa3aHHOTO METoAa
TMO3BOJIUT HE TOJBKO COKPATUTh BPeMsl OLIEHKM JAWHAa-
MUYECKMX XapaKTEPUCTUK, HO U OJHOBPEMEHHO BbI-
MOJIHATH KaJTMOPOBKY Cpa3y HECKOJIbKUX MapaMeTpOB.
OTO 3HAYMUTEJBLHO COKPATUT BpeMsl Ha KaauOpoBKY
MMJI 1 MoxayJieii Ha UX OCHOBE U, COOTBETCTBEHHO,
CHU3UT ce0eCTOMMOCTb FTOTOBOTO U3MEJIUSI.

Paboma evinoanena npu nodoepicike epanma PODU
14-08-00308-a.
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Estimation of Characteristics of the Micromechanical Sensors
and Modules in Case of their Group Manufacture.

The Method and its Technical Realization

A method is offered for estimation of the random component of the dynamic error of the micromechanical sensors and modules
on the basis of reproduction of oscillations with a set spectrum of frequencies. The method boils down to comparison of the spectra
of the input influence from a stand and an output signal from the investigated sensor or module. Experimental research of the de-
veloped method was done. The root mean square deviation of the error of development of the rocking angles of a micromechanical
strapdown inertial navigation system was evaluated, which appeared to be 0,8° and corresponded to a typical error for the devices
of such class. Application of the above method will make it possible to reduce time for estimation of the sensors’ characteristics in

case of their group manufacture.

Keywords: set spectrum of frequencies, random component of a dynamic error, input influence, root mean square deviation of

the error of development of the rocking angles

Introduction

The feature of the products of the microsystems technol-
ogy is their batch production. Typically, the products consist
of crystals of the primary transducer and control and data
processing system. While the technology for manufacturing of
the semiconductor devices is well proven based on the previ-
ous experience of specialized enterprises, manufacturing of
the microsensors meets certain difficulties. Suffice it to say
that the yield of microsensors’ crystals in the world is not
more than 60 %. The micromechanical inertial sensors (MIS)
are not an exception — the gyroscopes and accelerometers
manufactured by domestic enterprises, which yield is consid-
erably less. MIS’s feature — a considerable spread of their
characteristics in batch production. For example, the scale
factor of the micromechanical gyroscopes of Analog Devises
firm [1] of ADXRS type could not be standardized, and sen-
sitivity variation is normalized in the range of 5—10 % from
the typical value. This feature causes to carry out the individ-
ual calibration of the sensors. In this case, its cost increases
by an order. Reduction of MIS calibration costs is connected
with the use of group methods. It is necessary, that the test
process can allow you to calibrate several characteristics of the
sensors in the minimal time, it is desirable that it can be car-
ried out in an automated way. It should be noted that the MIS
characteristics nomenclature, mandatory for norming by
manufacturers, was not accepted in Russia, that makes it dif-
ficult to compare MIS characteristics of the different manu-
facturers. It should be noted that in the micromechanical gy-
roscopes (MMG), manufactured by JSC "Concern CSRI
"Electropribor”, the nomenclature of the characteristics is ac-
cepted, which given in [2]. It is obvious that these features of
MIS calibration refer also to the micromechanical modules,
which include several MIS. The cost of these modules should
also be minimal. The situation is complicated by the fact that
the specialized equipment for these technological process is
not manufactured.

Method and evaluations of the characteristics
of micromechanical sensors and modules

Evaluation of the dynamic characteristics of the sensors,
including frequency sensors, takes in some cases several work-
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ing shifts. This is caused by the necessity of tests processing
at each frequency separately with subsequent processing of
the large volumes of data.

The method based on reproduction of the oscillations in
a given frequency range is proposed to reduce the time for er-
ror estimation of MIS (gyroscopes and accelerometers) in the
dynamic mode. It relates to a number of comparison tech-
niques. At this, the stand signal defining the polyharmonic os-
cillations in the defined frequency spectrum is considered as
a reference signal. The signal of the micromechanical inertial
measurement unit or sensor mounted on a stand becomes
compared to a reference signal. The calculation of spectral
characteristics of the input and output signals by the transition
from the time domain into the frequency domain by means
of Fourier transformation is carried out on the base of ob-
tained implementations. Comparison of the obtained spectra
of the input and output signals allows us to estimate the var-
iance of an error of the sensor or module in the specified fre-
quency range.

Let x(#) — the input signal from the stand (reference input
action), () = x(f) + (?) — the output signal from the sensor
or module, where ¢(f) — an error of the sensor or module.
Then

e(n) = y(1) — x(2).

The spectral density of the error S,(f) in accordance with
the theorem of Wiener—Khinchin [3] is defined as the one-
sided Fourier transformation from the correlation function of
the error:

S(f) = 2TRS(r)e‘ﬂ“ffdr, (1)
0

where R.(t) — the correlation function of the error; v — the
correlation interval.

Since the input and output signals are uncorrelated, then
R(1) = R(x) + R(1) — 2R, (0), 2

where R,(t) — the autocorrelation function of the input signal
from the stand; R(r) — the autocorrelation function of the
output signal from the sensor or module; ny(r) — the cross-
correlation function.




Substituting (2) into (1) we obtain the spectral density of
an error of the sensor or module, which characterizes the dis-
persion of an error over the entire frequency range. The
sought dispersion is defined as the area under the graph of the
spectral density:

D=g’= OjS(j)df.

The advantages of the proposed method lies in the fact
that the definition time of dynamic errors of micromechanical
inertial sensors and measurement modules based on them is
greatly reduced by eliminating of testing at each frequency
and counts about 10—15 min. In addition, the method can
improve the accuracy of estimation of the dynamic errors in
measurements in the specific environments characterized by
definable ranges of input action.

Stands for evaluating of the dynamic characteristics
of the sensors and modules

It is known that the specialized equipment for evaluating
of the dynamic characteristics of MIS and modules based on
them are not batch produced. In this regard, JSC "Concern
CSRI "Electropribor" has designed two stands for dynamical
testing of micromechanical sensors and modules. The first of
them — two-axle pitching stand [4], working in an extended
frequency range. It is applicable for testing of the modules of
the highly dynamic objects. The biaxial stand (fig. 1) provides
oscillation’s assignment in two perpendicular axes in the fre-
quency range of 0,1...4 Hz with the fixed amplitudes of 15 and
25° on each axis, respectively.

Stand represents a platform swinging in two planes on the
cruciform suspension. Its fluctuations by the harmonic law
are provided by kinematic transmission of the stand, which
converts the rotary motion of the motor’s shafts using a
crank-rocker mechanisms into the reciprocating motion. Ex-
panding of the frequency range is achieved by mounting of the
driving motors for each axis on the base of the device and re-
ducing of the inertia moment of the moving parts. The use of
the three-stage rolling bearing allows elimination of the cross-
connection, in which the fluctuations along the inner axis can
modulate the fluctuations along the outer axle. Retrieval of
data about the location of the platform is performed using
the number of digital photovoltaic converters of angular dis-
placement.

The second stand for simulation of high-frequency angu-
lar oscillations [5] (fig. 2) is built according to the scheme on
the basis of two electromagnetic actuators, which convert the
axial reciprocating motions of the moving control coil of elec-
tromagnetic actuator into the angular oscillating motions of
the platform through the crank by means of two-stage hinge.
Use of two drives can increase the torque on the platform’s
shaft, as well as to compensate the errors caused by their
structural features. Information about the angular position of
the stand’s platform is obtained via the platform’s sensor of
rotation angle placed on the axis of the platform.

Stands’ control systems allow to set the frequencies and
amplitudes of fluctuations in the manual mode by entering of
the appropriate values into the user’s interface blocks, as well
automatically — by the predetermined law. To automatically
control the biaxial pitching stand, it is needed to create a file

of TXT format, which storages the data on the values of the
oscillation frequencies by the axes and changing time. It
should be noted that due to the features of the control system,
changing of the oscillation frequencies is possible only with
increments of 0,1 Hz. For the stand of simulation of the high-
frequency angular oscillations, it is necessary to place the
blocks that implement the necessary laws for changing of
these parameters in the model of the management system in
Simulink instead of the blocks for setting of the constant val-
ues by the amplitude and frequency of the angular velocity.
Such automation of the oscillation parameters’ change allows
to realize the simulation of the irregular oscillations with a
given frequency spectrum.

Experimental studies of the stands for dynamic testing
of sensors and modules

The control files for changing of the oscillations frequen-
cies in the automatic mode were formed for experimental
studies of the biaxial pitching stand (see fig. 1). The ampli-
tude spectra through the fast Fourier transformation were
obtained by the values of pitching angles, obtained from the
transducers of platform’s angular displacement. At the same
time, a significant number of secondary maxima was ob-
served on the obtained graphs due to the fixed pitch of the
frequency setting (0,1 Hz) and the stand’s time constant.
The possible amplitude spectra of the input influence of the
stand (fig. 3, curves /—J5) were obtained as a result of im-
plementations processing. It should be noted that it is pos-
sible to obtain as the smooth spectra, including of a complex
shape with the several maxima, as well as the line spectra.

The frequencies range and the shape of the resulting spec-
trum were varied in experimental studies of the stand for sim-
ulation of the high-frequency angular oscillations. Fig. 4
shows the amplitude spectrum of one of the possible imple-
mentation, built on the results of data processing obtained
from the sensor of the rotation angle of the stand’s platform.

Experimental studies of the micromechanical
strapdown inertial system

At the second stage of work, the micromechanical strap-
down inertial system (SINS) produced by JSC "Concern
CSRI "Electropribor” [6] was experimentally investigated on
double-axle pitching stand operating in the frequency range of
0,1...4 Hz (see fig. 1). The various forms of spectra of the
stand’s input action were set in the study, which differ by the
simulated frequencies range (1...4 Hz) and by the frequencies
of the spectral peaks. An evaluation of a random component
of the error of the SINS pitching angles generation in dynam-
ic mode.

Fig. 5 shows the results of tests at setting up of vibrations
in the range of 4 Hz with a spectral peak at a frequency of
4 Hz. Fig. 6 shows the difference of the spectra of input action
(spectrum of the stand) and the spectra of output action
(spectrum of SINS). It is evident that the largest errors of
SINS appear at the frequencies above 3 Hz, which is caused
by inertial properties of the sensing elements that compose the
module. The calculated RMS of the error of pitching angles
generation in the frequency range of up to 4 Hz was 0,8°,
which corresponds to the standard error of the micromechan-
ical SINS.

HAHO- I MUKPOCUCTEMHAS TEXHHKA, Ne 5, 2015 43




Conclusion

The proposed method for evaluation of performances of
MIS and modules based on oscillations’ simulation with a
given frequency spectrum allows us to estimate the variance
of the error of a sensor or module in the entire frequency
range of operation. The approbation was carried out on the
stands for MIS and modules dynamic tests. The experimental
studies of the micromechanical SINS was carried out, the
maximum RMS of the error of the pitching angles generation
was estimated.

The developed method can be used for a wider class of the
stands of assignment of the harmonic oscillations. Its use will
allow to:

— Reduce the time of evaluation of the characteristics of
the sensor with a few days to 15 min, because the error esti-
mation will be conducted simultaneously in the entire fre-
quency range, which is important for mass MIS production;

— Test the sensors and modules taking into the account
the spectrum of the input (working) action, which will deter-
mine the error of the sensor in an environment closest to the
actual operating conditions, which are characterized by the
given spectrum. This, in turn, will improve the reliability of
the results;

— Reduce the cost of MIS in their batch manufacturing
due to possibility of the simultaneous calibration of a batch of
the sensors and modules.

In addition, the method can be used to evaluate the static
characteristics of the sensor, for example, the scale factor.
Thus, setting the oscillation in a frequency spectrum, we can

obtain the information on the amplitude and frequency of os-
cillations and on the simulated angular velocity and accel-
eration.

Thus, the application of the method will reduce the eval-
uation time of the dynamic characteristics and simultaneously
to calibrate multiple parameters. This will significantly reduce
the time on calibration of MIS and modules their base and,
consequently, reduce the cost of the finished product.

This work was supported by the grant of RF for Basic Re-
search #14-08-00308-a.
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TEXHOAOTUSA AABEPHOM PE3KM MOAMKPUCTAAAMYECKUX

AAMA3HbBIX NMAACTHUH

Ilocmynuna 6 pedaxyuro 29.12.2014

Paccmompenwvt cnocobvr ppaemenmuposanus nOAUKPUCMANIUMECKUX AAMA3HbIX naacmuH. [Ipugedenst pe3ysbmamol aasep-
HOUl pe3KU AAMA3HbIX NAACMUH N0 MPAOUYUOHHOU MmexHoA02uU U mexHoaoeuu, paspabomarntou ¢ HCBYI1D PAH. [loka3ano,
umo mexunoaoeuss HCBYIID PAH obecnewusaem omcymcemeue KaKux-aubo nOCMOPOHHUX YeAepoOHbIX MAMePUaios npu pesxe

nAacmuH.

Karoueevie caosa: nazepuas peska, noaukpucmaniuyeckue aimasmoie naacmutvl, MPA CVD-memoo

3HauuTeabHbBIe ycrexu B obOsactu CVD-cuHTesa
aJIMa30B MO3BOJIMJIM pa3padoTaTh MPOMBIIUIEHHYIO TEX-
HOJIOTHIO BHIPAIIMBAHUS TTOIUKPUCTAJUIMYECKUX all-
Ma3HBIX CJI0€B Ha KPEMHMEBBIX IIACTUHAX TUAMETPOM
1o 100 mm. JInst 3THX 11e1eit HanOoJIblllee pacipocTpa-
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HeHue noayuua meton MPA CVD [1]. YHukanbHbIe
(busnyeckue cBOMCTBA ajiMa3a — BbICOKasi MeXaHUYe-
cKas MPOYHOCTb, MaKCMMaJIbHasl (13 BCEX M3BECTHBIX
maTepuajoB) TeruonpoBogHocTh (20...24 Bt/(cMm * K)
NpU KOMHATHOM TeMIepaType), MpUBJIEeKAIOT pa3pa-




60TunKoB MoiHbIXx CBY nipubopoB u mpubopos, pa-
0OTaloIIMX B BKCTPpEeMabHbIX YCIOBUSX [2].

Hanb6osee oueBUAHBIM U YCHELUIHBIM TPUMEHEHMU -
eM TMOJIMKPUCTAUIMYECKMX aIMa3HbIX CJIOEB OKa3aloCh
HUX UCMOJIb30BaHUE B KauecTBe 3(h(EeKTUBHBIX TEILIO-
oTBOoHOB [3, 4]. [Ipy 3TOM OmHOI U3 MPOOIEM B TEX-
HOJIOTMM CO3AaHus1 Npubopa, KOTopasi OKOHYATEeJIbHO
He pellleHa IO HACTOSIIETO BpeMeHHU, SBIsieTcs (par-
MEHTUPOBAHUE MOJUKPUCTALIMYECKUX aIMa3HBIX IJ1a-
CTMH Ha "4WMBI", HA KOTOPBIX Pa3MelIaioT MPHOOPHI.

st pelieHUsT 3TOM IIPOOJEMBI MCIIONbL3YIOT U
MpeaBapuTeSbHOE NTPoGUIMPOBaHNE C TTOMOIIbIO ajl-
Ma3HBIX ITUCKOB, M TPaBJIeHWE KPEMHUEBBIX TIJIACTUH
nepenq MPA CVD moJMKpUCTaZIMYECKUX aJIMa3HBIX
cioeB [5], u 1a3epHylo pe3Ky [6].

Ha namn B3risia, nocjieqHUil MeTo I SIBJIsIETCS] Hau-
0oJiee TEXHOJIOTUYHBIM, OJHAKO U OH He JIMILIEeH cla-
ObIX cTOpOH. OCHOBHBIM, U HauboJiee BaXXHbIM, He-
JIOCTAaTKOM TPaAMIMOHHOM JIa3epHOM PE3KU SIBSETCS
BBIOpPOC MaTepuaja U3 00JacTU pe3a U €ro OCaXKIeHUe
Ha yxXe chOpMMpPOBaHHBIE MPUOOPHBIE CTPYKTYPHI,
YTO a0COJIIOTHO HEAOMYCTUMO IpPU Iepexoe K TOIOo-
JIoruu npudopoB ¢ HaHopadMmepamu. Ha puc. 1 npen-
cTaBjieHa cxema TpaJIUuLMOHHON JIa3epHON PE3KMU.

IIpu TpaaUIIMOHHOI JIa3epHOM pe3Ke Mpolece Mpo-
BOJMUTCSI B OTHOCUTEIBHO "YUCTBIX" YCIOBUSX: JTMOO B
atMocdepe MHEPTHBIX ra30B, JIMOO OOBIYHOTO BO3/AyXa,
npu atMocepHOM AaBAECHUM, MHOTAA C JOMOJHU-
TeJIbHBIM JIOKaJIbHbIM O0JyBOM MecCTa pe3a ISl yaase-
HUS IIPOIYKTOB Jla3epHOU 00paboTku. Bce atu npue-
Mbl YMEHBIIAIOT 3aCOPEHUE TOBEPXHOCTU MPUOOPOB,
HO HE peLIaloT Npo0IeMbl KapAUHAIbLHBIM 00pa3oM —
abCOJIIOTHOTO OTCYTCTBUSI Ha MTOBEPXHOCTU Npubopa
paspe3aeMoro Martepuania WM ero MoAu(UKaLUA.
HMMeHHoO Takas 3a1aya HaMU M peliajgach B HaCTosIIIE i
pabore.

s KOppeKTHOCTM 3KCIIEpMMEHTa M CpPaBHEHMS
METOIOB HaMM IPOBOAMWIACH Ja3epHas pe3Ka MOJU-
KPUCTAJUTMYECKUX aJIMa3HBIX IJTACTUH 110 TPAIUILIMOH-
HOI TEXHOJIOTUM B BO3MYIIHON cpene nmpu atMochep-
HOM JIaBJIEHUM, a TakKe pa3paboTaHHasi HAMM Jiazep-
Hasl TUla3MOXUMUYecKasl pe3ka IMpy MOHMXKEHHOM JaB-
JneHuu [7].

PesynbraThl TPAAULIMOHHOM JIa3ePHOU PE3KU Mpe/-
CTaBJICHBI Ha puc. 2 1 3.

Kax BuaHO Ha MpeacTaBleHHbIX CHUMKAaX, Mo obe
CTOPOHBI pe3a HabJoaaeTcs1 061acTh "3acOpeHUs" MO-
IUOUUIMPOBAHHBIM MaTE€pUalOM pa3pe3aeMoii TUIacTU-
HbI. DTO YIrJIepoAHbIe MaTepUalibl — Tpadur u ¢ye-
peHbl. KpoMe Toro, camu CTeHKM pe3a OKa3ajluch IO-
KPBITBIMU YIJIEPOAHBIM MaTepHuajaoM (TpacuToM).

7151 MCKITIOYEHMST 3TOTO SIBJIEHUST HAMU MPEIOKEH
JIa3epHBIN TJ1a3MOXUMUUECKU MeTo pe3ku. CyTb ero
3aKJII0YaeTCsl B TOM, YTO TPOLIECC TTPOBOIST B TIa3Me
HU3KOTro JaBjieHUsI B aTMoc(epe ra3oB, KOTOpPbi€ B
MOHU3VMPOBAHHOM COCTOSTHUM aKTMBHO B3aMMOICHCT-
BYIOT C MOBEPXHOCThIO ajiMa3a U MEPEBOASIT €ro B Jie-

Puc. 1. Cxema Jia3epHOil IJIa3MOXUMHYECKO# pe3kn: | — Ja3epHbIi
JIy4; 2 — 3alIMTHBIN KOXYX PEXYIIeil TOJOBKH, COBMEIIECHHbIN €
00BEKTUBOM; 3 — BCIIOMOTATE/IbHEIN ra3; 4 — pa3pe3acMblil 00BEKT;
5 — nuH3a; 6 — 061acTh paciuiaBa

Fig. 1. Scheme of laser plasma chemical cutting: 1 — laser beam; 2 —
protective cover of the cutting head, combined with the lens; 3 —
auxiliary gas; 4 — object being cut; 5 — lens;, 6 — melt area

Puc. 2. Pe3ynpTaT TpaaMuMOHHOI 1a3epHOi pe3Kn
Fig. 2. The result of a traditional laser cutting

Ty4ue COEIVMHEHUsI, KOTOPhbIe 2BAKyUPYIOTCS U3 pe-
aKIIMOHHOU KaMephl C TTOMOIIbI BAaKYYMHOI'O HacoO-
ca. [lnazma nomxuraetcst B poKyce J1a3epHOro Jyya u
MOXET MepeMelliaThesl B Hy>KHOM HanpaBJIeHUHU T10 00-
pabaThIBaeMOil MOBEPXHOCTU JUOO C MOMOIIbIO ONTH-
YeCcKOM cucTeMbl, OO MOCPECTBOM MEXaHUUYECKOTO
nepeMeNIeHUs CaMoro o0pas3la OTHOCUTENIBHO JIOKAb-
HOI1 11a3Mbl B hoKyce J1azepHoro Jiyya. B cBoux skc-
nepuMeHTax (Kak npu aTMoc(epHOM JaBI€HUH, TaK 1
MpY HU3KOM JABJIEHWM) Mbl MCIOJIB30BAIM MOCIETHUMN
Meron. Cxema SKCIEpUMEHTATbHON JIa3epHOM ILIa3-
MOXMMUYECKON YCTAaHOBKM IMpeJCTaBieHa Ha puc. 4.
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Puc. 3. Yriepoanbie MaTepraibl HA IOBEPXHOCTH M CTEHKAX pe3a: ¢ — yIJIepOIHbIe MaTepuabl Ha TIOBEPXHOCTH; b — YIJIEPOIHBIN MaTepua

Ha CTCHKE pe€3a

Fig. 3. Carbon materials on the surface and walls of a cut: a — on the surface; b — on walls of a cut
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Puc. 4. Cxema na3epHoii MIa3MOXMMHYECKOIH YCTAHOBKM: | — Jia-
3epHBbIIL 1y4; 2 — 00BbEeKTUB; 3 — peakTop; 4 — 00JacCTh IIa3Mbl; 5 —
paspesaeMblit 06paselr; 6 — peaKIIMOHHBIE I'a3bl; 7 — BaKyyMHasl OT-
Kauka

Fig. 4. Scheme of laser plasma chemical installation: 1 — laser beam;
2 — lens; 3 — reactor; 4 — plasma area; 5 — sample being cut; 6 —
reaction gases; 7 — vacuum pumping

Puc. 5. O0oumii Bux pe3a: ¢ — BUJ C TOplia; b — pes, cJioM
Fig. 5. General view of the cut: a — from the face; b — cut, chip
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B skcneprmeHTax ObLT UCMOJIB30BAH Jla3ep Ha ma-
pax menu. OCHOBHBIEC TTapaMeTphI Jiazepa MpencTaBlie-
HBI HUXKE:

JITAHA BOJHBI . .« v v o v e e e e e e e 510,6 u 578,2 um

YacroTa ciieIoBaHUST UMITYJIBCOB. . . . . . . 10 xI'x

JMATEeTbHOCTh UMITYJBCOB . . . . . .. .. .. 20 HC

CpenHsis MOIIHOCTb M3MydeHus B myuke . . 10 Bt

KIA ... 1%

PacxomumocTb myuka. . . ... ... ... bmuskas k pudpak-
LIMOHHOM

IMrKoBasi MOLITHOCTb M3JTyYEHHUSI

BUMIYIBCC. « o v v v ve e e e ee e e 50 kBt

JAuaMeTp myuKa. . . . ..o oo v e e v ... 20 MM

[19THO (DOKYCHPOBKH. . . . . . o vt vn . 10 MxMm

B kauecTBe MIa3Mo00pasyoIIeil Ta30BOM CPEIbI
Obl1a UCIOJIb30BaHA M3BECTHAS B TPAIWLIMOHHOM T1a3-
moxumuu cmech CF4 + O,, a Takke cmech O, + Ar.
APproH 100aBJsiv B CMECh ISl 0OJiIerYeHus TiepBOHa-
YaJIbHOTO TIPO0OSI.




Puc. 6. KpucTammmTsl NOIMKPHCTAINYECKOH AIMA3HOM IJIACTHHBI
nocJje Ja3epHoil NIa3MOXUMHYECKOI Pe3Ku

Fig. 6. Crystallites of a polycrystalline diamond plate after laser plasma
chemical cutting

Ha puc. 5 u 6 npeacrapiieHbl pe3yJIbTaThl KCIIEPH -
MEHTOB I10 JIa3¢PHOM IUIa3MOXMMUYECKOM Pe3Ke ajl-
Ma3HOM MOJMKPHUCTAUIMYECKOM TIJIACTUHBI.

Kax BUIHO 13 TIpeICTaBICHHBIX pUC. 5 1 6, pe3Ka 1o
MPEIJIOKEHHOM TEXHOJIOTMU OOECIeUrBaeT OTCYTCT-
BHME KaKUX-JIMOO ITOCTOPOHHMX YIJICPOIHBIX MaTepua-
JIOB KaK Ha IOBEPXHOCTH IUIACTHUHBI, TaK M Ha TOpPIIE
camoro pe3a. OcoOeHHO XOPOIIIO 3TO BUIHO Ha puc. 6,
LJe JieBasl 4acThb oOpaslia — 3TO pe3yJbTaT JIa3epHOM
IJIa3MOXMMMUYECKOM pe3KM, a IIpaBasl 4acTb — CKOJI
mIacTHbl. Kak BUAHO, OHU — MIOECHTUYHBI, YTO SIB-
JIIETCS HEOCIIOPMMBIM JI0Ka3aTeIbCTBOM OTCYTCTBMSI
MoIMGUKALMY MOJUKPUCTAJUIMYECKOTO ajMa3a B pas-
paboTaHHOM HaMM TE€XHOJIOTMYECKOM IIpOolecce — Jia-
3€PHOM IIJIa3MOXUMMUYECKOM PE3KHU IJIACTUH Ha "JUIIbI".

B Hactosieii paboTe Bce 3KCIIEPUMEHTHI IIPOBO-
WM Ha TUIACTMHAX MOJMKPUCTAULIMYECKOTO ajamasa,
BBIpaleHHOro Ha obopymnoBanum AO "HIIIT "Mcrtok"
um. [lokuHa".

Paboma evinoanena 6 opeanuzayuu 101061020 Ucnon-
Humenss OKTP — HCBYII? PAH & pamkax peasuzayuu
Ilocmanoenenus Ilpasumenscmea Poccuu om 09 anpens
2010 e. Ne 218, doecosopa Ne 02.G36.31.0005 om 23 mas
2013 2. meucdy AO "HIIII "Hcmox" um. Illoxuna” u
Munobprayku Poccuu u doeosopa Ne 33/211-13 om
22 gespansn 2013 e. mencdy HCBYIID PAH u AO "HIIII
"Ucmok" um. lllokuna”.
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Technology for Laser Cutting of the Polycrystalline Diamond Plates

The topic of the work is a method for fragmentation of the polycrystalline diamond plates. The work presents the results of laser
cutting of the diamond plates by the traditional technology and the technology developed in IUHFSE RAS. It demonstrates that the
technology of IUHFSE RAS guarantees absence of any extraneous carbonaceous materials on the cut surface.

Keywords: laser cutting, polycrystalline diamond plates, MPA CVD method

Success with CVD-synthesis of the diamonds has allowed to
develop the technology of cultivation of polycrystalline diamond
layers on silicon wafers with the diameter of up to 100 mm.
MPA CVD method is the most widely used [1]. The unique

properties of a diamond — high mechanical strength, maximal
thermal conductivity of all known materials (20—24 W/cm - K
at room temperature) — attract the developers of powerful
microwave appliances and devices for extreme conditions [2].
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Polycrystalline diamond layers found its most obvious use
as effective heat sink [3, 4]. Fragmentation of polycrystalline
diamond plates on the "chips", on which the instruments are
placed, — one of the challenges of construction of such device
that was not finally solved. Preliminary profiling using dia-
mond blades, etching of silicon wafers before MPA CVD of
polycrystalline diamond layers [5] and laser cutting are used
to solve this issue [6].

In our view, the last method is the most technological, but
it also has its disadvantageous features. The most important
disadvantage of the conventional laser cutting is spitting of
material from the cutting place and its deposition on the
shaped instrumental structures, which is absolutely unac-
ceptable in the transition to the topology of the devices of
nanoscale level. Fig. 1 shows a diagram of a conventional la-
ser cutting.

At conventional laser cutting, the process is performed in
a relatively "clean" conditions in an atmosphere of inert gas
or ordinary air at atmospheric pressure, sometimes with ad-
ditional local blowing of the cutting place for removal of the
laser treatment products. These techniques reduce littering of
surface of the instrument, but not fundamentally solve the
problem — the absolute absence of the cut material or its
modifications on the device’s surface.

The issue was precisely being solved in this paper.

For the correctness and comparison, a laser cutting of
polycrystalline diamond plates on traditional technology in
air at atmospheric pressure and a laser plasma-chemical cut-
ting under reduced pressure were performed [7]. The results
of the traditional laser cutting are presented in figs. 2, 3.

On some images, the littering area by the modified mate-
rial of the being cut plate was observed on the both sides of
the cutting area. It was graphite and fullerenes. In addition,
the cut walls themselves were covered by carbon material
(graphite).

To avoid this, the laser plasma-chemical method of cut-
ting was proposed. Its essence is in that the process is con-
ducted in a low pressure plasma in the atmosphere of the gas-
es, which in ionized condition actively interact with the sur-
face of the diamond and convert it into the volatile condi-
tions, that are removed from the reaction chamber. The
plasma becomes ignited at the focus of the laser beam and can
be moved in the right direction along the treated surface using
an optical system or by mechanical movement of the sample
relatively to a local plasma in the focus of the laser beam. In
the experiments (at atmospheric pressure and low pressure)
we used the latter method. The scheme of the experimental
installation is shown in fig. 4. A laser on copper vapors was
used in the above mentioned experiments. The main param-
eters of the laser are shown below.

Wavelength .. ................... 510,6 nm and 578,2 nm
Pulse repetitionrate . .. ............ 10 kHz

Pulse duration . . .. ............... 20 ns

The average radiation power in the beam . 10 W

Efficiency . ..................... 1 %

The beam divergence . ............. Close to the diffraction
Peak power of output radiation pulse . .. 50 kW

The beam diameter. . . ............. 20 mm

Focusspot. . .................... 10 pm
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The well-known mixtures in conventional plasma chem-
istry — CF, + O, and O, + Ar were used as the gaseous me-
dium. Argon was added to facilitate the initial breakdown.

Figs. 5, 6 show the results of experiments on laser plasma
chemical cutting of the diamond polycrystalline plate. From
the pictures you can see that the cutting by the proposed
technology ensures the absence of extraneous carbon mate-
rials on the surface of the plate and at the end of the cut.
This is clearly seen in fig. 6, where the left side of the
sample — the result of plasma chemical laser cutting, and
the right side — the chip of the plate. As can be seen — they
are identical, that conclusively shows the absence of mod-
ification of the polycrystalline diamond in the developed
technological process of plasma chemical laser cutting
plates on the "chips".

In this paper, the experiments were conducted using
polycrystalline diamond grown on the equipment of JSC
"Research and production corporation "Istok" named after
Shokin".

The work was done in the Institute of Super-high-frequen-
cy Semiconductor Electronics of the Russian Academy of Sci-
ences (ISHFSE RAS) — the organization — the main executor
of the research-development and engineering works under the
Decree of the Government of the Russian Federation on April
9, 2010 Ne 218, the contract Ne 02.G36.31.0005 on May 23,
2013 between JSC "RPC "Istok" named after Shokin" and the
Russian Ministry of Education and Science and the contract
Ne 33/211-13 on February 22, 2013 between ISHFSE RAS
and JSC "RPC "Istok" named after Shokin".
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Ilpusedenvt pesyrvmamor pazpabomxu U Uccre008aHULl napamempos npeobpazoeameneii mexanuveckux eeautut. OCHOBHbIM
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eMKOCIMHO020 MuUna Obli U320MOBAEH N0 MEXHOA0UU 00BEMHOU MUKPOMEXAHUKU.

Ha ocnosanuu ananuza amnaumyono-4acmomusix U (azoeo-4acmomHbiX XapaKmepucmux npeodpazosamensi yen060tl cKo-
pocmu 0biAa ONMUMUSUPOBAHA KOHCMPYKUUS UYBCHEUMENbHO0 INEMEHMA MUKPOSUPOCKONA.

Karoueevie croea: unmeepanrvhvie MOM C-npeobpazosamenu mexanu4eckux 6eauyun, npeodopazoeament 0aéaeHus, MUKpoeu-

DOCKONbL, MUKDOAKCEAePOMEmpbl

Bsenenue

HMHuTterpanbHbie KpeMHUeBble MOMC-npeobdpa3zo-
BaTeJIM MEXaHUYECKUX BEJIMYUH — MMKPOIJIEKTPOH-
Hble TaTYMKU IaBJIEHUs, MUKPOTMPOCKOIBI 1 MUKPO-
aKceJiepoOMeTpbl, BCE yallle CTajli MPUMEHSITb B HaBU-
rallMOHHBIX CUCTEMAX, B CUCTEMaX aBTOMaTUYeCKOIO
yIpaBJieHUs IBUTATENSIMU, B aBUALIMOHHON U paKeT-
HO-KOCMHUYECKON TexHUKe, paboTamlux B JOCTa-
TOYHO XECTKUX YCJIOBMSIX BHEIIHEH arpecCMBHOMU
cpelibl, BBICOKOI TeMIepaTypbl, BUOpallU, YAapHbIX
Harpy3oK.

st BBITIOJIHEHUST JaHHOM 3a/auyu MO U3TrOTOBJIe-
HUIO CEHCOPOB, pabOTaUIMX B JOBOJBHO >XECTKUX
YCIIOBUSIX CO CTAOMIBHBIMU, HAIEXXHBIMHM ITapaMeT-
pamu, OblJIa UCIIOJIb30BaHA COBPEMEHHAST TEXHOJIOTUS
MUKPOSJIEKTPOHUKU U MUKPOMEXAHUKMU.

®opMHUpOBaHNE YIIPYTHX 3JIEMEHTOB IaTYMKOB
JaBJIeHUsI OBIJIO OCYIIECTBIEHO Ha 0asze CTPYKTYphI
kpeMHuii-Ha-u3onarope (KHH). B kauecTBe nuasek-
TpUKa, P CpalMBAaHUU IBYX KPEMHUEBBIX IUIACTUH,
ObUT MPUMEHEH CTEKJI000pa3HbIi MOJYIPOBOAHUK. DTO
MO3BOJIWJIO CYILIECTBEHHO CHU3UTh BO3MOXKHOE ITOSIB-
JieHue ne¢eKToB BCIEACTBME Mpornda KpeMHUEBbIX
IJ1IacTUH. YyBCTBUTENbHBIE 3JIEMEHTH MUKPOTUPO-

CKOIla 1 MHUKPOaKCEIECPOMETpa OBLJIM M3TrOTOBJIEHBI C
IIPUMCHCHUEM MOHOKPUCTAIIMYECKOTO KPEMHUA U
T)Ty6I/IHHOFO TpaBJICHHUA C ITOMOIIBIO aHU3OTPOITHOI'O
XNUMHUYECKOIo TpaBJICHMUA.

Pa3pa0oTka MHTErpajbHbIX
npeodpa3oBaTeieii AaBjIeHus

TexHoI0rMs U3rOTOBJEHUSI MHTETPAJIbHBIX MPeood-
pasoBaTeieii AaBieHUs] MoaApoOHO TMpYBeneHa B pabo-
tax [1, 2]. OcHOBHBIMU MapaMeTpaMu Mpeodpa3oBare-
Jisg JaBJIeHUs SIBJSIIOTCS YYBCTBUTEJIbHOCTb U HEJM-
HEWHOCTh MepenaTouHON XapakTepucTuku. M3BecTHO,
YTO 3HAaYEHUE U BOCIPOM3BOIUMOCTD 3TUX IMapaMeTpOB
CYLLIECTBEHHO 3aBUCSAT OT TE€OMETPUUYECKUX Pa3MEPOB
YIIpYroro sjaeMeHTa (MeMOpaHbl) U TOYHOCTH PacIio-
JIOXKEHUSI TEH30PE3UCTOPOB B 00JIACTU MEMOPaHHBI.

ITpeoOpazoBarenb JaBiaeHUs c(GOpMUpPOBAH Ha
6asze ctpyktypel KHHM. CTpykTypa co3gaHa MeTOIOM
TEPMOKOMITPECCUOHHOTO CpallluBaHUS KPEMHUEBBIX
MJacTUH. B KayecTBe AWAJIEKTpUKA ObLI MCIOIb30-
BaH MHOTOKOMIOHEHTHbIU CTEKJI000pa3HbIil TU3JIEK-
TPUK, COIJIACOBAHHBIN MO KO3 puiMeHTy TepMuye-
CKOTO paclIMpeHUsI ¢ MOHOKPUCTANIMYECKUM KpeM-
HueM. Ha TepMuuyecku OKMCIEHHYIO NpUOOPHYIO
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KPEMHUEBYIO TJIACTUHY (TOMIIMHA JUOKCUAA KPEMHUS
cocrapisiia 0,8 MKM) M OMOPHYIO KPEMHMEBYIO TLjia-
CTUHY C ITOMOIIbI0 MArHETPOHHOI'O PACIBUICHUST OBLIT
HaHECEH CJIOW CTeKJIOBUIHOTO AM3JEKTPUKA TOJIIM-
Hoit 1,0...1,5 mxm. CpallyBaHue IUIACTUH OCYILIECTB-
JISIJIOCh B CIIeLMaJIbHOM MPUCIOCOOJEHUN MPU OIpe-
JIleJIeHHOM Harpyske 1 Temreparype okoso 1100 °C [3].

VYcraHOBEHO, YTO MpU pa3pabOTaHHON KOHCT-
pyKLUUU Ipeobpa3oBaTeisi U BBIXOAHOM CUTHAJIE OKO-
g0 40 MB/B (nmpy HOMUHAaJIbHOM AAaBJIEHUU) HEJIU-
HEWHOCTh TepeJaTOYHON XapaKTepUCTUKU COCTaB-
nsna 0,3...0,5 % [4]. 3naueHMe BBEIXOOHOTO CHUTHAJja
Mpu 3aJaHHOM TOJIIMHE MeMOpaHbl COCTaBJSLIO
20...40 mB/B.

He MmeHee BaxkHBIM IMapaMeTpoM IIpeoOpa3oBaTe-
Jiell naBfeHus SIBJISIIOTCS TeMIlepaTypHbIid Ipeid u
TeMIIepaTypHbIii TUCTePEe3UC HYJIEBOr0 CUrHaia (3Ha-
YyeHHe BBIXOJHOTO CHUTHaja 0e3 BO3[EHCTBUS AaBje-
HUs1). 3HaUeHUe TeMIlepaTypHOro Apeiida BHIXOAHOTO
CHUTHAJIa MOCTOBOI CXEMBI OIpenessieTcsl IByMsT (ak-
TOpaMu: pasjiMuueM TeMIIepaTypHbIX CBOMCTB pe3u-
CTOPOB M MEXaHMYECKMMU HANPSIKEHUSIMHU, OOHApPY-
KEHHBIMU B 00JIacTH MeMOpaHHI [5].

B 1ensx MUHMMM3AaIMKA HAaHHBIX ITOTPEITHOCTEH
ObUIM M3rOTOBJIEHBI TPU Pa3IMYHBIX BapuaHTa oOpas-
OB ¢ ToJluuHON MeMmOpaHbl 40 MkM. Ha moBepxHo-
CTU MeMOpaHbl OJHOro U3 0Opa3LoB ObLla HaHEeCEHa
aJlloMUHKEBas IUIeHKA ToJuHou 1,0 MKM, Ha BTOpoM
oOpaslie TOJIIMHA TUIEHKW aJlOMUHUS COCTaBJIslia
0,3 mxM. Ha TpeTheM 00pasiie cdhopMUPOBAHBI OO -
HUTETbHBIE p ' -06IacTH B LIe/SIX pa3pbiBa KOHTAKTOB B
00JIaCTU TEH30PE3UCTOPOB.

AHanu3 mnokazaj, YTO TpeTuli BapuaHT oOpasua
mpeoOpa3oBartelis JaBIeHUST 0KA3aJCsl ONTUMAJIbHBIM,

Puc. 1. I'padpugeckas mogess UD naTumka yriaoBoii CKOpOCTH: ¢ — pa30MBKa KOHCTPYKIINU
Ha KOHEYHbIE 2JIEMEHTHI; b — OTKJIOHEHUE MOJABUXHbBIX 2JIEMEHTOB
Fig. 1. Graphic model of SE of an angular speed sensor: a — breakdown of the design into final
elements; b — value of deviation of the mobile elements of the oscillation system
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YTO MO3BOJIMJIO TEMIIEPATYPHYIO MOTPEIIHOCTb HYJIe-
BOr0 CUTHAJla CBECTU K MUHUMYMY.

Ha ocHoBaHMU IIOJYYE€HHBIX PE3yJIbTaTOB OBLIU
HM3TOTOBJICHBI IIpeoOpa3oBaTes N ¢ boyiee HaIeKHBIMU
U CTAaOUJIbHBIMU METPOJIOTUYECKUMU XapaKTEePUCTH -
KaMM B oOnactu nuanas3oHa masieHuit 1,0...15 MIla.

OaHaKO MOMBITKY YMEHBIINUTh AUANA30H JaBJICHUI
B LIEJISIX YMEHbBIICHUS TOJNIIWMHBI MeMOpaHbI, TIPUBEITH
K PE3KOMY YXYAILICHUIO METPOJIOTUUECKUX XapaKTepu-
ctuk. IIpobyiema Oblia yCreumHo pellieHa 3a CYeT U3-
rOTOBJIEHUS MeMOpaHbl ¢ "XecTKUM LeHTpoM". Ilo
CpaBHEHMIO C TJIOCKOM MeMOpaHo#t TaHHass MeMOpaHa
OoJsiee HajJexXHas UM 3allMIIEHa OT pa3pyllIeHUs], KOTO-
pOe MOTJIO BO3HUKHYTH TIPH TIeperpy3Ke.

HccaenoBanue MUKpOMEXaHMYECKUX
MODMC-rupocKonoB U aKcejJepoMeTpoB

DopMupoBaHUE HMHTErPATbHBIX MUKPOMEXaHUYe-
ckux MOMC-npeobpazoBateseit st U3MEPEHUsI yT-
JIOBO CKOPOCTU (TMPOCKOIIbI) U YyCKOpeHUs (aKcese-
poMeTphI) 0a3MpoOBaIOCh Ha COBPEMEHHOM TEXHOJIO-
MU MUKPOBJIEKTPOHUKM U MUKpOMeXaHUKU. OmHaKo
CYILIECTBEHHBIN BKJIAI B MOJyYeHHE ITapaMeTpOB TIpe-
oOpazoBartesieil BHOCUT aiieKTpoHHas cxema. [lpu dop-
MUPOBAaHUU YYBCTBUTEJbHBIX 3JieMeHTOB (YD) ObLI0
HCIOJIb30BaHO XUAKOCTHOE aHM30TPOMHOE XUMUYE-
CKOE TpaBJieHHE KPEMHUs C MPUMEHEHWEM IBYCTO-
POHHeU KOHTaKTHOU dotonurorpadpum [2].

I'padmnueckue Moaear YyBCTBUTEJIBHOTO 3JIEMEHTA
TUpPOCKOIIa TIpeacTaBieHsl Ha puc. 1. s mpoBene-
HUSI PacyeToOB MCIIOJB30BAJICS MPOTPAMMHEBIN METO.
Ha OCHOBE KOHEYHO-3JIeMeHTHOro Komruiekca ANSYS.
B pesyabratre ObLIM MCCaeaOBaHbI COOCTBEHHBIE Yac-
TOTHl PA3IMYHBIX KOHCTPYKTUBHBIX MOIMGUKALINIA
YYBCTBUTEBHBIX 3JIEMEHTOB M COOT-
BEeTCTBYIOLIME (DOPMBI KOJeOaHUIA.
IlyreM aHanmm3a aMIUIMTyOHO-Yac-
TOTHBIX M (Da30BO-YACTOTHBIX Xa-
pPaKTEpUCTUK OBUIM ONTMMHU3UPOBA-
HBI KOJIeOaTeIbHBIE PEXKUMBI MUKPO-
MEXaHUYEeCKON CUCTeMbI U TpOBe-
IeHa HeobXommmasi KOPPEKTHPOBKA
KOHCTpyKuMU. OrnpeneneHbl Hanbo-
Jlee HaIpsDKeHHBIC Y3JTbI, paccumTa-
Hbl TIpeJebHble HArpy304YHbIE Xa-
PaKTEPUCTUKM TI0 Pa3JINIHBIM Ha-
TIpaBJICHUSIM.

IIpu mMopenupoBaHUM ObUIM YyU-
TEHbl KCMEPUMEHTAIbHbIE JaHHbIE
3aBUCHMMOCTH Momayast FOHra ot
KpucTajuiorpaduueckoil opueHTa-
uuu (100) MOHOKpHCTAIMYECKOTO
KkpeMHus1. KOHCTpyKIIMsI 4yBCTBU-
TEJILHOTO 2JIEMEeHTa Tpeodpa3oBaTe-
JiT YIJIOBOM CKOPOCTH KapmaHHOTO
TUIIA NTOKa3aHa Ha puc. 2.




B uensax ontuMuzalum KOHCTPYKIIUHY IIpeoOpa3o-
BaTesisi ObUIO MPOBEAEHO MCCIENOBAHUE AWHAMUYE-
cKuX xapakTepucTtuk Y3. PaBeHCTBO yacToT KoJjieba-
HUI BHYTPEHHEW M BHELIHEW paMOK HOCTUIAJIOCh C
MOMOIIIBIO BbIPABHMBAHUSI OTHOIIEHUU XECTKOCTHU
TOPCUOHOB K COOTBETCTBYIOIIIMM MOMEHTaM paM.

Ha puc. 3 npuBeneHbl rpaduku, XapakTepuU3ylo-
IIMEe 3aBUCUMOCTU COOCTBEHHBIX 4acToT pl u p2 oT
YIJIOBO CKOPOCTM OCHOBaHUS IJisi mapameTpoB YO
npeoOpa3oBaresisi Yrji0oBO CKOPOCTU KapIaHHOTO TH-
Ma ¢ COBMNAJAOLIMMM 3HAYEHUSIMU COOCTBEHHBIX Yac-
TOT paMOK M JJi1s1 peoOpa3oBaresisi ¢ HECOBNAAAIOIIM -
MM UCXOJHBIMHU YTJOBBIMU YacTOTAMU COOCTBEHHBIX
KOJIe0aHUIA.

Puc. 2. YD BuOpanmoHHOr0 mpeodpa3oBaTelisi YIJIOBOW CKOPOCTH
KapJaHHOro THna: / — KpblKa; 2, 4 — UHepLIMOHHBIC MacChl; 3 —
MHUKpOMeXaHUuecKas Tulata; 5 — 3JeKTpOHHas Tuiata

Fig. 2. SE of the vibration transducer of the angular speed of a cardan
type: 1 — lid; 2, 4 — inertia mass; 3 — micromechanical board; 5 —
electronic board

Puc. 3. 3aBucumocTth coOCTBEHHBIX YacToT UD rupockomna ot yrio-
BOii cKopocTH: pl; p2 — cobcTBeHHbIE YacToThl YD rupockona; Q, —
YIJIOBasi CKOPOCTb OCHOBaHMUSI

Fig. 3. Dependance of the own frequencies of SE of a gyroscope on the
angular speed; pl, p2 — own frequencies of SE of a gyroscope; O, —
angular speed of the basis

Puc. 4. @ororpadusi 4yBCTBUTEILHOTO 3JIEMEHTA MHKPOAKCeEJIepo-
MeTpa

Fig. 4. Photo of the sensitive element of a microaccelerometer

AHanu3 pe3yabTaToB IOKa3aji, YTO B O0LLeM Cly-
yae 3HAYeHHWE COOCTBEHHBIX YIJIOBBIX YAaCTOT HEJIM-
HEWHO 3aBUCUT OT YIJI0BOM CKOPOCTU OCHOBaHUs. Of1-
HaKO B ONpe/ieIeHHOM IMAIla30He YIJIOBBIX CKOPOCTE
(0...1000 pan/c) mpy UCXOAHOM PaBEHCTBE YacTOT 3a-
BUCUMOCTb Pa3HUILbI YACTOT MPAKTUUYECKU JIMHEWHO
3aBUCUT OT YIJIOBOM CKOPOCTU OCHOBAHMSI.

Takum obGpa3omM, HamMOOIbIIAS YYBCTBUTEIHLHOCTh
Hapy>XHOI paMKM K yIJIOBOM CKOPOCTH HaOJiogaiach
npu Bo30YXXIAEHUM Ha 4acToTe, COBMajaalolleit ¢ cob-
CTBEHHBIMM YIJIOBBIMM YaCTOTaMM KOJIeOAHUI paMOK.
JJ1st MajbIX YIJIOBBIX CKOPOCTEM aMILIATYAA BBIHYX-
JEHHOro IBMXKEHMSI HApYXXKHOUM paMKU IPaKTUUYECKU
JIMHEWHO 3aBUCUT OT YIJIOBOW CKOPOCTH MPOMOPIINO-
HaJbHO MPOU3BEACHUIO NOOPOTHOCTE 00EUX paMOK.
Ha uvacrore, He coBmamarolleil ¢ pe30HAaHCHON, Ha-
OtogaeTcsl MaJgeHUe aMIUTUTYAbl BBIHYKACHHOTO BU-
KEHUST HApY>KHOW paMKU. AMIUIMTYAA BBIHYXXIEHHOTO
JBUKEHUSI HAPY>KHON paMKU OyAeT TeM MEHbIIIE, YeM
JaJIbllle 4YacTOTa BO30YXIEeHUsI OT COOCTBEHHBIX YIJIO-
BBIX YACTOT 1 YeM 00JIbllie PAa3HOCTb COOCTBEHHBIX yT-
JIOBBIX YacCTOT.

Hapsimy ¢ rupockonmaMu LIUPOKOE NpPUMEHEHUeE
HalllJId MUKPOMEXaHUUYeCK1e aKCeJIepoOMETPhl B aBUa-
LM, KOCMUYECKHX alllapaTtax v MpHu CO3JaHUU BBICO-
KOTOYHOTO paKeTHO-apTUJIepuiickoro opyxus. On-
HUM U3 BaXHEWIINX 3JIEMEHTOB aKCeJIepOMETPOB SIB-
JISIETCSI YYBCTBUTENIbHBIN 3JIeMeHT. YyBCTBUTENbHOCTD
aKceJIepoMeTpa CYLIECTBEHHO 3aBHUCUT OT KOHCTPYK-
mun 49.

Ha puc. 4 moka3aH BHEIIHUI BUA MUKPOAKCeIepo-
MeTpa.
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Pa3paboTaHHbBIl YyBCTBUTEIbHBINA 3JI€MEHT aKce-
JIepoMEeTpa MasiTHUKOBOU KOHCTPYKIIMM COCTOUT U3
OCHOBAHUSI W TMOIBUXHOU pPaMKHU, MONBEIICHHOU Ha
TopcuoHax. [MpuHuun aeiictBust YO ocHOBaH Ha He-
CUMMETPUYHOM TIO/IBECE MOJABMKHOW pPaMKM, BCJe[-
CTBHUE YEro MpU BOBHUKHOBEHUM YCKOPEHUS MIepreH-
TUKYJISIPHO TUIOCKOCTH YD MpPOUCXOOUT OTKJIOHEHUE
MOJABUXXKHOUM paMKu. B pesyabTaTe U3MEHSIETCS €M-
KOCTb, 00pa30BaHHas 3J€KTPOJaMy Ha paMKe U OCHO-
BaHuu. Ha ocHOBaHMM KOHCTPYKLIMU pa3MelleHbl ye-
TBHIPE OMIOPHBIX BBICTYIA, KOTOPBIE ONPEIESIOT 3a30D
MEXIY NMOABUXHON paMKOU U CTaTOPHOM MJIaCTUHOM.
Ilo yrimaM moaBMXHOW paMKu pas3MelleHbl YEThIPE
yIopa, KOTopble UCKIIIOUYAIOT BO3MOXHOCTh KOPOTKOTO
3aMbIKaHUSI EMKOCTHBIX JATYMKOB MPU MTOBOPOTE MO/ -
BVDKHOM paMKH B JII0O00O€ KpaiiHee IoioxkeHue [6].

YyBCTBUTEbHBINM 3JIEMEHT IpeoOpa3oBaTess yc-
KOpPEHUI ¢ TMana3oHoOM M3MepeHui + 1 g MOXeT BbI-
JIepxXuBaTh Harpy3Ky 6ojee 5000 g. YD usrorosieH mo
TEXHOJIOTUU 00bEMHOM MUKPOMEXaHUKU. DTO obecrie-
YUJIO CEHCOPY BBICOKYIO HaeXHOCTb MU TOYHOCTb Xa-
PaKTEPUCTHK.

3akmouyenue

ITo pe3ynbTaTaM pacueToB ObLT U3TOTOBJIEH MPEOO-
pa3oBarelib JaBJIeHUSI CO CTAOUJIbHBIMU METPOJIOTHYe-
CKHMU XapaKTepUCTUKaMM, paboTalollMili B Auamna3o-
He papneHuit 1...20 MITa.

HMccnenoBanue mpeobOpa3oBaTtesieil yrjlOBOi CKO-
pPOCTH TI0KAa3aJI0, YTO 3HAUeHUE COOCTBEHHBIX YaCTOT

HEJIMHEMHO 3aBUCHUT OT YIJIOBOM CKOPOCTHM OCHOBa-
Hus. HanOosnblilasi 4yBCTBUTENBHOCTh HAPYXKHOW paM-
KW TMPOCKOTMA K YIJI0BOW CKOPOCTU HAOIIOAAETCS MPU
BO30Y>XJIEHUU Ha 4acTOTE, COBNAAAIOLICH ¢ COOCTBEH-
HOH yTJIOBOI 4acTOTOI KoJebaHUI paMoOK.

M3roroBieHbl akceJepoMeTpbl C XOPOIIMMU TOY-
HOCTHBIMM XapaKTepUCTUKAMU, YYBCTBUTEIbHbIN 31€-
MEHT Mpeodpa3oBartessi YCKOPeHUil criocobeH Bblaep-
KUBaTh Harpy3ky cseiie 5000 g.
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Research and Development of Integral MEMS-transducers

of Mechanical Quantities

The work presents the results of research and development of the parameters of the transducers of mechanical quantities. The
main material for formation of the elastic elements (membranes) of the pressure sensors and sensors of gyroscopes and accelerometers
is monocrystalline silicon of orientation (100). The developed accelerometer of a capacitive type was manufactured in accordance

with the technology of bulk micromechanics.

On the basis of the analysis of the amplitude-frequency and phase-frequency characteristics of the angular velocity transducer
the design of the sensitive element of the microgyroscope was optimized.

Keywords: integrated MEMS, transducers of the mechanical quantities, pressure sensors, microgyroscopes, microaccelerometers

Introduction

Integrated silicon MEMS transducers of the mechanical
quantities — microelectronic pressure sensors, microgyro-
scopes, microaccelerometers, are more and more frequently
used in navigation systems and automatic engine controls, in
air-space technologies operating in severe conditions of an
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aggressive environment, high temperatures, vibrations and
shock loads.

For manufacture of the sensors working in severe con-
straints with stable, reliable parameters the technology of mi-
croelectronics and micromechanics was used.

Formation of the elastic elements of the pressure sensors
was carried out on the basis of a silicon-on-insulator (SOI)




structure. A glassy semiconductor was applied as a dielectric
for merging of two silicon plates. As a result it became possible
to lower considerably the number of defects due to a deflec-
tion of the silicon plates. The sensitive elements of the mi-
crogyroscopes and microaccelerometers were made with ap-
plication of monocrystal silicon and deep anisotropic chem-
ical etching.

Development of the integrated pressure transducers

The technology for production of the integrated pressure
transducers is presented in detail in [1, 2]. The key parameters
of a pressure transducer are sensitivity and nonlinearity of the
transfer characteristic. It is known, that the value and repro-
ducibility of these parameters essentially depend on the sizes
of an elastic element (membrane) and accuracy of arrange-
ment of the resistive-strain sensors in the area of the mem-
brane.

The pressure transducer was formed on the basis of SOI.
Its structure was created by a thermocompression merging of
the silicon plates. The dielectric was a multicomponent glassy
dielectric, corresponding by its thermal dilatation coefficient
to the monocrystal silicon. A layer of a glassy dielectric with
thickness of 1,0...1,5 um was deposited on thermally oxidized
instrument silicon plate (thickness of the silicon dioxide was
0,8 um) and a supporting silicon plate with the help of a
magnetron dispersion. Merging of the plates was carried out
in a special device at a certain load and temperature of about
1100 °C [3].

For the developed design of the transducer and with an
output signal of about 40 mV/V (at a nominal pressure) the
nonlinearity of the transfer characteristic was 0,3—0,5 % [4].
The output signal at the set thickness of the membrane
reached 20...40 mV/V.

Other important parameters of the pressure transducers
are temperature drift and hysteresis of the zero signal (the out-
put signal without of influence of pressure). The temperature
drift of the output signal of a bridge circuit is determined by
the differences in the temperature properties of the resistors
and mechanical stresses in the area of the membrane [5].

In order to minimize the errors three versions of samples
were made with 40-micrometer thick membranes. On the sur-
face of one of the samples an aluminum film was deposited
with thickness of 1,0 um, on the second one the thickness of
the aluminum film was equal to 0,3 um. On the third one ad-
ditional p*-areas were formed for rupture of the contacts in
the area of the resistive-strain sensors. An analysis showed
that the third version of the sample was optimal and allowed
to minimize the temperature error of the zero signal. On the
basis of the obtained results, transducers with more reliable and
stable characteristics within the pressure range of 1,0...15 MPa
were manufactured.

However the attempts to reduce the range of pressures
with a view to decrease the membranes’ thickness resulted in
their sharp deterioration. The problem was successfully solved
due to manufacture of a membrane with "a rigid centre". In
comparison with a flat membrane it was more reliable and
protected from destruction, which could be due to an over-
load.

Research of the micromechanical MEMS-gyroscopes
and accelerometers

Formation of the integrated micromechanical MEMS-
transducers for measurement of the angular speeds (gyro-
scopes) and accelerations (accelerometers) was based on the
technology of microelectronics and micromechanics. How-
ever an essential contribution to achievement of the trans-
ducers’ parameters was due to electronic circuits. To ensure
formation of the sensitive elements (SE) a liquid anisotropic
chemical etching of silicon was used with application of a
double-sided contact photolithography [2].

Graphic models of SE gyroscope are presented in fig. 1.
In order to implement calculations the program method on
the basis of ANSYS finite-element complex was used. As a re-
sult the own frequencies of various constructive modifications
of SE and the corresponding forms of fluctuations were in-
vestigated. During analysis of the amplitude- and phase-fre-
quency characteristics the oscillation regimes of the micro-
mechanical system were optimized and the necessary correc-
tion of the design was done. The most intensive nodes were
determined, and the limiting characteristics in various direc-
tions were calculated.

During modeling the experimental data of the dependence
of the Young’s modulus on the crystallographic orientation
(100) of the monocrystal silicon were considered. The design
of SE of the angular speed transducer of the cardan type is
shown in fig. 2.

For optimization of the design of the transducer the dy-
namic characteristics of SE were investigated. The equality of
the frequencies of fluctuations of the internal and the external
frames was reached by means of alignment of the rigidity re-
lations of torsions to the corresponding moments of the
frames. Fig. 3 presents the diagrams characterizing the de-
pendences of pl and p2 own frequencies on the angular speed
of the basis for parameters of SE of the transducer of the an-
gular speed of a cardan type with the coinciding values of the
own frequencies of frames, and for a transducer with non-co-
inciding initial angular frequencies of the own fluctuations.

An analysis proved that generally the own angular fre-
quencies in a nonlinear way depend on the angular speed of
the basis. However, within a certain range of the angular
speeds (0...1000 rad/s) with the initial equality of the frequen-
cies the difference in frequencies practically linearly depends
on the angular speed of the basis.

Thus, the greatest sensitivity of an external frame to the
angular speed was observed during excitation on the frequen-
cy coinciding with the own angular fluctuations of the frames.
For small angular speeds the amplitude of the forced move-
ment of the external frame practically linearly depends on the
angular speed, proportionally to the product of the quality
factors of the frames. On the frequency, not coinciding with
the resonant one, lowering of the amplitude of the forced
movement of the external frame was observed. This amplitude
will be less, if the further is the frequency of excitation from
the own angular frequencies and the bigger is the difference
of the own angular frequencies.

Beside the gyroscopes, the micromechanical accelerome-
ters found wide application in aircraft, space vehicles and in
development of high-precision rocket-artillery weapons. Fig. 4
presents a microaccelerometer. One of the major elements of
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the accelerometers is SE. Sensitivity of an accelerometer de-
pends on its design.

The developed SE of accelerometer of a pendular design
consists of a basis and a mobile frame suspended on torsions.
The principle of operation of SE is based on an asymmetrical
suspension of this frame, as a consequence of which during
acceleration perpendicular to the plane of SE its deviation oc-
curs. As a result, the capacity formed by the electrodes on the
frame and the basis changes. On the basis there are 4 sup-
porting ledges, which determine the gap between the mobile
frame and the stator plate. In the frame corners there are
4 supports, which exclude a possibility of a short circuit of the
capacitance sensors, when it is turned to any of its extreme
positions [6].

SE of the acceleration transducer with a range of meas-
urements of +1g can withstand a load over 5000 g. It is pro-
duced by the technology of bulk micromechanics. This en-
sures the sensor’s high reliability and accuracy of character-
istics.

Conclusion

By the results of calculations a pressure transducer was
manufactured with stable characteristics, working within the
range of pressures of 1—20 MPa.

Research of the angular speed transducers demonstrated
that own frequencies in a nonlinear way depend on the an-
gular speed of the basis. The greatest sensitivity of the external

frame of a gyroscope to the angular speed is observed during
excitation on the frequency, coinciding with the own angular
frequency of the frames’ fluctuations.

Accelerometers with good characteristics were made. SE
of the acceleration transducer can withstand a load over
5000 g.
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MOBbIWEHUE BUBPALMOHHOM YCTOMYUBOCTU

MUKPOIAEKTPOHHbIX YCTPOMUCTB

Ilocmynuna ¢ pedaxyuro 15.10.2014

Boinoaneno uccredosanue 3gpexmugnocmu noucka 6ubpayUoOHHOU AKMUGHOCMU MUKDPOINEMEHMO8 INeKMPOMEXHUHECK020
YCMPOUCmMea U CMoA4UX 804H KOMNO3UMHOU naamol. [Ipedrodcern memod epaguueckoli 6U3yatU3AUUY GUOPAYUUOHHO20 NOASL CAONC-
H020 MeXHU"ecK02o yCmpoucmaea, no3gosiouull 6osee IgpeKxmuero u onepamueHo nPOeKmupo8ams mexHu4ecKue Cucmemyl ¢ no-

6blULCHHbIMU mpe606(lHuﬂMll no 6u6posau4umeﬂﬂocmu.

Karoueesvie cao6a: mukposneKkmpoHuKa, 31eKmpomMexaHu4ecKuil npueoo, niama ynpasieHus, eubpayus, eudpozawuma, eu-

3yanuzayus, pe3oHanc, HadexlcHoCms

BBenenue

Paspabotka cuctem ynpasieHus (CY) Ha ocHoOBe
MMKPOKOHTPOJIJIEPOB SIBJIICTCSI OMHON U3 KITIOUEBBIX
Mpu pa3padoTke ra3oTypOMHHbIX aurareneit (I'TII).

K ocHOBHBIM 3a7a4aM Mpu NPOSKTUPOBAHUM DJIEK-
TPOHHOI'O YCTPOWCTBA OTHOCSAT BOMPOCHI OOIIIEN KOM-
MMOHOBKH, aJropUTMa (GYHKIMOHUPOBAHUS, BJIEKTPO-
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MarHUTHOM coBMecTUMOCTH. [1pr 3TOM BOTpoc BHOpa-
IIMOHHOM YCTOMYMBOCTHU 3JIEKTPOHHBIX KOMITOHEHTOB
M CaMOW IUTIAThI 3a4acTyIO SIBJISIETCS ONPEICISIOIINM.

AHanmn3 paboT 1Mo JAaHHOW TeMaTHKe MOKa3bIBaeT
JIIOCTaTOYHO TIYOOKYIO TPOpPabOTKYy 3TOTO BOIIpPOCaA.
DTO 0OBSICHSIETCS TOCTOSTHHOMN aKTyaJIbHOCTBIO U pac-
TYILIEH TMOTPEOHOCTHIO B MOBBLIIICHUY HANTEKHOCTH U




3alIUThl OT BUOPALIMOHHBIX MOJIE B COBPEMEHHOM
TEXHUKE.

K OoCHOBHBIM 3JI€eMeHTaM MPOEKTUPOBAHUST HOBBIX
YCTPOMCTB OTHOCIT HaTypHble UctbiTaHusl. Hanbosb-
1IYI0 CJIOXHOCTb MPEICTaBISIOT TMHAMUYECKUEe, U B
YaCTHOCTU, BUOPALIMOHHBIE UCTIBITAHUS.

[TpoGaembl TpoBeAcHMST BUOPOUCITBITAHM M3BECT-
HbI, K HUIM OTHOCSITCSI:

— CO3JIaHME AEKBATHON MAaTeEMaTUYECKOM MOIEIH;

— IpaKTUYECKasl CJIOXHOCTb OTPabOTKM BCEX TO-
YeK TeOMETPUICCKOIO IPOCTPAHCTBA YCTPOMCTBA;

— CO3IaHMe Ha CTeH/e HAarpy3KM, alleKBaTHOM pe-
aJTbHOMY OOBEKTY, IO YacTOTaM, IO YCKOPEHUSIM, TIO
HaIpaBICHUIM;

— BbIOOp ocu Bo3aeicTBUS (KaK IpaBUJIO, pac-
cMaTpUBaIOTCSl He OoJjiee Tpex oceil moa yriaamu 90°);

— OINPpCACJICHUEC MMapaMETPOB 110 3alriacaM HaacXK-
HOCTHU WJIN YAAJICHHOCTU OT KPUTUYECKHNX COCTOSIHUIA.

IMocmeqHnit MOMEHT MMeEEeT CYIIECTBEHHYIO BaX-
HOCTb JIJISI CO3aHUS YCTPOMCTB ¢ TpeOyeMbIMM 3arma-
CaMM IO YCTOMYMBOCTU K BHOpPOBO3IEWMCTBUSIM. Pe-
3yJIbTAaT UCHBLITAHUI YCTPOMCTBA B BUAEC KIIFOUEBOIO
OTBeTa "BblAEPXKAJIO/HE BhIACPXKANIO" UMEET IMepCreK-
TUBOW Pa3BUTHSI YUCJICHHYIO OLIEHKY: 3HAUEeHUE 3ara-
ca 1o BUOPOYCTOMYMBOCTH. DTOT 3arac, B CBOIO OYe-
pelb, MOBHIIIAET OOLIYI0 HAAEXKHOCTh TEXHUYECKOMN
CHUCTEMBI.

B cBoeM peleHun Bce 3TU (aKTOPHI CIEpPKUBaA-
I0TCS HAyYHO-METOAOIOIMYECKON 1 TEXHUYECKOM CO-
CTaBJISIIOIIMU.

B HacTosiiee BpeMsl K MCHBITATEIbHBIM CTEHIAM
MNPEABSBISIIOT CIEIYyIOIIME TPEOOBAHUS: OOIBILIOE YUC-
JIO BXOIHBIX KAHAJIOB M3MEPEHUSI; BCTPOSHHBIE CXEMBbI
COrjJacoBaHMsI CUTHAJIOB; BO3MOXHOCTb aBTOMaTU4e-
CKOTO CO3JaHusI MPOTOKOJIOB MCIIBITAHUI; BbICOKAS
MPOU3BOAUTEBHOCTb; BO3MOXHOCTb COXPaHEHMUS,
MocToOpaboOTKK, BU3yadM3alluyd OOJbIIMX O0BHEMOB
U3MEPEHHBIX JAHHBIX U IIP.

OO0BeKT U coaepKaAHUE HUCCIEAOBAHNUS

I[THeBMaTHUeCcKMe U 3JEKTPOMEXaHUYEeCKUe Mpu-
Boabl (DMII) 3aHMMAIOT TOMUHUPYIOIIEE MOJOXEHIE
B opraHax ynpasieHus I'T/I. B kauecTBe o0bekTa uc-
cnenoBaHus B3sdTa CY 2JIeKTpOMEXaHUUYECKUM TIPU-
BOJIOM, PacIOJIOXEHHAasl HEMOCPEIACTBEHHO Ha IMpU-
Boze (puc. 1, a, CM. TpeTbIO CTOPOHY 00J10kK1 ). KOH-
CTPYKTHMBHO 3TO JAeJaeT MPUBOJ KOMITAKTHBIM, MOHO-
0JIOYHBIM, C BO3MOXHOCTBIO ONEPaTUBHON YCTAaHOBKU
U HacTpoiiku. KopoTkasi KWuHemaTuueckasl Lelb AaeT
TOYHOE TMO3ULIMOHUPOBAHME BBIXOJHOTO 3BeHA W IO-
BBILLIEHHYIO XecTKocTh. [locneaHee, B CBOO o4epep,
orpenessieT BUOpalMOHHBIE 10151 M TapaMeTphl CTOSI-
YUX BOJIH YCTPOMCTBA, pe30HAHCHBIE YACTOThI OTAEb-
HbIX KOMITOHEHTOB.

CVY npencraisieT coO00i MHOTOCTIOMHYIO 3JIEKTPH-
YecKylo TJIaTy C pa3MellleHHbIMU Ha Heill MUKpodJie-
MmeHTamu. [ToCcKOJIbKY TIpUBOA CTOUT HEMOCPEACTBEH-
HO Ha TypOWHE, UMEEeT MeCTO YCUJIEeHWe BUOpallMOH-
HBIX BO3AEUCTBUI Ha KOMITOHEHTHI ILJIATHI.

K ocobGeHHOCTSIM BeAeHUSI UCTIBITAHUN 3JIEKTPO-
MexaHndeckux mpuBoaoB [T/l MOXXHO OTHECTH MHO-
ro(akTOpHOCTb, TOBbILLIEHHbIE TPEOOBaHUS K JOCTO-
BEPHOCTHU PE3yJIbTaTOB, TOUHOCTh, OOBEKTUBHOCTb U
HarasimHOCTh. HemalloBaxXHBIM sBJISIETCS TOT (hakT,
YTO 3a4acCTyl0 HET BOBMOXXHOCTU MHOTOKPAaTHO 3amyc-
KaTh TypOMHY, AOCTYM K HEil 110 BpeMEHHBIM, pecypc-
HBIM, TEXHOJIOTUYECKUM U OpraHU3allMOHHbBIM TPUYM-
HaMm orpaHudeH. TpeOyeTcsl ¢ OHHOTO 3aIlycKa II0JIy-
YUTh MAaKCUMAaJIbHYIO Pe3yJIbTaTUBHOCTbD.

B Hacrosiiiee BpeMsl CyleCTBEHHO paclUMpUINCh
BO3MOXKHOCTH 1O BeIEHUIO HATYPHOTO BKCIIEPUMEHTA.
OCHOBHBIE TIO3ULIMU Ha PBIHKE pa3paboOTKU U co3da-
HUs 000pYIOBaHMS M MPOTPaMM UISI CTEHIOBBIX HUC-
MNbITAaHUI 3aHUMAIOT (Uupmbl Agilent, Mentor Graphics,
Tektronix, Texas Instruments, Arm, National Instruments
" 1p.

3a OCHOBY OBLIO B3TO 00OpYIOBaHME U TEXHOJIO-
ruu pupmbl National Instruments, TIAHUPYEMBIM pe-
3yJIbTaTOM SIBJIsIIaCh aBTOMATU3allUsl TIOJIyYeHUS TaH-
HBIX MIPU OIepalysIX UCTIbITAHUS U KOHTPOJISL.

JJ1s1 UICTIBITAHUIA MCTIOJIB30BaJIU I1J1aTy cOOpa JaHHBIX
USB-625 doupmsl National Instruments. B kauectse mipo-
rpaMMHoro obecriedeHusi mpumeHeHol LabVIEW-2013,
NIDAQmx-9.02, DIAdem-11.1. UaTepdeiic mocuen-
Hel TpeacTaBlieH HUXe Ha puc. 7. B KauecTBe ceH-
COPOB MCITOJIb30BaiM natuymku BuOpauum KD 35a,
KD 16 (puc. 1, ¢).

MeToauka 3KCniepUMEHTAa

Ilenp ucnbplTaHUl — COOP JaHHBIX HA OOBEKTE UC-
cJIeloBaHMsI, UX ITocIeaylolias 00padboTKa U BU3yaln-
3anusi. CTpyKTypHas cxema CTeHIa MpeacTaBiieHa Ha
puc. 2.

BubGpoycTtaHoBka I nepegaeT BUOpaLMIO HEIMOCPEI -
CTBEHHO TIPUBOAY 2, HA KOTOPOM ycTaHoBjieHa CVY 3.
Bubponatuvku 4 cHUMalOT MHGOPMALUIO U Yepe3
miaty cbopa TaHHBIX 6 MepeaaloT UHGOPMAIUIO IS
XpaHeHus U 0O6paboOTKU B KOMIbIOTEP Ha MoOayIb 11
3a 3axBaTr JaHHBIX OTBeYaeT Moayjab /0 — MporpamM-
HBIM KoMIuieke LabVIEW, 3a TpexMmepHYy10 BU3yau-
3allMI0 U CHHXPOHHOE MpeacTaBieHe JaHHbBIX — MO-
ayiab 11 — nporpamma DIAdem.

Anroput™M 00pabOTKM MH(POPMAIIUM CJIETYIOIINIA:
YCJIOBHO CO3[aeTCsl MaTpulia ToueK Ha 1ate (puc. 3);
3aIlyCKaeTcsl BUOPOCTEHT; BeleTcsl COOp JaHHBIX U UX
COPTHMPOBKA, COXpaHEHMUeE; IJIs1 Mepexoaa U3 BpeMeH-
HOI1 00JIaCTU B YaCTOTHYIO JejiaeTcsl mpeodpa3oBaHue
®ypre; co3maercst 3D-moaenb, KoTopas HakKJIaIbIBa-
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Puc. 2. CtpykrypHas cxema cteHga: / — BUOpOyCcTaHOBKa; 2 — MpU-
Bom; 3 — o0bekT ucnbiTanuii (CY mpuBomoM); 4 — AaTIYUKU BUO-
pauuu (2 1mrt.); 5 — mpoBoga KOMMYTALMK JaTYUKOB; 6 — Ij1aTa c60-
pa maHHbx; 7 — USB-kabesb; & — KoMIbioTep; 9 — XpaHWIUIIE
NaHHbBIX; /0 — Momysb 00paOOTKU NaHHBIX; /] — MOIYJb BU3YyaJI-
3alMK JaHHBIX

Fig. 2. Test bench circuit: 1 — vibration installation; 2 — drive; 3 —
object of tests (CS drive); 4 — vibration sensors (2 pieces); 5 — wires
Sfor switching of sensors; 6 — data collection board; 7— USB cable; § —
computer; 9 — data storage; 10 — data processing module; 11 — data
visualization module

eTcsl Ha O(CceTHYI0 MOJIesb IJIaThl; BEIeTCS aHalIu3
BUOPALIMOHHOTO TMOJIs.

Ha puc. 3 npuBeaeHa maTpuliia TOU€K, 10 KOTOPbIM
npoBoAwIcss cb6op MHMpoOpMaUUM BUOPOJATYMKAMU.
OCoOeHHOCTBIO SIBJISIETCS TOT (DaKT, UTO 3axBaT JaH-
HBIX BBITIOJHSIJICS] HEMIPEPBIBHO, 0€3 OCTAHOBKM CTEH-
Jla: OCYIIECTBIsIOCh KacaHue Ha 1—2 ¢ Touku (T. 1),
3aTeM TOYKM 2 1 Tak jnajee A0 Touku 40.

Jnst cyxkeHUs1 00JacTU MOMCKA M MCCIAEHOBAHUIA
HEeoOXOIMMO OIpeAeanuTh 00JacTh 3HAYEHUI 4YacToT,
Ha KOTOPBIX IMPOUCXOIUT OCHOBHOE

Bosznelicteue Ha CY. B kauecTBe uc- o _____

XOOHOU MH(pOpMaLUX ObLIM 3ampo-

HUS JUYHOTO COCTaBa M T. 1. B ycIOBUSIX MPOM3BOA-
CTBEHHOTI'O MPEeANpPUITHS pellieHre MO TaHHOW ONTU-
MM3alMKM 0Ka3aJloCh BeCh LIEHHBIM. /151 MOBBIIIEHUS
TOYHOCTH pPe3yJIbTaTa quaIia30H YyBCTBUTETHLHOCTH TIa-
Thl cOOpa JaHHBIX ObUT orpaHuyeH objacteio +0,2 B.
Ha pwuc. 5 BugHO, 4TO pe3yabTaThl, MTOJIyIeHHBIE C AaT-
yuka KD 35a (BepxHuii rpaduk) Jydile yKIaablBaroT-
cs BO B3ATHIN muanasoH, yeM ¢ KD 16 (HkHMi Tpa-
(ux). OHU U OBUIM B3STHI 32 OCHOBHBIE JIS AAIbHE -
11IeTO aHaJIu3a.

O0paboTKa JaHHBIX MIPOBOAUIACH TEPPUTOPUATb-
HO M TI0 BpeMeHHM He3aBUCHMO OT paboT Ha BUOPO-
creHae. /s 3axBata MHGpOpPMaLMKM C JAaTYUMKOB, €€
3aIuCcH, TIepBUYHON 00pabOTKU UCIOb30BaIaCh MPO-
rpamma LabVIEW-12 [2—4]. [1ns1 BU3yalIn3aluu 1 Uc-
nonbs3oBayica naker DIAdem-11.1 [1], ero ocobeHHO-
CTBIO SIBJISIETCSI BO3MOXKHOCTh PabOThl C pa3IMYHbIMU
TATIAMU JTaHHBIX, BKJIIOYast BUaeo. ECTh BO3MOXHOCTh
Ha OJHOM 3KpaHe O0TOoOpa3uTh COBMELIEHHOE MO Bpe-
MEHU BUIEO, TpadrKu (OYHKIIHIA, IIBETOBBIC 1 TTIOBEPX-
HOCTHbIE IMarpaMmbl, U T. I. Takxke MMEIOTCS MHCT-
PYMEHTHI TI0 CTPYKTYPHOM M MaTeMaTHYecKoi obpa-
0OTKE JaHHBIX.

[MomyyeHHBIE B pe3ysIbTaTe CTEHIOBBIX UCIIBITAHUIA
JaHHbIe ObLTM OTCOPTUPOBAHBI MO ToukaM (T. 1 — T. 40,
cM. puc. 3) u o yactoraM (200 I'u, 250 I'm). st mmo-
JIy4eHUs1 YaCTOTHOM KapTUHbI B y3J1ax IJiaThl ObLIO MpH-
MeHeHOo TpeobpasoBanne Dypoe (puc. 6, CM. TPEThHIO
CTOpOHY 00;10kK1). beuta moctpoeHa 3D- 1 oceTHas
MOJEJb, C TIPUBA3KOM TaHHBIX K KOHKPETHBIM TOUKaM
(puc. 7, CM. YETBEPTYIO CTOPOHY OOJIOXKKH).

IIE€HbI NCXOIHBIC JAHHBIC I10 BI/I6pa-

LoHHOM KapTuHe Ha I'T]I mpu ero

pabote (puc. 4, CM. TPEThIO CTOPOHY
000xkH). OHM M OBUIM B3SITHI 32
OCHOBY. Ha mMuTanimoHHOM CcTeHIe

3a1aBAIMCh BUOpAIIMUA C YAaCTOTaMU
200 u 250 I'u, yckopeHue 5 g.
PesynbpraToM cOopa JaHHBIX SIBU-

JIOCh TIOJTyYeHHOE 1 3a(pUKCUPOBAH-

126

JIBYX JaTYMKOB, paboTalolIUX Ha
OIHY 3a7ayy, T. €. MapajjieIbHO, HO

WMEIIIUX Pa3HyK YYBCTBUTEJIb-
HoCTb. PesynbTaT mpeacTaBieH Ha
puc. 5. laHHbII MeTon ObLI NIpUMe-
HEH B CWJIy TOTO, YTO 3apaHee ObLIO

HEW3BECTHO, KAaKOW U3 NaTYMKOB
JlacT ayqiui pesyiaptat. Kpome To-
ro, KaXKIbliA OTAEJbHbIN 3aITyCK BUO-
POCTEH/IA 3TO OTACIIBHOE MEPOMpPUSI-
TUe, Tpebyrolllee 3aTpaT Mo pecypcam
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Puc. 3. Marpuua Toyek pukcanuu nHpopMaui BUOPOIATINKAMHA
Fig. 3. Matrix of the information fixing points of the vibration sensors




Puc. 5. PesynbTaTel, nonyyennsie ¢ natunkos KD 35a (csepxy), KD 16
Fig. 5. Results from sensors of KD 35a (above) and KD 16

Haee Tony4eHHBIe JaHHBIE TTOMEIEHB HAa MOIETh
miatel CY (puc. 8, 9, cM. 4eTBEPTYIO CTOPOHY OOJIOXKH ).
MecTa HanbObIIIe aKTMBHOCTHY BBIIEJICHBI KPACHBIM U
MPUITOMHATHI Haj Tuiatoil. MHTepnosuus mo rnopepx-
HOCTH clellaHa TIporpaMMHo. IlomydeHa Bu3yambHast
KapTWHA WHTEHCUBHOCTY BUOpAllMM MOBEPXHOCTH TLIa-
THI, YTO TIOBBIIIAECT HAIISIAHOCTH M JaeT BO3MOXKHOCTH
6oJiee OITepaTUBHO 1 C OOJIBIIIMM KauyeCcTBOM paboTaTh C
rapaMeTpaMy YCTPOMCTBa (pa3Mephl, OTBEPCTHSI, pacIo-
JIOXXEHUsI KOMITOHEHTOB, KpeIeX, KeCTKOCTb M T. I1.)
JIJIS1 TIOBBILLIEHUS €€ BUOPALIMOHHON CTOMKOCTH.

Tak, HanpuMmep, BuAHO, 4To npu yactote 200 I'ix
IIaTa B LIEJIOM BeeT ce0sl CTaOMIIbHO (pUC. 8, CM. YeT-
BEPTYIO CTOPOHY 00J10kKM). Ha puc. 9 ormMmeueHo, 4To
nipu yactote 250 'ty mpoOaeMHBIM Yy4aCTKOM SIBJISIETCS
KOHIEHCATOp B JIEBOM YTy TiaTel. Ero Macca Bxomur
B PE30HAHC MPU JaHHBIX XapaKTEPUCTUKAX BUOpALIUU.
HarnssmHocTh KapTUHBI TaeT OIepaTUBHEINA TIPOCTOP B
peleHur npooaeMbl.

K oCHOBHBIM pe3yibTaTaM MPOBENECHHBIX MCIIBITA-
HUU MOXXHO OTHECTU CJIEAYIOLIUE:

— paspaboTaHa CTPYKTypHasi, GyHKUIHMOHAIbHAS U
KOHCTPYKTUBHAsI CXeMbI 1 HAaTYpPHO CO3IaHa MCITBITa-
TeJbHAasl YyCTAaHOBKA IO BEAEHWIO BUOPALIMOHHBIX UC-
MBITAHUI 3JEKTPOTEXHUUECKOTO YCTPOMCTBA;

— cO3IaHa aBTOMAaTH3WpOBaHHAs CHCTeMa IO Be-
JIeHUI0 coopa, 00pabOTKM 1 MpeACcTaBICHUS pe3yibTa-
TOB UCITBITAHWI TIPUBOIOB C TIpUMEeHEeHNEM MH(MOpMa-
LIMOHHO-YTIPABJISAIONIEH CUCTEeMbl M3MEPEHUS M aHa-
JI3a TTapaMeTPOB,;

— paszpaboTaHO MaTeMaThyeckoe, MHMOPMaLIMOH-
HOE, aJITOPUTMIYECKOe obecTieueHre MPOBEICHMST aB-
TOMAaTHU3MPOBAHHOIO KCIIEPUMEHTA;

— nipoBefieHbl ucnibiTaHus CY npuBoaa; moayyeHo
MoJjie 3HaYeHUI XapaKTepuCcTUK Kak (PyHKIIUI OT ma-
paMeTpoB W YCJIOBUIA 3KCIUTyaTalluu;

— TIPOBElIEH aHaJIM3 IMOJyYeHHbBIX JAHHBIX, BbIpa-
0OTaHbl PEeKOMEHAALMMU 110 KOMIIOHOBKE TIJIaThl, MO~
00py U KpemnexXy MUKPO3JIEMEHTOB;

— ornpenaeseHbl pe3epBbl MOBBILIEHUST 3D HeKTUB-
HOCTU ITPOEKTUPOBaHUS 1 dKcIuTyatauuu DMII 3a cuet
MoJXona K MPOBEICHUI0 BUOPALIMOHHBIX MCIBITAHUIA
KaK KOMIUIEKCHOM TpoLeaypbl, BKIOYAIOIeid OaHO-
BpPEMEHHOE CHSITHE U (PUKCALIMIO JAHHBIX B aBTOMAaTH -
YEeCKOM peXrMe C ITOCJIeayIONIel UX OTIeIbHOI 00pa-
OOTKOI M aHAJIM30M XapaKTEPUCTUK KOHCTPYKTUBHOM
1 MUKPODJIEKTPOHHOM 0a3bl;

— MOCTaBJIeHa 3a/laya Mo OINpeaeSeHUI0 3HAUEHUS
3amaca o BUOPAalUMOHHOW YCTOMYMBOCTU CJIOKHOTO
TEXHUYECKOTO YCTPOMCTBA;

— pazpaboTaH MeTOJA BU3yalu3alWM pe3ybTaToB
BUOPALIMOHHBIX MCIBITAHUNA MUKPO3JeKTpoHUKU CY
npuBogoB I'T/.

[aHHast MeToIMKa MOXeT ObITh TaKXKe paclliupeHa,
CKOpPPEKTHMPOBAaHA U NMPUMEHEHA JIJIS IPYTUX TEXHUYE-
CKMX CHCTEM.
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Improvement of the Vibration Resistance

of the Microelectronic Devices

Research was done of the effectiveness of the search for vibratory activity of the trace elements of the electric devices and standing
waves of a composite board. A method of graphical visualization of the vibration field of the complex technical devices is proposed,
allowing us to more efficiently design the technical systems meeting higher vibroprotection requirements.

Keywords: microelectronics, electromechanical drive, control board, vibration, vibroprotection, visualization, resonance, reli-

ability

Introduction

Elaboration of the control systems (CS) on the basis of
microcontrollers is one of the key tasks in development of the
gas-turbine engines (GTE).

Among the priority goals in designing of the electronic de-
vice are the questions of general arrangement, algorithm of
functioning, electromagnetic compatibility, etc. At that, the
question of oscillatory stability of the electronic components
and the board itself is often of crucial importance.

Analysis of the works on the given subject demonstrates a
deep enough approach to this question. This is explained by
a constant topicality and growing demand for higher reliabil-
ity and protection against the vibratory fields in modern tech-
nologies.

Among the basic elements in designing of new devices are
full-scale tests, and the most challenging are the dynamic
tests, and vibration tests, in particular.

The vibration tests involve the following well-known
problems:

— Development of an adequate mathematical model;

— Practical complexity of working off of all the points of
the geometrical space of the device;

— Imitation at the test bench of the loading, adequate to
a real object: by frequencies, accelerations and directions;

— Selection of the axis of influence (as a rule, not more
than three axes are considered, at the angles of 90°);

— Determination of the parameters of the reliability mar-
gins or remoteness from the critical states.

The last factor has essential trhportance for development
of the devices with the required margins of stability to vibra-
tions. The result of tests of the device in the form of answer
"passed/not passed" has a numerical estimation of the devel-
opment prospects: value of reliability margin on the vibration
resistance. This margin, in turn, raises the general reliability
of a technical system.

Solution to all these problems depends on the scientific-
methodological and technical factors.

Now, there are the following demands to the test benches:
a big number of entrance channels of measurement, built-in
circuits for coordination of signals, automatic test reports,
high efficiency, possibility of storage, postprocessing and vis-
ualization of great volumes of the measured data, etc.

Object and content of the research

Pneumatic and electromechanical drives (EMD) occupy
a leading position in GTE controls. As an object of research,
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CS was taken with a electromechanical drive located directly
on the drive (fig. 1, look at the 3-rd page of the cover). Struc-
turally, it makes a drive compact, of a monoblock design, with
a possibility of operative installation and adjustment. A short
kinematic circuit ensures an accurate positioning of an out-
let link and improved rigidity. The latter, in its turn, deter-
mines the vibration fields and parameters of the standing
waves of the device, and the resonant frequencies of separate
components.

CS is a multilayered electric board with microelements
placed on it. Since the drive is installed directly on the tur-
bine, the strengthening of the vibrating influences on the
board components takes place.

Among the specific features of conducting tests of GTE
electromechanical drives are numerous factors of influence,
increased requirements to the reliability of the results, accu-
racy, objectivity and visualization. The fact that frequently
there is no possibility to start a turbine, an access to it is lim-
ited, and this concerns time, resource, technological and or-
ganizational reasons. It is necessary to obtain the maximal
productivity from one start.

Now, there are wide opportunities for conducting natural
experiments. The basic positions in the market of R & D of
the equipment and software for the bench tests are occupied
by companies Agilent, MentorGraphics, Tektronix, Texas In-
struments, Arm, National Instruments, etc.

The basic equipment and technologies were from Nation-
al Instruments, and the expected result was automation of the
data acquisition for the test and control operations.

For the tests we used USB-6251 board for data collection
from National Instruments, and as the software we applied:
LabVIEW-2013, NIDAQmx-9.02, and DIAdem-11.1. The
interface of the latter is presented in fig. 7 (look at the figure
on the 4-th page of the cover). The sensors were vibration
sensors KD35a and KD16 (fig. 1, ¢, look at the figure on the
3-rd page of the cover).

The experiment technique

The test objective was collection of data on the object of
research, their subsequent processing and visualization. The
bench circuit is presented in fig. 2.

The vibration installation / transfers vibration directly to
drive 2, on which CS 3 is fixed. Vibration sensors 4 read the
information and transfer it through the board for data collec-
tion 6 for storage and processing in the computer module /1.
The data is captured by module /10 — LabVIEW software




complex, and a three-dimensional visualization and syn-
chronous presentation of the data is done by module 77 —
DIAdem program.

Algorithm for the information processing is the following:
e The matrix of points is conditionally created on the board

(fig. 3);

e The vibrostand is started;

e Data collection and processing is conducted;

e Storage;

e Fourier transformation from the time area into the fre-
quency area is done;

e A 3D model is developed, which is put over the offset
board model;

e Analysis of the vibration field is conducted.

Fig. 3 demonstrates a matrix of points, by which the vi-
bration sensors collect information. A specific feature is the
fact that the capture of data is carried out continuously, with-
out stopping of the stand: first, 1—2 points are contacted,
point 1 (p. 1), then point 2, and so on, up to point 40.

For narrowing of the area of search and research it is nec-
essary to determine the area of the values of frequencies, on
which CS is basically influenced. The requested initial infor-
mation was the initial data on the vibration picture on GTE
during its operation, fig. 4 (look at the figure on the 3-rd page
of the cover). They were taken as a basis. At the imitation
stand the vibrations with frequencies of 200 and 250 Hz, and
acceleration of 5 g were set.

The result of the data collection was the received and fixed
field of values for 40 points, from the two sensors oriented on
one task, i.e. working in parallel, but having different sensi-
tivity. The result is presented in fig. 5 was applied, because it
was not known in advance, which of the sensors will yield the
best result. Besides, each start of the vibrostand is a separate
action demanding resources in the form of time, fuel, staff in-
volvement, etc. In the conditions of an industrial enterprise
the solution to the given optimization appeared very valuable.
In order to increase the accuracy of the result the range of
sensitivity of the board of data collection was limited by the
area of £0,2 V. Fig. 5 shows, that the results received from
sensor KD35a (top diagram) better fit the taken range, than
those from KD16 (bottom diagram). And they were are taken
for the further analysis.

Processing of the data was done by a territorial principle,
irrespectively of the works on the vibrostand. The data was
captured from the sensors, recorded and primarily processed
with LabVIEW-12 program [2—4]. For its visualization
DIAdem-11.1 package [1] was used, because it can operate
with various types of data, including video. It allows us to
present in one screen the coordinated in time videos, dia-
grams of functions, color and surface diagrams, etc. It also has
tools for the structural and mathematical data processing.

The data obtained as a result of the bench-test were sort-
ed out by points (p. 1 — p. 40, see fig. 3) and by frequencies
(200 Hz, 250 Hz). Fourier transformation was applied for re-
ception of a frequency picture in the board units (fig. 6, look
at the figure on the 3-rd page of the cover). A 3D and an offset
model were constructed, with a binding of the data to the

concrete points — (fig. 7, look at the figure on the 4-th page
of the cover).

Then, the obtained data were placed on CS board model
(fig. 8, 9, look at the figures on the 4-th page of the cover).
The places of the greatest activity were marked with red and
raised over the board. Interpolation on the surface was made
with application of the software. The visual picture of the in-
tensity of vibration of the board surface was obtained, which
improved its visualization and ensured a more efficient and
quality operation with the device parameters (dimensions, ap-
ertures, arrangement of the components, fixture, rigidity,
etc.) for a higher vibration resistance.

Thus, for example, it is visible, that at frequency of 200 Hz
the board as a whole is stable (fig. 8). In fig. 9 (look at the fig-
ure on the 4-th page of the cover) it can be noticed, that at
fequency of 250 Hz a problem site is the condenser in the left
corner of the board. Its weight comes into a resonance at the
given characteristics of the vibration. Visualization of the pic-
ture gives ample opportunities for solving the problem.

Among the basic results of the done tests are the following:

— Structural, functional and constructive circuits were
developed and a natural test facility was created for conduct-
ing of the vibration tests of the electrotechnical device;

— An automated system was created for collection,
processing and presentation of the results of the drive tests
with application of information-control system for measure-
ment and analysis of the parameters;

— Mathematical, information and algorithmic support
was developed for an automated conducting of the experi-
ment;

— CS drive tests were done; a field of characteristics’ val-
ues was obtained as functions of the parameters and operation
conditions;

— Analysis of the obtained data was done, recommenda-
tions were developed concerning the layout, selection and fix-
ing of the microelements;

— Reserves for an increase of the efficiency in designing
and operation of the electromagnetic field were determined
due to carrying out of the vibration tests as a complex proce-
dure including simultaneous removal and fixing of data in an
automatic mode with their subsequent separate processing
and analysis of the characteristics of the design and microe-
lectronic base;

— A task was set to determine the value of the reserve of
the vibration stability of the complex technical device;

— A method was developed for visualization of the results
of the vibration tests of CS microelectronics of GTE drives.

The given technique can be expanded, corrected and also
applied to the other technical systems.
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e ToMenbCcKUii rocyqapCTBEHHbI YHUBEPCUTET WM. e HTII "benmmukpocuctemsr" OAO "HUnrerpan”
®panimcka CKOpUHEL e OAO "Koncrpykropckoe 6topo — 1"
o benopycckuii rocynapcTBEHHbIM YHUBEPCUTET MH- e HMUNM cucremunix uccnengosanuiic PAH
¢GopMaTUKU U PagrO3IEKTPOHUKNI e 3A0 "MOCKOBCKMII HAyuYHO-UCCIEIOBATEIbCKUIA
e BopoHexckuii rocyiapcTBEHHbIM YHUBEPCUTET TEJICBU3MOHHBIN MHCTUTYT"
e OAO "HHMMU >neKTpOHHOI TEXHUKU" ¢ OO0 "HUU "ACOHUKA"
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Muccus KongepeHmu:

— obobeauHenue nox arunoit PHTOPOC uMm. A. C. TlonoBa Bcex crieniManvcToB, 3aMHTEPECOBAHHBIX B pe-
aJIbHOM pPa3BUTHUM OTCYSCTBEHHOM 3JIEMEHTHOM 0a3bl OTEUYECTBEHHOM paluoO3JIEKTPOHUKM;

— aHaJIU3 COBPEMEHHOTO YPOBHSI OTEUECTBEHHBIX 3KCIIEPUMEHTAIBLHBIX U TCOPETUUECKMX UCCIICAOBAHUI B 00-
JIACTH 3JIEMEHTHOM 0a3bl paano3JIEKTPOHUKH;

— 00beIVMHEHNE YCUIIUI POCCUICKUX M OEIOPYCCKUX YYEHBIX B Pa3BUTUM (DYHIAMEHTAJIBHBIX UCCIeA0BaHUIA
¥ TIPUKJIAJHBIX pa3pad0TOK B MUKPOIJIEKTPOHUKE, BO BHEAPEHNUM OTEYECTBEHHBIX MHHOBALIMI M3 MUKPO3JIEK-
TPOHHOM 00JIaCTH B OTPACJISIX OTEUYECTBEHHOM 3KOHOMMKHM, OCHOBAaHHBIX Ha JOCTVKECHUSIX MUKPO3JIECKTPOHUKM:
B CBSI3U, HAaBUTAllUU, TEJEKOMMYHUKALIUSIX, JUCTAHIIMOHHOM 30HAMPOBAHUM 3eMJIM U T. A., a TaKXKe B UMIIOP-
TO3aMelleHUU U TIOAJIePKKEe OTeUeCTBEHHOI'O TOBAPOIIPOU3BOAUTENS B C(pepe MUKPOSJIEKTPOHUKHU, B TOM YHUCTIE
B BBIXOJIC Ha BHEIIHUE PbIHKU

IMPOTPAMMHBII KOMUTET KOH®EPEHIIUMN:

IIpencenarens Ilporpamvuoro komurera: akagemuk I'yases IOpuii BacuabseBny

Ynenn! IIporpamvuoro komurera: akageMuk AceeB A. JI., akageMuk byraes A. C., akanemuk H. A. Ky3HeloB, akaneMuxk
CuroB A. C., akageMuk @enopos U. b., uneH-kopp. AHAPpOHOB A. A., uieH-Kopp. ApuctoB B. B., unen-kopp. benoyc A. U.,
yneH-Kopp. I'ypekmit JI. U., unen-kopp. ABypeueHckuii A. B., uneH-kopp. 3ybapes 0. b., ynen-kopp. Kanses U. A., wieH-
kopp. Konmpatees B. B., unen-kopp. Hukuros C. A., uireH-kopp. Poraues A. B., unen-kopp. Uepenenun B. A., 1. T. H.
Amyp6eiinu U. P., npod. boopeuio A. M., npod. Manuneukuii I'. T'., n. 1. H. O6oneHckuit C. B., n. ¢.-m. H. [ToTanos A. A.,
npo¢d. CyxapeB E. M., npod. [llanymos A. C., K. ®.-M. H. HoBukoB M. A.

OPTAHU3AIIMOHHBIA KOMUTET KOH®EPEHIIUMN:

1. 1. H. C. IT'. bookos, mpod. B. K. 3onbHukoB, 1. u. H. B. B. Kongpamios, n. ¢.-M. H. A. U. I1anac, npod. JI. T. Cyiikosa,
npod. B. I1. Xpanunos, npod. A. B. Hactukos, nnpod. H. I1. Amnypun, K. 6. H. A. A. I'aBpuiosa, k. T. H. B. C. I'ytun,
K. T. H. ®. H. KoBanes, k. B. H. . B. Kocsk, k. . H. I'. A. CamcoHoOB, K. ¢.-M. H. 1. B. Pakyts, k. T. H. }O. M. Tynskos,
K. ¢.-m. H. [I. E. [llanomuukoB, H. [I. Abpocumosa, JI. I1. AuopuanoBa, A. 3. Paccanun, B. JI. frogkun

Pabora KoH(epennun OyaeT opraHM3oBaHa B (popMe IIJICHAPHOIO U CEKLIMOHHBIX 3acelaHuii, a TaKXe MpobJeMHO-TeMa-
TUYECCKUX KPYIJIbIX CTOJIOB HAa TEMBI:
"Cyenapuu noaHOMAcumadHo020 80CCIMAHOBACHUS OMEYeCMBEHHO20 INEeKMPOHHO20 MAUWUHOCMpoeHus "
"Onemenmuas 6a3a 0431 omeuecmeeHHoU pobomomexHuxu"
"Cuenapuu co30auusi NOAHOCMbIO OmeuecmeenHol dK3agaonHoi cynepIBM”

Padounii A3bIK KOHQEPEHIIUU — pPYCCKULL.
Joxnaapl, BKIoYyeHHbIe B [IporpaMmy KoHdepeHIMH, OyayT onyoaukoBaHbl B COOpPHHKE TPYAOB KOH(EpPEHIHH.

ITo pemenuio pykoBoauTeJieil ceknuii KoHgepeHIMM paciidpeHHble BEPCHH JYYIIHX CEKIMOHHBIX TOKJIAM0B, CAeJAHHBIX
OYHBbIMMU ywacTHukamu KoHdepeHun, OyayT OMyOJMKOBAHbI B CJIEIYIOLIIMX XKYPHAJaX, BKIOYEHHbIX B nmepeuyeHb BAK:
"Henuneitnbiii Mmup", "Hano- 1 MHKpPOCHCTEMHAsI TEXHHKA".

PABOTA KOH®EPEHIINUUN IIJAHUPYETCA IO CIEAYIOIIINUM HAIIPABIEHUAM:
(ykaxcume coomeemcmeyrouutl No HanpaeneHus 6 3aseke K 0okaady)

1. DnexTpuyeckue, ONTUYECKUE, CTPYKTYPHbBIE U XUMU- 2. PagmaivoHHocTOlKass MUKpoaiekTpoHuKa. Kocmuye-
YecKUe CBOICTBA TOJYITPOBOIHUKOBBIX MaTepuaioB. Ousn- CKUE B3JIEKTPOHHBbIE KOMIIOHEHThI M BOIPOCHI UX cepTUdUKa-
Ka TIOJIyIIPOBOJHUKOBBIX MpUOOpoB. [1pnbGopsl Ha KBaHTO- mu. JlomuHupytonye 3¢ deKThl B MOIYIPOBOIHUKOBOM 3J1€K-
BbIX addekrax. Monenuposanue Ha cynepdBM metonom TPOHHOII KOMIIOHEHTHO 0a3e mpy BO3OEHCTBUN MMITY/IbCHBIX
MOJIEKYJISIDHOM TUHAMUKU (PU3UUYECKUX MPOLIECCOB B MaTe- W CTAlMOHAPHBIX MOHM3UPYIOLIMX M3TydyeHui. Maremaruye-
pUasiax 1 KOMIOHEHTAaXx 3J1eKTPOHHOU TexHuku. HaHocTpyk- CKUE MOJIEIU 3JIEKTPOHHON KOMITOHEHTHOM 6a3bl TIpU BO3neii-
Typbl U HAHOTEXHOJIOTMU B MUKPO3JIEKTPOHMKE. Moaenaupo- CTBUM MOHM3UPYIOLIMX U3mydeHuii. [TpoekTupoBaHue COBpe-
BaHUE CJIOXHBIX HAHOCUCTEM, B TOM uMcie Ha cynepOBM. MEHHBIX PaIMalIMOHHOCTONKNUX MHTETPATbHBIX CXeM UM paaua-

LIMOHHOCTOMKOI pamuro3eKTPOHHON ammapaTypbl. MMuranuy-
OHHOE MoJeMpoBaHue Ha cyrniep®BM mpu npoekTrpoBaHUU
COBPEMEHHBIX PAIMALIMOHHOCTOMKUX UHTETPAJIbHBIX CXEM.
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3. OnTo3JeKTPOHNKA, B TOM YHCJIE OITO3JIEKTPOHHBIE
NpHUOOPHI Ha TeTEPOCTPYKTYpax, rerepoctpykrypHas CBY-
3JIEKTPOHMKA, BOJIOKOHHASI OINTHKA, aKyCTOJIEKTPOHUKA,
CIIMHTPOHMKA, (DpaKTalbHBIE PAIMODJIEMEHTHI, IMaCCHUBHAs
aJIeMeHTHasl 0a3a: yCTpOiiCTBa U MaTepUAJIbI.

5. MccnenoBaHue BHEAPEHUsI MHHOBAIIMII B MUKPOJJIEK-
TpoHUKe. [IpobGiaemMbl MMIOpTO3aMEICHUST B MUKPO3JIEK-
TpoHUKe. Bompochl 5KOHOMHUKHM, KadecTBa, HaAEKHOCTH,
NMATHOCTMKMU U CTaHIapTU3alUU B MPOU3BOACTBE IJIEMEHT-
HOi1 6a3bl OTEUECTBEHHOM PaINO3JIeKTPOHUKM.

7. Borpochl npodeccuoHaNIbHOI0 00pa3oBaHUS B HAHO-,
MUKpPO- U paauosJieKTpoHuke. I1po6iaeMbl obecrieueHus Ka-
YyecTBa MOATOTOBKU CIELIMATMCTOB MO 3JIeMEeHTHOU 6ase 1o
MUCLIMIUIMHAM MaTeMaTUYeCcKOro IUKIIA.

4. TexHOJOTUM TIONYYSHUS] MATEPUAIIOB IS 3JIEMEHTHOM
0a3bl OTEYECTBEHHON PanO3JIeKTPOHUKH, a TAKXKE METOIbI
MX HWCCIIENOBaHUSI: CKaHUPYIOIash 30HI0BAsI MUKPOCKOITHSI,
PEHTTeHOCTPYKTYPHBIM aHanmu3 U T. A. OnTuyeckasi, peHTre-
HOBCKasl U 3JIeKTpOHHas1 autorpadusi. MoaeampoBaHUe Ha Cy-
nepOBM TexXHOJOTMYECKUX IPOLIECCOB MUKPOIIEKTPOHUKU.

6. HTErprpOBaHHBIE WHTEJLIEKTYAIbHbBIE CUCTEMBI pa-
JIMOJIOKAIINN, TUAPOIOKALINY, HABUTALIMY, CBSI3K OYIYILETO.
IMapannenbHble BBIUMCIEHUS]T W TPUI-TEXHOJOTMU B IIep-
CIIEKTUBHBIX PaIMOTEXHUYECKUX CHUCTEMAaX: CMCTeMax JuC-
TanummoHHoro 3oHaupoBanus 3emau, [JIOHACC u 1. 1., a
TakKe B TMAPOAKYCTUYECKUX CHUCTEMaX.

8. HaHo-, MMKpO- ¥ paanos/eKTPOHUKA B MEIULIMHE U
MUKPOOUONIOTUU. [ pUA-TEXHOJOTUM B TeJeMeIULIMHE.

CPOK NPEACTABJEHNA JOKIAJOB B CBOPHUK TPYJIOB KOH®EPEHIINN:

(uH(pOpMaIMs 0 perucTpalry OOHOBIISIETCSI Ha caiite: http://www.rntores.ru)
10 20 centsiops 2015 roga BKIIIOYHTEIHHO

IIPUEM ,I[OK{IAI[OB — HA DJEKTPOHHbBIN AJIPEC:
3 ®AJIA + OILIATA neseBoro B3Hoca.

1 E-mail

2 E-mail

3 E-mail

4 depes
BAHK

3agBKa Ul KaXI0ro coaBTopa (haMuius, UMsl, OTYECTBO, TOJ POXIEHUS, MECTO PAaOOTHI, HOJIKHOCTL, HAyYHEIE CTe-
neHb-3BaHKe, E-mail mia nepenucku, teaedoH, (akc, moYTOBBIA aapec ¢ MHAEKCOM); B STHX CBEJICHMIX YKA3aTh Ha-
3BaHMe HampasieHus. HazBanue BceX (ailioB JODKHBL HAUMHATHECSA ¢ (DaMUIMK aBTOPA.

JOKJIAL (1o 4 cTpaHull) Ha pycCKoM si3bike (TpedoBaHust K odopmieHuio B [TIPUJTOKEHUN).
AKTBI 9KCIEPTH3BI WM JAPYTHe TOKYMEHTBI, pa3pelliaolnre myoarMKoBaTh Mateprai B oTKpbiToit nedatn. CKAHKOIIHUA

Omnata (LUEJIEBOU — peructpaninoHHbiil B3HOC). TpedyeTcsi onaaTUTh OMHOBPEMEHHO ¢ Mpuchlikoii. [TocTymie-
HUE JeHer Mbl KOHTpoaupyeMm camu. Oriata miaaTeXHbIM nopydeHreM win yepe3 Coepoank. [Ipu HeobxoguMocTu
MOXET ObITb BBICTABJIEH CUYET, O(DOPMJIEH JOTOBOP Ha YCJIyTd. 3ampoc cyeTa Mo 3JEeKTPOHHOU mouTte: nn.nto@mail.ru
B cayuae omxaonenusn dokaada é3noc eosspawaemcsi.

IIEJJEBOM (PETCTPAIIMOHHBIN) B3HOC 3a oaun a0Knaz
(00un 83n0C exaouaem: 0okaad + nybauxayus + odun CoOopHUK mpyooe Kougepenyuu)

Caymarean npariamaiTca oecmiaTHo (6e3 npenocrapineHus "CoopHuka TpynoB KondepeHuuu').

PekBuzutnl 11 nepeunciennst B3nocoB: Hiuxeropoackoe HTOPOC umenu A. C. TTonosa, MUHH 5260093486,

KIIIT 526001001, BUK 042202747, P/cu. 40703810023500000014 Huxeropoackuit dunuan OAO AKB "POCBAHK",
r. Huxnauit Hoeropon. Kop/cuer 30101810400000000747

Hasznauenne muarexa: "Jloces-2015 IleneBoii B3Hoc Ha KoHbepeHimw", HIAC ne obdaaraercs.

AJIPEC OPTAHU3AIIMOHHOTO KOMUTETA:
603006 Hmxuuit Hosropon, Hikeroponckoe HTOPSOC nm. A. C. ITomosa, yin. KoBanmnxuHckas, a. 28

CEKPETAPHUAT:

Opeaﬂu3auu0HHble 80npocol

Ilpuem doxaados Bsnocot, gpunancel, opeeonpocwt

Paccanun Anekcanap DayapaoBuy
KoopauHatop 00beqMHEHHbBIX
HayYHO-00pa30BaTeIbHBIX IPOrpaMM
HPO HTOPSC um. A. C. Ilonosa
CoroBblii: +7 (964) 839-78-12
E-mail: brat_ras@list.ru

ITAITOIITHUKOB
Jimurpuii EBrenneBuy
I'naBHBII yyeHbIt ceKpeTapb
HPO HTOPBC um A. C. ITomnoBa
Corosniit: +7 (910) 790-07-46
E-mail: shaposhnikov@pmk.unn.ru

Aroakun Bsavecaas JleonnaoBuy
3amecturens [Ipencenarens
HPO HTOPOC um. A. C. IlomnoBa
Ten/daxkc: +7 (831) 462-22-66
Corosnrit: +7 (910) 381-80-50
E-mail: nn.nto@mail.ru

IToapoOnas uHpOpMaIMA W CIMCOK NPUHATHIX JAOKJIAJA0B MyOIMKYIOTCS HA caiiTe:
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INPUIOKEHHUE

TPEEOBAHHUA K ODPOPMIIEHHIO JIOKJIA/IOB

TekcThl 10KIaI0B MOArOTAaBIMBAIOTCS TOJBKO B pegakTope Microsoft Word (11060it Bepcun) oobeMoM 10 4 ctpanun Gop-
mara A4. HazBaHus ¢aiijioB TOKHBI HAUMHATBCS ¢ (haMWJIMK aBTOPOB TSI MIEHTU(MUKALIMM MaTepuasioB JA0KJIaaa, Mocie B

MMEHU YKa3bIBaeTcsl, YTO 3TO 3a (paiin (mokjazd, 3asiBKa, aHHoTalus). Ha3BaHus ¢ailioB NUILYTCS PYCCKUMMHU OyKBaMU.
ApxuBHpOBaHUE HE TpeOyeTcs.

Mona
Bce mosis ctpaHuib 2,5 em BepxHee: 2,5 o S| Huwnee:
Nesoe: 2,5cM L;J Mpaeoe:

Ob6paszey oghopmaenus 3a201068Ka:

HA3BAHMWE OOKIALA (ARIAL 12pt, MPOMUCHBIE, MONYXXUPHbIN)

npo¢. Meaunos A.b., npen. [Terpos C.JI., crya. Cunopor E.JK. (TNR o6emuEni, 10pt.)

Cawm tekcr poknaza - Times New Roman (TNR) o004, 10pt. AG3al] BBIpaBHUBAETCA M0 MHPHHE (110 JIBYM CTOPOHAM),
OTCTYI NEPBOM CTPOKHM - 5 MM, MEKCTPOYHbII HHTEPBA/I OJHHAPHBI,

Haszsauue opranuzamuu (TNR obbrassii, 10pt.)

TimesNewRon ~[10 -

CTpaHuLbl He HYMEPYIOTCS

1. Hassanue moknana obopmisiercs [IPOITMCHBIM mipudrom ARIAL 12pt.

Bce octambHoe — 00buHBIM HIpudTOM. Times New Roman oObrunbIit, 10pt.

2. ABTOPBI YKa3bIBAIOT CBOI1 cTaTyc, haMuiauio u (rocie pamuinm) nHumansl. Ecau aBTopbl M3 pa3HbIX OpraHu3alvii, OHU
HYMepYIOT CBOIO opraHmsarmio! i ceGsi! cooreTcTByIOwIEeiH LIDPOil B PEKNMe BEPXHETO MHICKCA.
CraTtyc aBTOpOB, 3BaHHWe, yUeHas cTemeHb repeq daMmuineit cokpaleHHo: npodeccop — mpod., AOLEHT — AOI.,
aCCHCTEHT — acc., NMpenoaaBaTe/Ib WIM CTapIIuii IperoaaBaTe/ib — MpeN., aClUpaHT — acl., MHXeHep 0ol Ka-
Teropuu — WHK., CTyAeHT — cTyA. COTPYAHUKU MPEANPUITUI U OpraHM3alUil yKa3blBalOT YPOBEHb KBaluduKaum
(IOKTOp, KaHAMAAT TEXHUYECKUX, (DU3MKO-MAaTeMaTUIYEeCKUX U Ap. HAyK) B OOLICIIPUHSATOM COKpAIeHUU. DTO XKe

OTHOCUTCSI Y K YTBEPKACHHOMY HAayYHOMY 3BaHUIO.
3. Ha3panue opraHu3ammm 10 BO3MOXHOCTHU TMOJHOE, 3aTeM COKpallleHHOEe B CKOOKax.
4. Tekcr moknaaa.
5. Jlureparypa — cioBo "Jlutepatypa" nocepenvte. Jlajee rnepeyeHb B BUIE CITUCKA.
Ipumeuanus: Dopmysl ohopMIISIOT BO BCTPOEHHOM penakrope dopmyn Microsoft Word. CtpaHuiisl #e Hymepyiot. [ paduka,

(oTto, TaGNIMILI B TEKCTE JOKJIAZa B YepHO-0€I0M BapuaHTe (Tieuath u/0). KOHTaKTHI ¢ aBTOPOM JOKJIafa MOXHO yKa3aTh B
caMOM KOHIIe, TOocIe CIUCKa JIUTEPaTyphl, B TPOU3BOJIBHOM (hopMe 10 XKeJaHUIO.

CyMMapHO BeCh OOKJIAJ He NOJDKEeH IpeBbiaTh 4 cTp. dopmaTa A-4

Marepuainl, He OTBeYaIONMKE TAHHBIM TPEOOBAHMAM, He MOTYT OBITh ONMYOJMKOBAHbI!
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PekomeHaauuu no opopmrieHU0 maTtepuanoB Ansa rIyGHVIKaLI.MVI B XypHane

"HAHO- U MUKPOCWUCTEMHASA TEXKHWKA"

MATEPWAIDbI, MPEACTABJIAEMbIE B PEOAKUUIO

CrtaTtbs, ocbopmMreHHas B COOTBETCTBUM C TpeboBaHUAMMU.

Tabnuubl, nNncTpauun 1 nepeyeHb NOAPUCYHOYHbBIX MOAMNNCEN.

CeepeHusa 06 aBTopax (hamunus, ums, 0THECTBO, y4eHasa CTENEHb, MECTO paboThl, 3aHNMaeMas AOMKHOCTb,
OOMaLUHWI 1 cnyxebHbln agpeca, TenedoHbl, dakc, e-mail).

B CraTbs Ha 9NEKTPOHHOM HOCUTENe.

B AHrmossblvHasa nHdopmaums.

NOCJIE4OBATEJIbHOCTb PASMELYEHUST MATEPUAJIA CTATBbU

Wupekc YK pasmellaeTcsa B IEBOM BEPXHEM Yrily NepPBOW CTPaHULbI.

CeedeHust 06 aemopax Ha PYCCKOM A3blKe pa3MeLLalnTcs nepeq Ha3BaHWEM CTaTby M BKIOYAKOT MHULMAMbI 1
(hamununio aBTOPOB C yKasaHWEM MX YYEHON CTeMneHu, 3BaHNsl, OMMKHOCTU U Ha3BaHWsi OpraHM3aumMm u mecTa ee
pacnosioXeHWs (ecnv aTo He CnefyeT U3 ee Ha3BaHus). YkasblBaeTcsa Takke e-mail n/unm noyToBbIl agpec XoTs
Obl O4HOrO aBTOpPA NN OpraHM3auun.

3a ceedeHusimMu 06 asmopax cnepyeT HazeaHUe cmambu.

lMocne Ha3BaHWsA cTaTbk OTAENbHLIM ab3aleM JaeTca aHHomauyusi, oTpaxatolasi CogepaHue ctatby (UTO B HEN
paccMoTpeHo, NpuBeaeHO, 060CHOBAHO, NPEAIOKEHO U T. 4.).

3aTtem crnefnyloT KiroYesble criosa.

TekcT cTaTbMm.

Cnimcok nuteparypbl.

AHrnossbivyHas nHpopmauums.

AHITI0OA3bIYHAST UHOOPMALUA
(COrMACHO TPEBOBAHUAM 3APYBEXHbLIX AHAITIMTUYECKUX BA3 AHHbIX):

B vHUUMansl U amMunum Kaxagoro aBtopa, e-mail, nonHoe HasBaHne mecTa paboTbl M agpec (Npwu coBnageHuu
MecTa paboTbl aBTOPOB HYXXHO YKa3blBaTb €ro OAWH pa3 Ansi BCEW rpynnbl aBTOPOB);

B HasBaHue cTaTby;

B aHHoTauusa ctaTbu 06beMOM He MeHee 200 cnoB, HanMcaHHas Ka4eCTBEHHbIM aHINIMACKUM S3bIKOM, OTpaKaro-
LLlasi OCHOBHOE coep)XaHue cTaTbU C yKasaHWeM Lenu, 3agadv, pe3ynbTaToB NUCCNeoBaHNs U KpaTKUX Bbl-
BOAOB;

m «xnodeBble crioBa (10—12 cnos);

B CNMCOK NuTepaTypbl B pOMaHCKOM andasuTe (natuHuue), T. €. HEOOXOAMMO TpaHCNIUTEPUPOBaTh Ha NaTUH-
ckuii wpndT (cM., Hanpumep, http://translit.ru/) nHnymnanel n bammnun aBsTopoB, Ha3BaHWe UCTOYHUKA Ny6nn-
KaLuu 1 MECTO U3[aHWs, @ TEXHUYECKME COKpaLLleHUs (HOMep, TOM, CTpaHuua U T. N.) AOMKHbI ObITb NepeBe-
AeHbl C NCnornb3oBaHMeM obLLenpuHATbIX 06o3HaveHnn (Homep — N., Tom — V., cTpaHuubl — P. n 7. n.).

CraTba MoxeT ObITb oTnNpasneHa no e-mail: nmst@novtex.ru ¢ pucyHkamu,
BCTaBMNeHHbIMU B TEKCTOBLIV ¢hann ¢ paclumpeHnem DOC.
JononHutenbHble NOACHEHNS aBTOPbl MOMYT NONY4YUTb B pedakuuy XXypHana nmyHo,
no tenecoHam: (499) 269-53-97, (499) 269-55-10 nnbo no e-mail.

AOPEC PEOAKLWU XKYPHANA
107076, . MOCKBA, CTPOMBIHCKWI MEP., 4, U3OATENLCTBO "HOBbLIE TEXHONOIMA"
PEOAKLNA XKXYPHAIJIA "HaHo- 1 MUKpocucTemMHas TexHuka"
Ten.: (499) 269-55-10; Ten./dakc: (499) 269-55-10
E-mail: nmst@novtex.ru http://microsystems.ru

Anpec penakuuu xypHana: 107076, Mocksa, CtpombIHCKHUI Tiep., 4. Tenedon penakuuu xypHana (499) 269-5510. E-mail: nmst@novtex.ru

2KypHan 3apeructpupoat B DeepaibHoii Cllyx6€ Mo HaI30py 3a COOIIONEHUEM 3aKOHONATEIBCTBA B Chepe MacCOBBIX KOMMYHUKALIMIA 1 OXPaHe KYJIBTYPHOTO HACIIE/INSI.

CauzetenbeTBo 0 peructpauuu [TW Ne 77-18289 ot 06.09.04.
Texuuueckuit penakrop 7. A. lllaykas. Koppekrop E. B. Komuccaposa
Cnano B Hat6op 23.03.2015. [Moanucano B nevats 20.04.2015. dopmar 60%88 1/8. 3akaz MCO0515. LieHa noroBopHast

Opurunan-maker OOO «AnaHcen comourH3». OrneyaraHo B OO0 «AnaHcen comolH3». 119071, r. Mocksa, JIeHuHckuit np-t, a. 19, ctp. 1. CaiiT: www.aov.ru
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