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ITONCK OIITUMAJIbHbBIX PASMEPOB ITEUATHBIX IIJTIAT
JJIAd HECYHIMMX KOHCTPYKIUU
IJIEKTPOHHbBIX CPEACTB

Ipedosxen memood, arzopumm u pearusyiowas ezo npozpammd, npednasnaventvle 0us onpeoesenus Onmu-
MANHBLY PA3MEPOS NEUAMHBLX NAAM HECYWUX KOHCMPYKUUT U IJEKMPOHHBIY CPeICmE PA3IUUHBIX HANPAB-
JleHull mexnuku. B xauecmee xpumepus onmumusayuu npunam xod@pouuyuenm 3anoinenus niow,aou ne-
YAMHBIX NIAM INEKMPOHHLIMU KOMNOHeHmamu. Memood nossosaem onepamusHo onpeoeamsy 3asucumMocmy
Ko3Ghuyuenma 3anosmnenus om pasmepos NeUaAmnvlxY niam Ois PA3IUdHOU IAeMeHmHol 0a3ol.

Kniouesvie cnosa: pas3mepol neudmuovlx niam, Hecyuwue KOHCMPYKUUu, onmumudauus, Koa(ﬁd)uuuemn 3a-

NOJIHEeHUSA, dJIeMEeHMHAA 6asa.

OO6s13aTeTbHBIM 3TATIOM CO3/IaHUS HECYIITUX KOH-
crpykuuii (HK) saBagercsa onpejesnenue Tunopas-
MEPHBIX PSAIOB KOHCTPYKTUBHBIX 27eMeHTOB. [lis
crangaptapix HK aToT nipotiecc umeer oco6yio 3Ha-
YUMOCTD, KOTOPAsl yBEJIMYNBAETCS C POCTOM YPOB-
Hs craHgapTusanny (IpeAnpusiTiHe, OTPacib, CTPa-
Ha, MeXK/IyHapOHbIE COOOIMECTBA), T. K. HEOOXOAU-
MO YYHUTBIBAaTb MHOXKECTBO (DAKTOPOB, BJIMSIOIINX
HA BO3MOKHOCTb CO3JIaHUSI TIEPCIEKTUBHBIX JJIEK-
TPOHHBIX CPEJICTB PA3JNYHBIX HAIIPABJIEHUN TEXHU-
KU JIJIST PA3JUYHBIX YCJIOBUN HKCILIyaTAIlUU C BbI-
COKUMHU TIOKa3aTeJsIMI KayecTBa.

BaskHOCTD orpe/iesieHrsT THTIOPAa3MePOB Kacaer-
ca 1 nevatbix 1aar (IID), HOCKOIbKY OT HUX 3a-
BUCSIT TUTIOPA3MEPHBIE PSI/IbI KOHCTPYKTUBOB 60JIee
BBICOKOTO ypoBHS nepapxun HK u ux asemMeHTOB.
[Tpu sTOM HEOOXOJMMO YUYUTLIBATH TPOTHBOPEUNE
MEeXKy yJIydllleHrneM KOMIIOHOBOYHBIX XapaKTepu-
CTHK W CHIDKEHUWEM TEXHOJOTHMYHOCTU MPHU yBEJH-
yeHuu KosmuectBa tunopasmepos I111, Tpebyiomiee
ontuMusanuu pasmepos IIII.

KoJsmmuecTBO MPUHSATHIX TUTIOPA3MEPOB MEYATHBIX
IJIAT HATIPSIMYIO CBSI3aHO C MIPABUJIBHBIM OIpe/ieie-
HUEM WX Pa3MEPOB C TO3UINH yueTa 0cO6EHHOCTEH
MHOKECTBA HAIPaBJEHUN WCIOJb30BAHUS 3JIEK-
TPOHHBIX CPE/ICTB IS MOJTYYeHHUST UX HAWJIYUIINX
KOHCTPYKTOPCKO-TEXHOJIOTMYECKUX XAPAKTEPUCTHK.
Omnpenenenne ontuMaabHbIX pa3mepos 111 mpen-
CTaBJIAET /11 Pa3pabOTUNKOB OYEHb CJOXKHYIO 3a-
Jlavy, TTOCKOJIbKY KPOMe TAaKTUKO-TEXHUIECKHUX Tpe-
6OBaHUIl K almaparype, YYUTbIBAIONUX YCJIOBUS €€
9KCILIyaTanuu u crenuduky o6bekra, Te oHa Oy-
JIET PACIOJIOKeHa, HeOOXOAMMO YUUTBIBATH TEXHO-
JIOTHYeCKUEe W KOHCTPYKTUBHbBIE TPEOOBAHUS, B MEp-
BYIO ouepeib a(pekTUBHOE NCTIOIb30BAHNIE TLIOIA-
qu III1. IIpu atom BBIGOP pasmepos IIII ocymiect-
BJISETCSI HA OCHOBE OTPAHNYEHNS UX TUTIOPAa3MepOB,

CYNIECTBYIOIIUMH Ha MOoMeHT pa3pabotkn HK [1, 2].
Takoil 1moaxo/; UMeeT CBOM IPEUMYIECTBa, OCHO-
BaHHbIE HAa peasn3anuu (PYyHKIIMOHATBHO-Y3JI0BOTO
MeTo/ia TpoeKTHpoBanust. OHAKO [P 9TOM He yuu-
TBIBAETCST IOCTATOYHO OBICTPAst CMEHSEMOCTD 3Jie-
MeHTHOW 6a3bl M ee BJIUSHUE HA KOMIIOHOBOYHbBIE
XapaKTEePUCTUKHU TIe€YaTHBIX y3JI0B.

[pyrum perierneM Ipo0IeMbl OlIpeieIeHUS pas-
MepOB MEeYaTHBIX TIJIAT SBJISIETCS UCIIOJIb30BAHUE TH-
MTOPa3MepPHBIX PSI/IOB, YCTAHOBIEHHBIX B MEXK/yHA-
POMHBIX cTaHapTax [3]. 1o MMeeT cBoM Tpenmy-
1IeCTBA, OIHAKO B TAKOM CJIydae CJO0XKHO TOBOPUTD
0 BbI6OpE ONTHUMAJIbHBIX PA3MEpPOB.

[lespio HacTosIIEH paGOTHI ABJIsIETCST pa3padoT-
Ka MeTO/Ia OTpe/ieJIeHHs] ONTHMAJbHBIX Pa3MepOB
IIIT g Hecymux KOHCTPYKUUN IS Pa3/IMUHbIX
HaITpaBJeHNH TeXHUKU U YCJOBUH UCIIOJb30BAHNS
3JIEKTPOHHDIX CPE/ICTB, KOTOPBIH TO3BOJISIET YUUTDI-
BaTb BJIMSIHME 3JIEMEHTHOH 6a3bl Ha KOMIIOHOBOUY-
HbIe XapaKTEePUCTUKU IIeYaTHBIX y3JI0B.

MeTtoa moucka ONTHMAaJIbHBIX Pa3MepoOB
MeYaTHBIX IJIaT

B kauecTBe KpuTEpUS ONTUMUBAIMY IPUHST KO-
s dunnent sanonnenus (K3) miomaam neqyaTHbx
mar saekTporHbiMu Komnonentamu (JK), koro-
PbIil SIBJISIETCS YHUBEPCAJIbHBIM ITOKa3aTeseM OIleH-
KU 3 PEeKTUBHOCTH WCMOJIb30BAHUS TIJIOMAN TIe-
YaTHBIX IJIAT: C OJTHOM CTOPOHBI, YUYUTBIBACTCA WX
TEXHOJIOTUYHOCTD, a C JIPYrOd — 3KCILIyaTallMOH-
Hble XapaKTePUCTUKM, OCOOEHHO KOT/1a UMEETCS BO3-
MOJKHOCTD YIIPABJIEHUS TLJIOTHOCTHIO 3AITOJTHEHUS.

[Mosryuenue kKak MOKHO GOJIBIITETO 3HAYEHUST KO-
adgpuimenTa 3amoTHEHNS BO MHOTOM OTIPe/IeJIseT-
Cs1 MCTI0JIb3YEMOl HIeMeHTHOI 6a30ii 1 pazMepaMu
[III, oT KOTOPBIX 3aBUCIAT KOMIIOHOBOUHbIE XapaK-
tepuctuku. [louck ontumamabHbiX pa3mepoB 111
OCHOBAH Ha MPE/IOJOXEHUH, YTO C YYETOM pa3-
JIMYHBIX KOMOWHAIMN pa3MeIeHus] JJeKTPOHHBIX
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KOMIIOHEHTOB /[[OCTUTAIOTCS PA3JIMYHble 3HAUCHUS
koadpdunmenta 3anoanenus auas [111 pagamunbix
pasMepoB. OYeBH/HO, YTO B IIPOCTPAHCTBE TOMCKA
CYIIECTBYIOT TOYKHU, TJ€ MOXKHO MOJYYUTh MAKCHU-
MasibHOe 3Havyenue K, 4To Gy/eT COOTBETCTBOBATD
ONITUMAJIBHBIM pa3MepaM MevyaTHOH TJIATHI.

Ucxong u3 aTOTO, MpEACTABUM MOJENb OITH-
MU3AIHN:

— T1esieBast PyHKIINS

Ky=max( ) Soki/ Sty

i=1

€D

rre Sog; — YCTaHOBOUHAS TIoniaab i-ro DK, pazme-
maemoro Ha I1II j-ro Tumopasmepa niomaabio Sty

— Or'paHUYCHUA

Amnins Bminsy Amax, Bmax — COOTBETCTBEHHO, MU-
HUMaJIbHbIe U MaKcuMaJbHble pasMepsl 11T o BbI-
core ¥ ray6uHe;

Aa, Ab — maru npupanienust pasmepos 111 mo
JIBYM KOOpJMHATAM;

M — Bpi6panHOe MHOKecTBO DK, KOoTOpbIE MO-
I'YT UCIOJIb30BATbCS /151 3JIEKTPOHHBIX MOJYJIeil Ha
OCHOBE TEYATHBIX TJIAT B TeX 3JEKTPOHHBIX CPe[-
cTBax, AJisI KOTOpbIX paspabartbiBaercss HK.

[ HaxoXK/IeHUusd ONTUMAJIbHBIX C TOYKH 3pe-
Hug Makcumusaruu K, pasmepos IIII B auckper-
HOM IIPOCTPAHCTBE MOKET ObITH MCIIOJIb30BaH II0JI-
HBII 11epe6op WM MOKOOPAMHATHBIN TOUCK BCEX
BO3MOKHBIX pa3MepoB [4].

C y4yeToM CKa3aHHOTO IpeJJiaraeTcsi MeTos Io-
KMCKa onTUMaJibHbIX pasdmepoB IIII, koTopbiil 3a-
KJIFOYAETCST B CJIEIYIOIIEM.

1. Co3maercs 6U6IMOTEKA MHOKECTBA HJIEKTPOH-
HBIX KOMIIOHEHTOB M ¥ TIPOU3BOJIUTCS €€ CTPYKTY-
pUPOBaHUE MO PA3JUYHBIM MPU3HAKAM IS y1006-
CTBa JAJTbHEHIIET0 NCITOTb30BAHMS.

2. Ncxops n3 ycaoBuil KOHKPETHOH 3a/1a4W 3a-
JlaloTcs MUHUMaJbHble pa3mepsbl [TIT AxB.

3. CuyuaitnbiM 06pa3oM reHepupyercsi HabOp
9K u3 obmeit 6u6IMOTEKH.

4. Bapbupyertcs pasmeliieHue K u3 mosryueHHO-
ro HaGopa JI/Isl oJTyYeHrsl BADUAHTA C MAKCUMAJIb-
HBIM KOJIMYeCTBOM KOoMIOHeHTOB Ha IIII.

5. AHaJIOTMYHbBIE BBIYUCJEHUS BBITTOJHSIOTCS
sl Bcero MHoxkectBa Tturnopasmepos IIII. Ilpu
3TOM KaXKJbIN TIOCIEIYIONTII TUTIOpa3Mep orpe/e-
JiTeTcsl U3 COOTHOIIeHui A;y=A;TAa; B;=B;+Ab
(3Hauenust Aa, Ab 3aBUCAT OT KOHKPETHBIX YCJIO-
BUH, B KOTOPBIX IPOBOJUTCS MIPOEKTHUPOBAHUE,
WHOT/Ia MOKHO BOCHOJIb30BATHhCS YKA3aHUSIMU
m. 2 TOCT 10317-79: pasMepbl KaKJ0W CTOPOHDI
[€YaTHOM TIaThI JOJIKHbBI ObITh KPATHBIMY 2,5 TIPU
qiune g0 100 mym; 5,0 npu amuae qo 350 mm; 10,0
npu gauHe 6osee 350 Mm).

6. Boi6bupatorcst ontuMasbHbie pazmepnr [T u3
YCJIOBHS JIOCTHKEHUS 1ieieBoil pyHkuuein (1) mak-
CUMAJILHOTO 3HAYEHNS.

Pasmepnt I111 MoryT GbITH YCTAaHOBJIEHBI C YYETOM
TpeboBaHUll K 06ECIEYeHUI0 TEILIOBBIX PEXUMOB

U 2JIEKTPOMAruuTHoi coBMectumoctu. Ilockombky
06a OHU 3aBUCSAT OT MJIOTHOCTH Pa3MeleHus] KOM-
MMOHEHTOB, TMPOMEXYTKN Mexkay IJK MoxHO pery-
JITPOBATh C MOMOTIBIO Koaddurmenta K, yBeaman-
Basi ycTaHoBouHble pasMepbl Cy, Dy KOMIIOHEHTOB:

C=C,K; D=D\K,

rne C, D — pasmepnl DK ¢ yueToMm yBesnyeHUs.

C yueToM moJIy4eHHBIX pazMepoB JK mpomnsso-
JITCS TIOUCK, PEe3yJbTaT KOTOPOTO MOKET BJIUSATD
Ha BbIOOD OKOHUaTesJbHbIX pa3Mepos [III.

Takum 06pa3oM, U3MEHSIS TIJIOTHOCTD TOMOJIOTH-
YeCKOTO PUCYHKA M PACCTOSTHIE MEXIY KOMITOHEH-
TaMM, MOXKHO YIIPaBJISITb 3JIEKTPOMAarHuTHOH o0cTa-
HOBKOW W BJIMATH Ha TEIMJIOBOI PEXKIIM.

s pemeHus 3aJjaud MOMCKA ONTHUMAJbHBIX
pasmepoB III1 MOXXHO HCIIOIB30BaTh CHCTEMbI aB-
TOMATH3UPOBAHHOTO MPOEKTUPOBAHUS U, B YACTHO-
cTH, mporpamMMbl pazMmetnienus OK. B Takom ciy-
Yae, O/IHaKO, HEBO3MOXKHO BHOCUTb Kakue-1n60 us-
MeHEHUS B MPOrpaMMy 1 TpeGyroTcst 6OJIbITe 3a-
TpaTbl BpPEMEHHU, MO3TOMY ObLIa CO3/IaHa TIPOTPaM-
Ma aBTOMATMYECKOTO Pa3MelleHUs] 2JEKTPOHHDBIX
KoMItoHeHToB Ha IIIT.

Auaroputm paamemenusi K
Ha NMEeYaTHBIX IJIATaX

Ha puc. 1 npuBesnena cxema ajiropurma, coCTaB-
JIEHHOTO Ha OCHOBAHUM OIMCAHHOIO BBIIIE METO/IA.
B pesysibraTe ero BbIMOJHEHUST OMPEESAIOTCS KO-
acpuruenTsl 3anoHEHUS TEYATHBIX TLJIAT 33J1aH-
HBIX Pa3MepoB.

Buiok 1. 3arpyska Heo6XOAUMBIX JaHHBIX 00 K
(nanMeHoBaHue, JJIUHA, IHPUHA).

bBaok 2. BBoa ncxoaHbIiX JaHHbBIX:

— pasmep ILIaThl;

— aJITOPUTM BBIOOpA JIEKTPOHHBIX KOMIIOHEH-
TOB M3 HaboPa;

— HavasbHas Touka pasmemenus JK (pasme-
IIeHrne MOKET HavyaTbCs C IEHTpa ILIaThl Jaubo C
BEPXHETO JIEBOTO yIJia);

— PpACCTOSTHUE MEXKIY 3JeKTPOHHBIMH KOMIIO-
HEHTaMHU.

baox 3. TToctpoenne cnucka K, mosexkaniux
ycranoBke (OK u3 6ubmoreku BbIGUPAIOTCS CJTy-
YaiiHbIM 06pa30M, CIIMCOK HAIIOJIHSIETCS 10 TeX II0P,
MoKa cyMMapHas 1ionaap BceX DK B crucke He
Gyaer GoJIblie TIOMA/H TLJIAThI).

baok 4. Havano mukJja pasMenieHuss MaKCH-
MaJbHOro KoJsmuectBa JK.

Baox 5. Hauauno nukia nepeGopa K us chop-
MupoBaHHOro B 6joke 3 crmcka (j — Homep IK
B CITHCKE).

Baiox 6. TIpoBepka HaJWuusI B CIMCKe HeyCTa-
HOBJIEHHBIX KOMIIOHEHTOB, HOMEP U Pa3Mep KOTO-
pbIx MeHblne, yeM y tekymero DK (eciam takume
€CTh, TO TIPOUCXOUT TIepexo/l K cuaeaymoreMy DK,
T. K. TeKYIUH yCTAaHOBUTD HE yAACTCH).

baok 7. Havajo mukja mepebopa ToYeKk R 1Jist
pasMenieHns Tekyiero JK.
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YCTaHOBJIEHHBIX DK
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Pacuer K,
MTOJTy4€HHOTO

I

CoxpaHneHnue
pe3yJIbTaToB
paboTsl

POM3BECTH
HU3MEHEHNE
HCXO/HBIX
JTAHHDBIX ?

Puc. 1. Cxema asropurma pazmelniennsi JK Ha mevatHbIx riatax
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SJEKTPOHHBIE CPEJCTBA:

HNCCJEJOBAHUS, PASPABOTKHU

baok 8. Hauaso nukjia mnepe6opa BapHaHTOB
pasMeneHns TCKngeI‘O IK (nonoxenne 1) B TOU-
ke k (cMm. puc. 2).

6|8
5 k17
3 1
412 Puc. 2. Bapuantsi pasmerie-

HHUS 3JEKTPOHHOIO KOMIIO-
HEHTAa OTHOCUTEJDBHO 3a/[aH-
HOI TOYKHU R

baok 9. IIpoBepka: 6bL iU paHee YCTAHOBJIEH
TEKYIIUI 3JIEKTPOHHDBIN KOMIIOHEHT.

braox 10. IIpoBepka Ha mepeceuenne DK B Te-
KYIIEM MTOJIOKEHUH XOTs1 ObI C OJTHUM Y3Ke YCTaHOB-
JIEHHBIM KOMTIOHEHTOM.

brox 11. IIpoBepka Ha mepeceuenne DK B Te-
KyllleM IoJoxkeHun ¢ rpanutamu 1111

baox 12. dukcupoBaHue KOOPAMHAT KOMIIO-
nenta Ha IIII.

baox 13. K MHOXXeCTBY BO3MOKHBIX TOUYEK yCTa-
HOBKHM /106ABJISIIOTCS TOUYKU C KOOPJIMHATAMY YTJIOB
3aKPEILIEHHOTO B 6J10Ke 12 KOMITOHEHTA.

Baox 14. Koner mukia nepe6opa BapuaHTOB
pasMmeniennst K, nagatoro B 6Joke 8.

bmok 15. Kownen 1ukia mepe6opa TOYeK st
pasmenienusi DK, nauaroro B 6Jioke 7.

baok 16. Kowner nukia nepe6opa IK, nauaro-
ro B GJIOKE 3.

Baox 17. IlpoBepka m3MeHEHUS KOJIMYECTBA
ycranoBsieHHbIX DK mocse ouepemHoil urepamnuu i,
KOHTPOJIMPYEMOI yCJIOBHEM OJI0KA 5.

baox 18. Kowner mukJjga pasMenieHus MaKCH-
MaJIbHOTO KosimdectBa DK, Hauaroro B 6JiOKe 4.

Baok 19. Boimonnenue pacdera koadduinenrta
3anosHeHud K, 1g ycTaHOBJeHHBIX JK.

Baok 20. CoxpaHeHue Bcex pe3yJbTaTOB.

bBuok 21. 3amnpoc mosib30BaTeN o 0 HEOOXOAMMO-
CTH MOBTOPUTH PAGOTY C IPYTUMHU UCXO/IHBIMU JIAH-
HBIMM, YCTaHABJIMBaeMbIMU B 6Jioke 1.

Omnucanue nporpamMmbl

[Iporpamma, peaJsusylomnias IIpeCTaBJIEHHbBIH
BBINIIE AJTOPUTM i pasmenienuss DK Ha meuar-
HBIX IIJIaTaX, HAIKCAHA HA sI3bIKE BBICOKOI'O YPOB-
Ha C# c ucnosb3oBanueM texuosoruu .Net 2.0.

[Tocaie 3arycka mporpaMMbl MPOUCXOUT 3arPy3-
ka 6ubsuoreku IK. Ilpu nanuuuu B 6ubinoTexe
HECKOJIBKUX HEe3aBUCUMBIX I100NOJINOTEK 110JIb30-
BaTesib JI0JKEH BbIOPATh B JMAJOTOBOM OKHE OJIHY
u3 nux. Ilocse 3Toro OTKpbIBaeTCs TJIABHOE OKHO
nporpammbl (puc. 3), B pas/esie HaCTPOEK KOTOPO-
O 33/IAI0TCS BCe HAYAbHbBIE TTAPAMETPDI, PEAN3y-
IONIMEe AJTOPUTM, TYTh HMANKK JJIs1 COXPaHEHUs pe-
3yJIbTATOB, a TaKXXe crucok pazmeposn I1II.

Load 416onem. Start Stop Al AI2 Setfoder | | 1] |2 | [
[Csetings | [ Seep? |[ Dawz |[10 B[00 = Folder | | Edt Res
StatusLabel
M3K 0-1-2:3 v| 500 1% |100.00 & [100.00 [l

Center Pend Sq Sot Asc
D:\Ck \Copy \Projects\MyProj \Rander\bin\Debug
100x1
120120
140¢140
160160
180180
200200
220220
12406240
1260260
280280

300
320x320

034
360360
380330
400x400
1420420
1440440
1480480

Puc. 3. TmaBHOE OKHO NTPOTrpaMMBbI

[To okoHuanum paboThl HA IKPaAHE MOSBJSIETCS
KapTUHKA C TIOJYYUBIIAMCST BAPUAHTOM pasMelre-
HUS, a TakXe Bcst HeoOXoauMasi nHdopmanus st
aHasm3a pesyJsbrartos (puc. 4). [lis ypo6erBa WH-
(popmarus npescraBieHa B Bujie TaGJIuII.

) x
[ ]
Res

Load | 4163nem. St Sop. A

Seep? | [ Dmwz |[i0 ][50 [E] [0 [

Setfoider | [1] [2

Settings Folder Edt
StatusLabel
100332173/100000000  AlgNum=MBK, param=0-1-2-3, center=False, size=100x100, A
Sort=asc, pointsToEnd=False, sequense=True, delta=5%

Koag. 3anonwenus = 6068,2491/10000 = 0,60682491
notpaueso 00:00:01.0477574

Senert Rectange Locaton

D=2, Name=S... 0:6874;2241; 1240 0:6874

=... | 5207; 1018; 3318; 3318 | 5207; 1018

1816; 1018; 3391 1080 | 1816 1018

=... |0: 0; 3318; 3318 0.0

2241; 583 2278, 2278 | 2241: 5836

. | 0: 5179; 1980; 1695 0: 5179

0; 1080; 1080; 880

1426; 188; 1120, 820

0; 3340; 1839; 1839 0; 3340

1426, 1018390, 895 | 1426, 1018

... | 5207; 4336; 3255; 1500 | 5207; 4336

3976; 118,500,500 |3376: 18

2966; 2966 | 2241: 2870
Bapsed
00:00:00.0084139 20

00:00:00.0397739 7 6
000000657728 |14

00:00:00.0899248 9

[coo000.1167728 |6 [15

1

Sze
21351140
3160; 3160

RectangleOr A
1 53, 6924:213...
2 5286; 1097: 3.
3 1897. 1068:3...
4 79 79: 3160:

5 12295:56%0: 2.
6

7

8

50,5225, 188...
50, 130;980.
1476,238:10..

s 50, 3390, 173

10 1476, 1068:2..

n 5284,4385.3..

2 3426:168:80.. |

13 laanzsanz. |v

0: 1080
1426 188

Q!!E!!@!ED!E]Kg

(2825 2825

Puc. 4. Oxno ¢ pesynbratamu paszmenieHuss OK

Ha puc. 5 mokasaHo OKHO, I€MOHCTPUPYIOIIee
paboTy ¢ OANPOrPAMMON PeIAKTUPOBAHUST GUOJINO-
ek IK, KoTOpas 1mo3BoisieT 106aBISITh U UCKJIIO-
yaTh 6m6IMoTeKN U oTAeabHble DK, a Takike mpo-
BOJIUTH PEIAKTUPOBAHNE. JJIEKTPOHHBIE KOMITOHEH-
TBI TIPEJICTABJSIOTCS B YIPOIIEHHOM BU/IE C YKa3a-
HueM rabGapuTHBIX Pa3MeEPOB.

Ha puc. 6 npuBeneHo OKHO, JE€MOHCTPUPYIO-
mee paboTy MOJIIPOrPaMMbl ITPOCMOTPA BCEX T0-
JIYYEHHBIX Pe3y/IbTaTOB. B oT/Hume OT mpeicTan-
JIEHVST Pe3yJIbTaTOB MO OKOHYAHUU PAGOTBI aJro-
putma (puc. 4), nocJe BbIIOJTHEHUs OAIPOrPaM-
MBI MOKHO YBU/IETh HE TOJBKO MOCJTETHUN BAPUAHT
pa3MelleHus, HO U BCe TIPE/IbIIYIIIe, a TAaKXKe CBe-
CTH BCe JJAHHBIE 110 PE3YJbTaTaM B OJIHY TaGJuITy.
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D=0, Name=SOD80 / MiniMELF / LL34: L=3,5, W=1,65, H=1,65, D=10 % -8 x
- m coeprym | [Name of LB | amy ][ mone | Main\Modern\

Defautt

Bubamorexn

-]-

cFP Comn_Sockets  CQFP

o e )t B et

Dp_snd 3 mac PLCC (3

22888

o

Puc. 5. Oxno mMenemxepa 6ubanorekn K

IIpakTHYEeCKOE HCIO.Ib30BaHHE POTPAMMBbI
U 00Cy:K/IeHne Pe3yIbTaTOB

C nomotipio pa3paboTaHHON TPOrPAMMbI ITPOBE-
JIEHDbI UCCJIE/IOBAaHUSI KOMIIOHOBOYHBIX XapaKTepu-
ctuk IIIT psiga TunopasmepoB — ot 100x100 MM 110
500x500 ¢ mmarom Aa=Ab=20 mm. Pasmepn! BbiGpa-
HBbI TaKUM 06pa3oM, 4TOObl OHH PABHOMEDHO Iepe-
KpbIBaJIU Bech Juana3on pasmepos I1II, HauGosee
BEPOSITHBIX /11 TPUMEHEHNUS B HECYINX KOHCTPYK-
nusx. [Ipu atom cremyer oTMETUTD, YTO B JIAHHOM
cJIyyae He CTaBUJIACh 33/1aya MPOBe/IEHUs TJ100aJIb-
HBIX UCCJIe/IOBAHU, a JIUIIb ONPEe/eTeHNUs TeH/IEeH-
U n3MeHeHuss K03 uIiMenHTa 3aroJHEHNS B 3a-
Bucumoctu ot pasmepos IIII u npumensemoit ase-
MEHTHOI 6a3bl.

Ha puc. 7—9 mupeacraBienbl 3aBUCUMOCTHU
yCPETHEHHOTO 3HavYeHus Koa(UIMeHTa 3amoaHe-
nust K, or pasmepos (miomaan S) 1medaTHbIX T11aT
(Ha Ka)k[OM PHCYHKe NMPHUBEAEHO 10 TPH KPUBbIE,
COOTBETCTBYIONINE PA3JTMYHBIM 3HAYEHNSIM PaCCTO-
auug mMexay DK, Kotopoe perymmpyercs Besndn-
HOlT Koadbduirenta K; i HaTJIAHOCTH rpaduKu

Ks &
075 0,76 0,77 0,78 0.78 0.7
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1
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- 8 x

View

& 3 | @ Losdrecurivey Panct panet2
O0SS2173 100000000 AghmeH3K.pran=0:123, o, e 010,

Kan, sancrruen = 6068.2491/10000 = 060682491
oTpweano 00:00:01.0477574

1006100
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00001.. [5 2
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E

0000002 [11
oo 1

Puc. 6. OxHO mpocMOTpa pe3yJIbTaToB

CMEIIEHDI TI0 BEPTUKAJIN OTHOCUTEJILHO IPYT JIPYTa,
a 3HaueHust K, ykasaHbl Ui Bcex pasmepos I111).
Ha puc. 7 ipejicTaBieHbI JaHHDIE, TIOJTyYeHHbIE IS
COBPEMEHHOI 3JIeMEeHTHON 6a3bl JJIsT TIOBEPXHOCT-
Horo MoHTaxka (cBbiie yerbipexcor IK B 6ubu-
oTeke); Ha puc. 8 — st HaBecHbix DK, KoTOpbIE
MoHTupyiotest B otBeperus (K, KoTopbie mpeiie-
CTBOBAJIN TIOSIBJIEHNIO KOMITOHEHTOB [IJISI TIOBEPX-
HOCTHOTO MOHTa)Ka WM 110 Pa3HbIM IPUYUHAM BOC-
TpeGoBaHbl ceityac; B OMOIMOTEKE UX OKOJIO CTa);
Ha puc. 9 — pe3yJbTaThl, TMOJTyYeHHDIE TTPU KOM-
OUHAITMY TIPEIBIIYINNX JBYX BADHAHTOB — UCITOJIb-
30BaHUM 3JIEMEHTHOH 6a3bl JJIs1 TIOBEPXHOCTHOTO
MOHTa’Ka M MOHTa)ka B OTBepPCTHs (OKOJIO NATHCOT
IK B 6ubsmorexe).

Bubanoreka 3J€KTPOHHBIX KOMIIOHEHTOB TIO-
crpoena Ha 6a3e 6u6smorek K CAIIP DipTrace.
OcnosHag yactb DK B3gra us 6ubimorexk General,
Cap, Res, Cap_smd. /Iy BO3MOKHOCTH TTPOCMOTPaA
9K HeobxommmMo oTKpbITh iporpammy PCB Layout,
koTtopas BxoauT B coctaB CAIIP DipTrace, u BbI-
6paTb HEOOXOIMMYI0 OGHOTHOTEKY .
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Puc. 7. 3aBucumoctu ycpemneHHoro 3Hauenus koadduimenta s3amoanenus 111 s1eKTpOHHBIMA KOMIOHEHTAMU
JUIS IOBEPXHOCTHOTO MoHTaxka oT momtaau ITII mpu pasmiruHoMm pacctoanuu Mexay 9K
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Puc. 8. 3aBucuMoctu ycpenHeHHOTO 3HaueHUsT Koaddunuenta 3anoanenus I1I1 aaBecubiMu OK ot mromaam 111
TIPU Pa3IMYHOM PACCTOSHUN MeXIy DK
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0,76 077|077 0,77 0,77 0,77 0,77
73 074 074 075 075 076 076 076 077 07 :

--K=1,05

a P Y
py = ix i A

—4-K=1,15

- 070 070 072 072 0

0,6

0,64
0,62

g 063 0,65 | 0,66 0,67 0,69 0,69 g,69 07

0,54 0

1 1 1 1 1 1 1 | 1

0 070 071 071 0,72 0,72 0,773 0,72 0,72 0,73 0,73 0,73

- K=1,25

100 144 19 256 324 400 484

Puc. 9. 3aBucumoctu ycpeanennoro 3nauenust koaddurimenta 3anonnenus 111 waBecubivu DK 1 koMnoHeHTaMu
JUJIS1 TIOBEPXHOCTHOTO MOHTaxa oT 1romaan 1111 npu pazimuHoMm paccrosHum Mexxay JK

AHaM3 MOMYyYEeHHBIX 3aBUCUMOCTEN TI03BOJISIET
clies1aTh CJAeAyIoIUe BbIBO/bI.

1. Uem MeHblIIe pa3Mepbl IL1aT, TeM GoJiee PE3KO
yBesmauBaeTcs K, mpu momaroBoM UX yBeJMYeHNN.

2. Wsmenenme paccrosguug mexay IJK, ycra-
HaBsuBaemMoe koaddurmentom K, mpakTuyecku He
BJIMSIET HA XapaKTep MOJYYEHHBIX 3aBUCHMOCTEN.

3. IlpocyesxxnuBaeTcs 3aBUCUMOCTD BEJIUUNHDBI K,
oT pa3MepoB DK, a 3HAYUT OT UCTIIOJIB3yeMO aJIe-
MEHTHOI 6a3bl:

— 3JIEKTPOHHBIE KOMIIOHEHTBI TPEIBIIYIIETO
ITOKOJIEHNS [IJIsT MOHTa)Ka B OTBEPCTHUSI, MMEIOIIHe
60JIbIIIKEe pa3Mephbl, JAI0T 3AMETHO JIYUIIIUE PE3Y.JIb-
tarel 1o 3anoanenunio [T (puc. 8);

— mpuMeHenne JK g MOHTa)ka Ha TIOBEPX-
HOCTb 1 B oTBepcTus (puc. 9) He BBI3bIBAaET 3aMeT-
HOTO u3MeHenusi K03dduilMenTa 3aroJHeHusT M0
CPaBHEHMIO ¢ NCTOJb30BaHNEM TOJbKO IK 175 1o-
BEPXHOCTHOTO MOHTaska (9T0 MOKHO OObICHUTD Ha-
JITYMEM B 060UX CJIyYasiX 3JEKTPOHHBIX KOMITOHEH-
TOB B MUKPOKOPITYCaX, YTO CHIDKAET MJIOTHOCTD 3a-
MOJTHEHNS TIJIOIIA/IN TIeYaTHBIX I1J1aT).

576 676 784 900 1024 1156 1296 1444 1600 1764 1936 2116 2304 2500 S, CM?

4. JKCTpeMaJbHBbIX 3HaYeHUN KoadduimeHTa
3aI0JHEHNUS] B WCCJEIOBAHHOM DSy TUIIOpa3Me-
POB He HaOJI0JAJI0Ch.

BoiBo b1

Paspa6oTannblii MeTO/], peain30BaHHbIN TIOCPE]I-
CTBOM QJITOPUTMA U IPOrPAMMbI, ITO3BOJISIET OIle-
PATUBHO OTIPEJESATh 3aBUCUMOCTD K03 duiiueH-
Ta 3aIloJHEHUS OT Pa3MEPOB ITEYaTHBIX ILJIAT IS
sJIeMEHTHON 6a3bl, XapaKTePHOW [IJS 3JEKTPOH-
HBIX CPEJICTB Pa3JIMUHBIX HAMPABJEHUN TEXHUKH.
Uctnionb3oBanue koadduiinenTa, ornpeaessioniero
yBeJNYeHrue YCTAaHOBOUHBIX pa3MmepoB JK, mo3so-
JIIeT BJMATb Ha obeclieueHue 3JeKTPOMATHUTHON
COBMECTHUMOCTHU U TETLJIOBOTO PEXKHMMA.

WccnenoBanre KOMITOHOBOYHBIX XapaKTEPUCTHK
IIII ¢ ucnosib3oBaHuEM NPEJIOKEHHOTO METO/1A T10-
Ka3aJio, YTO SIPKO BBIPAYKEHHBIE IKCTPEMYMBI KO-
adduinenTa 3armoJHEeHIsT OTCYTCTBYIOT. JTO TOBO-
PUT O TOM, YTO IIPU BbIOGOPE ONTUMAJTBHBIX pPa3Me-
poB IIII fs cTanJapTHBIX HECYHINX KOHCTPYKIUIA
HEIOCTATOYHO YYUTHIBATH TOJBKO COCTAB JJIEMEHT-
Ho# 6a3bl, HEOOXOIUMO HCCJIELOBATh 3aBUCUMOCTD
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KOMITOHOBOYHBIX XaPaKTEPUCTHUK IEYATHBIX ILIAT OT
JIpyTuX (PAKTOPOB, TAKUX KAK KOJHMYECTBO BO3MOXK-
HBIX KOHTAKTOB COeUHUTEEH, KomuecTBo DK, 006-
pasyionux (PyHKIIMOHAIbHO 3aKOHYEHHbBIE TIeYaTHbIE
y3JIbl, ¥ TIp. B TO ke BpeMst, pu  pa3pabOTKe JeK-
TPOHHBIX CPEJICTB, B TEX CJAYUASIX KOT/IA N3BECTEH Ha-
60p KOMIIOHEHTOB B 3JIEKTPOHHBIX MOJIYJISIX, UCTIOJTb-
30BaHUE JIAHHOTO METO/IA JIJIs OTIPEIe/IEH ST OIITUMAJTb-
HbIX pa3MepOB II€YaTHbIX IIJIaT BIIOJIHE OHpaBZIaHHO.
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SEARCH FOR THE OPTIMAL SIZE OF PRINTED CIRCUIT BOARDS
FOR MECHANICAL STRUCTURES FOR ELECTRONIC EQUIPMENT

The authors present a method, an algorithm and a program, designed to determine the optimal size of printed
circuit boards (PCB) of mechanical structures and different kinds of electronic equipment. The PCB filling
factor is taken as an optimization criterion. The method allows one to quickly determine the dependence of the
filling factor on the size of the PCB for various components.
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HOBBINT UMIYJbCHbBIN MOAYJSATOP
C MAJIO1 YACTOTOW TEPEKJIIOYEHUN

IIpednoxen umnyrvcuoi unmezpupyowuii. mooyrsmop (npeobpaszosamenv ananiozo80zo0 cuznaida) ¢ Mo-
Oy aayuett wacmomol u OJUMENbHOCTIU UMNYAbCO8, N0J06HOT cuzma-Oervma-nodyasuuu (¢ Maioi wacmo-
moil nepexaouenuil), Ho 6e3 Keanmosanus. Mooyismop xapaxmepuzyemecs Omcymcmeuem wymd Kedn-
MOBAHUS, CEOUCMEEHHOZO CUZMA-0eAbMA-MOOYASIMOPY, U MAJIOU YACMOMOU NEPEKAIOUEHUT, 6 OMAUUUE OM
YACMOMHO-UMNYAbCHO20. MOodyasmop pexomendyemcs, 6 4acmuHocmu, 04 nPeoopPaA308aHUs CUzZHAI08 Ha
exode ycurumeneti mowHocmu Kadacca D.

Knroueswle crosa: aucxpemusauuﬂ, HenpepovleHvle omc4yemal, dHCZ/lOZO*uMny/leHbLLVl npeoépa306ameﬂb, UMm-

ny/leHblTj Man/lﬂmOp, yacmoma nepexmoueﬂud, ycuaumesv Kjiadcca D.

Jlns mpeo6pa3oBaHMsl aHAJOTOBOTO CHUTHAJA
B WMITYJbCHBIA WCIOJb3YIOTCA MOIAYJISATOPBI —
vactorao-umiyabcHbrii (UUM) [1], curma-genbra-
mogyJsitop (CAM) [2] u apyrue — ¢ HempepbiB-
HBIMHU OTCYETAMH aHAJOTOBOTO CHT'HAJIA W3BECTHDI-
MU, HAIpuMep, Kak continuos time.
YacTOTHO-UMILYJIbCHBIH MOJYJIATOP 00J1a/laeT
MOBBIINIEHHON YacTOTOU IMepeKJIoYeHnH, 4TO Tpu-
BOAWT, HarpuMmep, K cHmwkennio KIIJ[ ycnmnrens
MOIITHOCTH KJyacca D, ecsit MOy IaTOp IpUMEHSIeTCS
JUIs1 ero ynpasJernusi. HemoctaTkoMm curma-fenbra-
MO/LyJIITOPA SIBJISIETCS TO, YTO OH CO3/IAeT IIIyM KBaH-
TOBaHUS, MONAJAONINN B CIEKTD CHTHAJIA TOTO Ke
yeuuTesia kaacca D. [ yMeHbleHus nryma npu-
6eratoT K mnosbimnennto mopsaka C/IM, uro mpuso-
[T K YCJOKHEHWIO €r0 CXEeMbI, a Takke K Heo0X0-
JIIMOCTH TIOBBIIIIEHUS] YaCTOTBI AMCKperusanuu |3,
4]. Hacrosmas pa6oTa IOCBSIIEHa OIUCAHUIO M-
MyJIbCHOTO MOJyJIsSTOpa [5], KOTOpBIH JHIIeH yKa-
3aHHBIX HEJIOCTATKOB M, KPOMe TOTO, uMeeT 6oJee
BBICOKMI Koaddunment moaysmnn, vem C/IM.
Paccmorpum 060611EHHYIO CTPYKTYPHYIO CXe-
My HMHTETPUPYIOIIUX MOIYJSTOPOB C OTPUIATEJb-
HOIl 0OpaTHON CBsI3bl0, IIPUBE/JCHHYIO Ha pHC. 1.
MopgynaTop npezacrasisieT co6oil lLiellb IocJe-
JIOBATEIbHO COeIMHEHHBIX MHTETPaTopa, KoMIapa-

Topa U (OPMHUPOBATES MMITYJIbCOB, OXBAUYE€HHYIO
OTPHIIATETbHON OOPATHOH CBSA3bIO YEpe3 CyMMAaTop,
BKJIIOUEHHBI Ha BXoje. 3 aHa/J0rOBOr0 CHUTrHAJIA
Ha BXOJIe MOJYJISITOPA BBIYMTAETCSI BbIXOHAS UM-
IyJIbCHAs TIOCJIE/IOBATENbHOCTD, MOCTYTAIONIAs 110
neny o6paTHON cBs3u. B pesysbraTte aTtoro moj-
JIEP’KUBAETCSI PAaBHOBECHE B CHCTeMe, KOTOpPast SB-
JITETCST CUCTEMOW aBTOMATHYECKOTO PETYJIUPOBA-
HUSI UHTETPUPYIOIIEr0 THUIIA C JIUCKPETHBIM IIPE06-
Pa30BaHUEM.

AHANOTOBBIN CUTHAT UCIIOTb3YETCS CO CMETeHNU-
€M, ero Hanpspxkenue Ey MOXKeT ToCcTynaTh Ha BXO/I
MO/TyJISITOpPa, KaK 3TO MOKa3aHo Ha puc. 1, wim xe,
¢ oOpaTHBIM 3HAKOM, Yepes3 IIelb 0OpaTHOI CBS3U
(OC). Hanuuue cmerenus obecriednsaer hopmu-
POBaHME OHOTOJSIPHON MMITYyJTbCHOM TOCJI€eI0Ba-
TeJbHOCTU. BujJ MMy IbCHON MOAYJISAIIUU OMpee-
ssercss hopMHpPOBATEJEM UMIYJIbCOB U CIIOCOOOM
ero ynpasJyienus. [lepros quckpernsanum, KOTOPBIi
COCTOUT M3 OJIHOTO MMITYJIbCA U OJIHOTO WHTEPBAJIA
MEKJIYy UMITYJIbCAMU, MOKET ObITb TIOCTOSIHHBIM UJIH
IepeMEHHBIM B 3aBUCUMOCTU OT BU/IA MOYJISIUN.

MdopmupoBaTeseM UMITyJIbCOB, HAIPUMED, JIJIS
UUM asasiercs oxnosubparop [1], nag CAM —
D-tpurrep [2]. D-tpurrep B MomyJsigTope yImpas-
JISIETCS1 BHENTHUMY TAKTOBBIME MMITYJTbCAMU, 3aBH-

I Eq
1 3 4 B} 2
Y WHTer- Komna- - dopmupo-
patop paTop BaTens

Puc. 1. O6o61menHas CTpyKTypHas

! Snement |‘ cXeMa HMHTErPUPYIONNX HMITYJIbC-

o |« HBIX MOJLYJISITOPOB C HENPEPbIBHBI-

| I

MM OTCUETaMM aHaJOTOBOI'O CUI'HaJIa

10
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CSAIUMHU OT COCTOSTHHSI KOMIIapaTopa, KOTopoe 06-
YCJIOBJIEHO HANPSKEHWEM Ha BBIXOJIE MHTETPATO-
pa. I[lockoMbKY TaKTOBBbIE NMITYIbCHI HE 3aBUCST OT
MOJIyJIITOPA, HAYaJl0 ¥ OKOHYAHUE UMITYJIbCOB BbI-
XO/IHOTO CUTHAJIA MOJLYJIITOPA HE COBIIA/IA€T C MO-
MeHTaMu cpabaThbIBAHUS W OTIYCKAHWS KOMIIapaTo-
pa. JIJIMTeIbHOCTD UMITYJIBCOB MOAYAATOPA (Tyyy)
1 UHTEPBAJIOB (T,,,) MEKIy HUMU KpPATHbBI HEpu-
ony kBantoBauusi. OHOBUOPATOD 3Ke, BXOSIINIA
B coctaB UM, cpabaTbiBaeT HEIOCPEACTBEHHO OT
KoMITapaTopa, npuueM 6e3 3aJep:KKH, KOTopas B
CM sBuigercs nepeMeHHOHN U co3/aeT IIyM KBaH-
toBauusi. OCOGEHHOCTHIO pa3pabOTAHHOIO ABTOPOM
MOJYJIATOPa, yCJOBHO o6Go3HaueHHoro UMI, sB-
JIIETCST HAJMYue JABYX KOMIIAPATOPOB C Pa3HbIMU
YPOBHSIMU KOMIIAPUPOBaHUS, a B KauecTBe (popmu-
poBaTeJisi UMITyJIbcOB — RS-Tpurrep, moouyepeiHo
YIPaBJISIEMbINl MMH.

Kak BupHOo Ha puc. 2, necymme (HeMomyu-
POBaHHBIE) MOCJIEJOBATEIBHOCTH UMITYJIbCOB BCEX
TPeX BUJIOB MOAYJISIIMM — OJIMHAKOBbBIE, TUIIA «Me-
aHAp», C YaCTOTOMN

fo=(1,2) /1, (1)
rae Ty — JJIUTeJbHOCTD MOJIyepruo/ia HeMO Ly JIUPO-
BaHHOW TIOCJIEIOBATEIbHOCTH, PaBHAS IJNUTEJIbHO-
CTU UMILYJIbCOB M MHTEPBAJIOB Meskay HuMu (B 06-
IEM CJIyYae JJIUTETbHOCTD UMITYJIbCOB MOKET ObITh
He paBHA JJIUTEJIbHOCTU MHTEPBAJIOB).

D) L k1

s i |

fuum = (2/9)/70

fo = (1/2)/70

faum = (7/9)/10

fomm = (2/9)/10

fo = (1/2)/10

fch = (7/9)/‘50

I [ = (17050

fmmr = (2/9)/’[0

fo = (1/2)/10

fvr = (7/9)/0

000U

Puc. 2. VmmysabcHble HOCIE0BATEIbHOCTH CUTHAJIOB

Pa3IMYHBIX MOAYJIATOPOB:
a — UUM,; 6 — CIAM; ¢ — UMT

fumr = (8/9)/10

Ha puc. 2 cupaBa mokasaHbl yCJIOBHbIE 3HAUe-
HUS 4aCTOT /ISl KaXK/I0TO U3 BUIOB MO SN —
faum, feam ¥ fumr (o6iee o6o3nadenne — fo).
VcaoBHag 4acToTa BBIXOJHOTO CHUTHAsIA, KOTOpast
ABJSETCS TIOTHOCTBIO 3HaueHui «1» B (PyHKIUM
BPEMEHH, IPONOPIHOHATIbHA aHAJOTOBOMY CHUTHA-
Jy Ha Bxojie (co cMeleHneM) u paBHa

f MOTX (Tmm/ T}II/IC)/ To

unu, ¢ ygerom (1),

fM()ﬂ = 2f0(TI/IMH/TL[I/IC))

TI€ Type = Ty T+ Tugr — TEPHOJL IUCKPETU3AIIH.

OTMeTUM Ba)KHYI0O 0COGEHHOCTb paccMaTpuBae-
MBIX MOYJISITOPOB. B cocTaBe BBIXOIHON MMITY ThC-
HOH TIOCJIeTOBATENBHOCTU AAUTUBHO MPUCYTCTBY-
€T aHaJIOTOBAsg COCTABJIONIAS, COOTBETCTBYIOIIAS
aHAJIOTOBOMY CHTHAJY Ha BXOe, KOTOpas CpaBHU-
BaeTcs C aHAJOTOBBIM CHTHAJOM Ha BXOJle C yde-
TOM KO3 puimenTa mepeavn 1menu o6paTHo CBs-
3u. [ToMuMO aHAJIOTOBOM COCTABJISIONIEN, HA BBIXO-
Jle MOJLyJIATOPA MPUCYTCTBYET TIOCTOSTHHAS COCTaB-
asomas E,, o6ycJ0BJIeHHAs CMelleHneM, 1 Tepe-
MEHHbIE UMITYJIbCHBIE COCTABJISIONTIE, 00YCJIOBJIEH-
HbIe UMITYJIbCHOI (DOPMOII CHTHAJIA U UMEIOIIIUE TI0-
BBIIIEHHYIO TI0 CPABHEHUIO C AaHAJIOTOBBIM CUTHAJIOM
4acToTy. VIMITy TbCHBIE COCTABJIFIONINE B 3aBUCIMO-
CTH OT Ha3Ha4YeHWs CUTHaIa MoayJaaTopa (Hanpu-
Mep, /IS TIpeoOpa3oBaHusl CUTHAJIA HAa BXOJIE YCH-
JmTes el MOIHOCTH KJaacca D) MOTYT NMOAaB/sTh-
cst GUabTPOM HUKHUX 4yacToT. CKazaHHOe 06 UM-
MyJTbCHBIX COCTABJSIONIUX OTHOCUTCS K HEKBAHTO-
BaHHBIM curHajgaM. CurnaJjbl ¢ KBantopanueM (Ha-
npumep, tuna C/IM) [OIOJIHUTENBHO COAEpIKAT
elle U IIyM KBAaHTOBAHUS, YACTUYHO TIOIIA/[AOIITHIT
B II0JIOCY YaCTOT aHAJIOTOBOTO CUTHAJIA.

YacroTa AMCKpPETU3AIMU CUTHAJIOB HMMIIYJIbC-
HBIX MOJIyJIITOPOB SIBJISIETCSI YACTOTON TEPEKJIIO-
deunit (fyep). Jas UWM-curnana (puc. 2, a)
fuum = fuep» @ A CJIM-curnana (puc. 2, 6) ana-
JIOTUYHOE PAaBEHCTBO CIIPABEIJWBO JWIIb IS Ya-
crot feam < fo- IIpu foaqm > fo uvacrora mepe-
kmovennin C/IM-curnana, B orauune or UMM,
YMEHbIIAeTcs: frep < foqm. B pane ciydaes, Ha-
npuMep JJig ycuiurtesei kiacca D, aTo sBiser-
cst ipeumytiectBoM CJ/IM-curnana. Ha puc. 2, 6
BUAHO Takxke, yTo CJ/IM-curnHan sgBisieTcsl KBaH-
ToBaHHBIM (KBaHTOBAaHUE IIOKA3aHO TOHKUMU JIM-
HUSAMK): 4acTOTa OJHOTO U3 €ro MePHOAOB JHC-
kperuszauun — feam = (1/4) /79, apyroro —
feam = (1/5)/1), a cpepusiss 4acrtora ABYX IIe-
pUOMIOB B cyMMe, KaK M BCell MMITyJIbCHON TocJe-
JI0BaTeJbHOCTH B 1eJoM (B JaHHOM cJydae), —
feam = (2/9) /1.

Curnasbl pazpaboTannoro MogyJsiropa, UMT,
anajiornyub! curaaitam C/[M, HO B HUX OTCyTCTBY-
er kBanToBanue (puc. 2, ¢). Kpome toro, UMT 06-
JIAJIAET ellle OJIHUM TIPEUMYIIECTBOM: €CJIM TP Ha-
JIUYUU MOy ity BbixoaHou curtan C/AM cozep-
JKUT KOPOTKUE UMITYJIbChI UJIA UHTEPBAJIBI JIJTUTEIb-
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HUS) YPOBHSX CUTHAJA, ClipaBa — IIPH
MOJIOKUTEJNbHBIX. IIIOPbl B CTPOKAX
1, 2, 3, 4 COOTBETCTBYIOT CUTHAJIAM B T€X

Tpurrep

9 MecTax, KOTopble 0603HAYeHbI TaK JKe Ha
» cxeMe puc. 3, a Takxke Ha puc. 1.
Ha puc. 4 B cTpoke / mokasaHbl

a) E »1 Komna- )
| =0 paTop |
1 V 3 4 Eon1
WnTer- RS
paTtop
Eon2
Komna-
paTop 5'

|
OnemeHT

BXO/IHbIe cuUTHaJbl (CO cMelieHneM),
rae £y — HanpsskeHHe CMelleHUsl, pas-
HO€ TIOJIOBUHE aMILJIUTY/bI BBIXOHBIX
(o6paTHOl cBSI3M) UMITYIbCOB, a AE co-

OTBETCTBYET CUT'HaJ/IaM, KOTODbIE 006bIY-
HO ABJIAIOTCA II€EPEMEHHBIMU, a B [daH-
HOM CJiyda€ — C IIOCTOAHHBIMH YPOBH-
MU, OTpUllaTEJIbHbIM U ITOJIOKUTE/IbHDIM.
COOTBCTCTBGHHO, IIpy Ha/Ju4YuMu CUTHaA-

2 Jla JJATEJbHOCTb HUMITYJbCOB HE PaBHa
JJINTEJIDHOCTH HWHTEPBAJIOB BbIXOIHO-

\

|
oc '
|
0
) E > Komna- 5
| =0 Q paTtop |
' 4 Eon1
1 3 .
— 3 > WHTer: RS
patop Tpurrep
4
> Komna- |
(2 patop 5
o E0n2
! OnemeHT L

ro curnasa 2 (o6parHoii cBA3M), OJHA-
KO TP OTCYTCTBUU MOJYJSAIINU, KOTJA
AE =0, onn pasubl (Ha puUCyHKe He T10-
Ka3aHbl).

BbIxo/iHbIE UMITYJIBCBI MOJYJISTOPA

IOC

Puc. 3. CrpykrypHas cxema VIMI ¢ nByXypOBHEBbIM KOMIIapu-
poBanneM u opmuposaresieM tuia RS-rpurrepa ¢ ognum (a) u
aBymst nporuBodasubiMu (6) BbIXOLaMK MHTEIPATOPA

HOCTbIO Ty (puc. 2, 6), TO aHAJIOrMYHbIE JJINTE/b-
HOCTH B BBIXOAHOM curHaje VIMT, 3aBucsiiue ot
YPOBHSI aHAJIOTOBOTO CUTHAJIA HA BXO/IE, /IOTIOJIHU-
TEJTHbHO YMEHBIIAIOTCS OT Ty /10 To/2. B pesymbra-
Te TPU OJMHAKOBOW 4YacCTOTE IEPEeKJIOYeHUH, Co-
raacHo puc. 2, x03dUIMEHT MOAYJIANNN, paB-
uptit npumepro 80% aust CAM (fepm = (2/9) /719
i foam = (7/9) /1)), B IIPEIOXKEHHOM MO/ JISITO-
pe MoskeT 6biTh yBesmden 10 90% (fynr = (1,/9) /1
u fumr = (8/9) /1.

Ha puc. 3 mokasanbl ABa BapmaHTa CXeMBI HO-
BOTO MOJMYJSITOPA, OTJWYAIONIAECS TOIKJII0UYEHN-
eM KoMmmaparopoB. Ha puc. 4 mokasanbl /e rpyi-
MBI SITIOP HAIPSDKEHUN B IEMSAX MOJYJISATOpA: CJie-
Ba — IPU OTpUIATeNbHbIX (OTHOCHTEIBHO CMellle-

dopmupyitoress RS-tpurrepom. Onn ke,
Kak ObLJIO CKa3aHO paHee, SBJISIIOTCS UM-
nysbcamu o6patHoil cBstau (npu Koad-
urnmenre nepegaum 1enu 06paTHON CBS-
34, PABHOM EJMHUIE), KOTOPbIE BbIYU-
TAIOTCA M3 BXO/[HOTO aHAJIOTOBOTO CHTHaska. B pe-
3yJIbTaTe Ha BBIXOZE CyMMaTopa oOpasyioTcsl pas-
HOCTHbIE CUTHAJIbl, [IOKa3aHHbIE B CTPOKE 3, a Ha
BBIXO/Ie UHTErpaTopa — B CTpoKe 4. [uTesbHOCTh
(bopMUpPyEMBIX UMITYTHCOB 3aBUCUT OT HECKOJBKUX
IPUYKH: BO-TIEPBBIX, OT BXOAHOTO curHajia («cur-
HaJIbHAsT» MO/IyJIUPYIOIIasi 3aBUCUMOCTb ), TIPeoGpa-
3yeMOro BMeCTe C CUTHAJIOM OODATHOH CBSI3U B CO-
CTaBe CHI'HAJIA Ha BXO/le MHTEIPaTopa; BO-BTOPBIX,
OT TIOCTOSHHOI BpeMEHW WHTETPATOpa U MOPOTO-
BbIX 3HAUEHWU HANpsDKeHUsT cpabaTbhIBAaHUST KOM-
napaTopoB E, . u E,» («cxeMHasg» 3aBUCUMOCTD).
3anmieM MareMaTHYecKue COOTHOIIEHUS JIJIs
CHTHAJIOB Ha BBIXO/IE MHTETPATOPA, HA YYACTKAX €ro
UMIIYJIbCOB ¥ NHTEPBAJIOB MEXAY HUMHU:

Eo+U (U = +AE)

Eo+U (U=-AE
1 0 ( ) EO
Es~ t
pa— - —
2E,
TI'IHT TMMI‘I TVIHT TVIMI'I

> »

3 >
>

E0n1 Eon1

4 >
\/ Eonz \/

Puc. 4. Omiopbl HaUPSDKEHUIT B pa3auuHbix Toukax nermu MIMT ¢ orpunaresnbubiM (cjieBa) M II0JIOKUTETBHBIM
(crpaBa) ypoOBHSIME aHAJIOrOBOIO CUTHAJIA:
1 — Ha BXo/ie MOALYJIsiTOpa; 2 — CUrHaJ O6PaTHOI CBA3U, 00YCJIOBJIECHHBII CUTHAJIOM Ha BBIXOJIC MOJYJIATOPA; 3, 4 — co-
OTBETCTBEHHO, HA BXO/Ie M BBIXO/Ie MHTErPATOPA

» |
\/ N
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CUCTEMDbI IIEPEJJAYU N1 OBPABOTKN CUTHAJIOB

Puc. 5. Curnaubl paszpa6otaHHoro mopyJsitopa, MUMT, moJiydeHHBIE ¢ MTOMOIIBIO MPOrPAMMbl MOJECJUPOBAHMS
NI Multisim 10.1 [6]:
a — BXOJHON aHANOTOBBIH cuHyconmaabubiii (1) W BBIXOAHON MMITyIbCHBIN (2);
6 — aHaJOroBas COCTABJAIONIAS BBIXOJHOTO CUTHAJA C OCTATOUHBIMU IIyJIbCAIIUSIME HA BbIXO/le BHenIHero (uibtpa (4),
NoKa3aHHas Ha (poHe BXOAHOTO CUTHAJA, IPOIIE/NIero yepes Takoil xke puantp (3)

(1/D[(Ey = U)dt = U/ D(Eg = U) = Egy; (3)
(1/D[(Eg+ U)dt = (/D + U) = E,y, - (4)

rge T — IOCTOAHHAadA BPEMEHU MHTErpaTOpa;
Eon = E()n1 - E()HZ'

B cootBerctBuu ¢ (3) u (4), AIUTEABHOCTH M-
IyJIbCOB ¥ MHTEPBAJIOB MEXK/y HUMH OIPEAEISIOT-
csq Kak

Ty — TEOII/(EO -U) = TO/(1 - U/EO);
Tur = TEO]'I/(EO + U) = TO/(l + U/EO),
rae tg = TE,./E).

Ucxons u3 atoro, anas tTpex 3Hauenuii U, pas-
HbIX 0, +Ey 1 —E, 3HaueHns YKa3aHHBIX JIJTUTEJb-
HOCTel GYIyT, COOTBETCTBEHHO, CJIEYIONTIMU:

T = Tos — 5 To/2;
Tuar = Tos 10/2; —> oo.

ITU 3HAUEHUS Typy U Ty SBJSIOTCS TIPEIeib-
HbIMH. PeasibHO ke BMecTO Tjy/2 3HAYEHHE MOXKET
ObITh HECKOJIBKO OOJIBIITUM MPH KO3 dUINEHTE MO-
ayasuun 90%. TTocaeanee (orpanuyenue, Hanpu-
Mep, BesnuuHoii 90%) 00yCJIOBIEHO TeM, U4TO UM-
MTyJIbCHBIE COCTABJIAIONINE MOAYJNPOBAHHOTO CHT-
HaJla He JIOJDKHBI TI011/IaTh B CIIEKTP aHAJIOTOBOTO
curHana. Bo3MmoskeH BbIGOp M JPYTUX PeaTbHBIX
snavennii U (B cpaBuenuu ¢ ;) — B 3aBUCUMOCTH
OT TpeGyeMOro COOTHOIIEHHS YACTOT B MO/IYJISITOPE.

V13 ipuBe/IeHHbIX HA PHC. d PE3YJIHTATOB MOjIE-
JIUPOBAHUSA CJEIyeT, YTO aHAJOTOBO-MMITYJIbCHOE
npeo6pa3oBaHue B IPEAJOKEHHOM MOJYJSTOPE
MPOU3BOIUTCS «O/IUH K OJHOMY», 6€3 BPEeMEHHOI
3a/IEP>KKU MEXK/Y BXOHBIM CUTHAJIOM U aHAJIOTOBOI
COCTaBJISIONIEH BBIXOAHOTO CHUTHasa. BpemenHas
3a/lepKKa MEXJy CHUTHAJaMH, TIOKa3aHHBIMH Ha
puc. 5, a u Ha puc. 5, 6, o6yc/oBJeHa HAJTUIUEM
BHEITHUX (PUJIBTPOB.

JlomnomHnTEIBHO OTMETHUM, uTO 37eMeHT OC, 10-
KasaHHbI Ha puc. 1 u puc. 3, MoKeT ObITb JIMHEN-
HBIM WJIM HeJUHEHHBbIM. B mepBoM ciydae ycTpoii-

CTBO MOJKET UMeTb KOa(DUIMEHT TIepeadn, MEHb-
vt uin 6OJIbIUI €IMHUIIBI, & BO BTOPOM OHO MO-
JKeT ObITh (DOPMHUPOBATENEM AMILIUTY/IbI UMITYJTh-
cOB 00paTHoOIi cBsI3U. B 060uX ciyyasx mapamMeTpbl
yCTpOCTBA OYAYyT BJIUATH HA YACTOTY BBIXOJHBIX
UMITYJIbCHBIX TTOCJIEI0BATENBHOCTEN, UTO [[OJIKHO
YUHUTBIBATHCS TIPH UX BBIGOPE.

BoiBo b1

[IpennoxxeHHBIT MOAYAATOP OTJIUYAETCS OT
YaCTOTHO-UMITYJIbCHBIX MaJIOH 4acTOTON TMepeKJIio-
YeHUI U, COOTBETCTBEHHO, CIIOCOGEH 06eCIIeunBaTh
6osiee Bbicokuit KII/[ ycTpoiicTB, B KOTOPBIX OH
MOJKeT TMPUMEHSIThCS, a TaKyKe OTCYTCTBUEM IITyMa
kBaHToBanus, cBoiicrBennoro CJ/IM. llemb KoM-
MAapUpOBaHUSI WHTETPUPYEMOH Pa3HOCTU BXOHO-
TO U BBIXO/IHOTO CUTHAJIOB B HEM — JIBYXYPOBHE-
Bas, hopMUPYIONIas JBa CUTHAJA, KOTOPBIE yIIPaB-
asior RS-tpurrepom, ssasiomumcst opMupoBare-
JIEM BBIXOJTHOTO cUTHaJIA. TeXHU4IecKre XapaKTepH-
CTUKU MOJYJIATOPA TIO3BOJITIOT PEKOMEHIOBATD €T0
[T TIPUMEHEHNs Ha BXOJle KOMMYTAIIMOHHOTO Ka-
CKajla YCUJIUTENs MOIHOCTU Kjacca D.
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HOBUI IMIIYJIbCHU MOAYJIATOP 3 MAJIOIO YACTOTOIO IEPEMUKAHD.

3anpononosano innyvcuii inmezpyrouuti modyasmop (nepemeoplosa anai0206020 CuzHaLy) 3 MOOYIIYICIO
Yacmomu i mpueaiocmi iMnyancig, nodibnoi 0o cuzma-0esvma-modyasuii (3 MaAL010 UACTNOMOIO NEPEMUKAHD),
ane 6e3 xeanmyeanms. Mooyasmop xapaxmepuzyemvcs i0Cymuicmio wymy KeaAHmMyeanis, 8AAcmu60z0 cuzma-
0ebma-mo0yAsimopy, ma Maior 4aAcmomo nepemMurany, Ha 8i0MiHY 610 YACMOMHO-IMNYIbCHO20. Modyasmop
PEKOMEHOYEMBCS, 30KpeMd, 015 NEPeMBOPEHHsL CUZHANE HA 6X001 NIOCUNI08AUIe nomyxnocmi kaacy D.

Katouosi crosa: duckpemusauis, 6e3nepepsni 6ioaiku, anai020-iMnYyIbCHUT NEPEMEOPIOEAY, IMRYIbCHUT MOOY-
AAMOp, uacmoma nepemuxay, nidcunoeay xaacy D.

DOI: 10.15222 /TKEA2014.2.10 V. S. GOLUB

UDC 621.376.5 Ukraine, Kyiv, Scientific-Production Company VD MAIS

E-mail: V.Golub@vdmais.kiev.ua
NEW PULSE MODULATOR WITH LOW SWITCHING FREQUENCY

The author presents an integrating pulse modulator (analog signal converter) with the pulse frequency and
duration modulation similar to sigma-delta modulation (with low switching frequency), without quantization.
The modulator is characterized by the absence of the quantization noise inherent in sigma-delta modulator,
and a low switching frequency, unlike the pulse-frequency modulator. The modulator is recommended, in
particular, to convert signals at the input of the class D power amplifier.

Keywords: quantization, continuous readouts, analog-pulse converter, pulse modulator, switching frequency,
class D amplifier.
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Edumenko A. A. IIpoekTupoBaHuEe MeKOJOUYHDIX 3JIEKTPHYECKHX CO€IUHEHHI
3JIEKTPOHHBIX CPEACTB B 0a30BBIX HeCyIHX KoHCTPyKuusx.— Onxecca: Iou-
texnepuoauka, 2013.

B kHure paccMaTpWBAIOTCS BOIPOCHI MPOEKTUPOBAHUS MEKOJOUHBIX JJIEKTPHYECCKUX
COeTMHEHWIT B 3JIEKTPOHHOI amliaparype, CO3/[aBaeMoii ¢ MCIOJIb30BaHNEM OA30BbIX HECYITINX
koucrpykimii (BHK). Tlpusoaurces Kiaaccudukanms U XapaKTePUCTUKA COBPEMEHHBIX
THUIIOB 3JeKTpuieckux coepnnennii 1 BHK, dopMann3oBanbl 3a/1a4n UX TPOEKTUPOBAHUS.
Bosbiioe BHUMaHME y/IeJeHO METOJaM U CPEJACTBAM MPOEKTHPOBAHUS MeSKOJOYHBIX
anexTpuueckux coegunennii 1 BHK, a Takske Bomrpocam cos/iaHust MoJiesielt 1 aJlrOPUTMOB
MpoeKTHpoBanus. OTAEJbHO PACCMOTPEHBI METO/bI MPOEKTHPOBAHUS JIEKTPOMOHTAKA
C MCIIOJIb30BaHMEM HEITadHbIX KOHTAaKTHBIX COe]lI/IHeHI/Iﬁ. PaCCManI/IBaeMbIe METOAbI 1
MOJIEJTH — KOMITBIOTEPHO-OPUEHTUPOBAHHbBIE W TIPE/IIOJIATAI0T MIMPOKOE MCIOJIb30BAHNE
CpE/ICTB BBIYUCJIUTEIbHON TEXHUKU.

Kunra npennasnavyena /it pa3paGOTYMKOB 3JIEKTPOHHBIX cpeicTB. Bmecre ¢ TeM, oHa
MOZKeT OBbITh T0JIe3HA CTYJEHTAaM U aCIUPAHTaM COOTBETCTBYIONIMX CITEIHATbHOCTEI.
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OYHKIIMOHAJIbHAA MUKPO- 1 HAHOJJIEKTPOHUKA

YK 621.316.8 DOI: 10.15222 /TKEA2014.2.15

A. ¢p.-m. u. A. C. TOHKOIIIKYP, k. ¢p.-m. n. A. B. HBAHYEHKO

Ykpauna, JHenponeTpoBCKUil HAIlMOHAJbHBIN yHUBepcuTeT uMeHun Osecs T'onuapa
E-mail: IvanchenkoAV@ukr.net

KNMHETUKA JEOOPMAIIMN BAX OKCU/IHDbBIX
BAPNCTOPHBIX CTPYKTYP, ObYCJ/IOBJIEHHAJ/ 3
IMEPESAPAARKON JIOKAJIM3OBAHHBIX COCTOAHNU

IIposedeno modenruposanue depopmaruu uMnyivcHulx oavm-amneproix xapaxmepucmux ( BAX) omoenn-
HO20 MEeKKPUCMALIUMHOZ0 NOMEHUUANLHO20 OaApbepa NPU NepexooHbIX NPoUeccax NOAAPU3aUUU,/ 0enos-
pusayuu, ces3anHoll ¢ nepe3apsaoKol NOBePXHOCMHBLY IJIeKMPOHHBLX COCMOSHUL, KOMOpble 00YCI081UBA-
tom 3mom 6apvep. Ycmanoeieno, 4mo 6 3asUCUMOCIU OM KOHUEHMPAUUU U CMEneHu 3an0IHeHUs IMUX
NOBEPXHOCMHBIX COCMOAHULL NEKMPOHAMU B030€UCEUE NOCOAHHO20 HANPSKEHUSL MOKEm NPUEECTNU K
cmewenuio umnyavcnolx BAX ¢ obaacmo 6oavuwux unu xe manvlx moxos. Ilokasana 603moxnocmos npu-
MeHeHUs HAUlOeHHbLX 3aAKOHOMePHOCMEU 018 KepamMuuecKux eapucmopuvix cmpyxmyp. Ilpednoxennas mo-
deib NO36OLAEM UHMEPNPEMUPOsams Had.1100demMble NPU UCNLIMAHULX BAPUCTNOPOE HA YCKOPEHHoe cmape-
HUe <aHOMANbHble» A(hdekmopl, maxue KAx 603pacmanue K1AdCCUPUKAUUOHHOZO HANPKEHUS U YMeHbUle-
HUe MOWHOCTU AKMUBHBLX NOMEPD.

Kmoueswvie crosa: 60JIbM-AMNepHal xapaKxmepucmurd, noOBepPXHOCMHble JIEKMPOHHbLE COCMOAHULA, 6APUCTNOPD,

dezpadayust, NOAAPUIAUUSL, OCNONSIPUSAUUSL, YX00 HANPSIKEHUS, PEAAKCAUUSL, MEKKPUCMAIIUMHBLL Oapvep.

[lnutenbHOE BO3/ENCTBUE 3JIEKTPUUYECKON Ha-
TPY3KH Ha OKCHUHO-IIMHKOBbIE BAPUCTOPBI MTPUBO-
T K nedopMaliiy UX BOJbT-aMIIEPHBIX XapakTe-
puctuk (BAX), KOTOPYIO CBS3bIBAIOT C H3MEHe-
HUEM BBICOTBI W IUPUHBI MEXKPHUCTAIIUTHBIX 6a-
PbEPOB, SABJSIONMXCS OCHOBHBIM X CTPYKTYPHBIM
pabouuM 2JIeMEHTOM. Y Ka3aHHBIH MPOIECC MOKET
ObITh BbI3BAH MUTPAIUEil MIOHOB BUCMYTA, KOOAJIbTA
[1] wmn nmuka [2] K rpanuie kpucraammros (3e-
per ZnO) 1pu NPOTEKAHUH TOKA, [eCOPOIMeil Kuc-
Jgopona [3, 4], uameHeHneM 3aroTHEHUS TIyOOKUX
MOBEPXHOCTHBIX 3JIeKTPOHHBIX cocTostiuil (ITYC)
Ha rpaHuIax kpucramanmutoB ZnO [5—7].

Hamn6oJiee n3BecTHBIE MEXAHU3MBI, CBSI3aHHDIE C
MUTpalireil HOHOB U jiecopOIueil Kucaopoa, mpo-
AHAJM3UPOBAHBI B PAMKaX 3JIEKTPOMUTPAITMOHHON
[8, 9] u tepmomecopbimonnoit [10] moneseit ne-
rpajlaliiy. DTU MEXaHW3Mbl IPUBOJAT K YMeHbIIIe-
HUTO KJIaCCI/I%)I/IKaL[I/IOHHOFO HANPSDKEHWUST W YBEJIH-
4yeHnto ToKa (MM AKTUBHON MOIIHOCTH PACCESTHUS)
B AMalia3oHe IpeABApuCTOPHOTO ydacTka BAX B
mpoliecce 3JeKTpuYeckoit ferpaganuu. Tem He Me-
Hee, B HEKOTOPBIX CJAYYasX MU TPOU3BO/ICTBEHHDBIX
UCTIBITAHUSAX BapUCTOPOB HA CTAOMIHHOCTD UMEIOT
MeCTO aHoMaJsbHbie 3(PMEKTbI, KOTOPbIE HE MOTYT
ObITb OOBSICHEHDBI B paMKaX YKa3aHHBIX Mojiesieii. B
YaCTHOCTH, [IJIS1 OTJIETbHBIX BUJOB KEPAMUKH TIPU
UCTIBITAHUSIX HAa «YCKOPEHHOEe CTapeHue» HalJio-
JlaeTcsl yBeJMYeHNe 3JIEKTPUYECKOTO COTPOTUBJIE-
Hus [11] u yMenbiieHre aKTUBHON MOITHOCTYU Pac-
cesuust [12]. Bo3aMOKHOCTD WMHTEPIIPETAIIMN 3TUX
AHOMAJINH B paMKaX TIPeICTaBJEHUN O Tiepe3apsiji-
Ke JIOKAJTM30BAHHBIX 3JIEKTPOHHBIX COCTOSTHUI He
BBISICHEHA, HECMOTPSI Ha TO, YTO TaKue Mepexo/IHble

MTOJIIPU3AIUOHHDBIE SBJEHUS OKA3bIBAIOT BJIMSHUE
Ha (opMuUpOBaHUe 3JEKTPUUYECKUX CBOICTB Bapu-
CTOPHBIX CTPYKTYP, B YaCTHOCTH OOYCJOBJIHBAIOT
nedopmaruio nx BAX. Takke HET /eTaJbHBIX UC-
CJIEZIOBAaHUN W MOJIeJiel, yIUTBIBAIONINX 3TO B MPO-
1leccax JIerpajialiii BapucTOPOB.

Cirieqryer OTMETUTD, UTO UCCJIE0BAHUSIM TIOJISIPU-
3aIMOHHBIX IBJEHUN B OKCHUTHO-TIMHKOBOU KEpPaMu-
Ke nocssiren psaj pabor [13—15]. Oanako ux Ha-
[IPaBJIEHHOCTb OIPAHUYUBAETCS B OCHOBHOM U3yYe-
HueM (PU3NKKU MEXAHU3MOB 3THX ITPOIIECCOB U OIPe-
JleJIeHreM TIapaMeTPOB YUYACTBYIONIUX B HUX JIOKA-
JIN30BAHHBIX 3JIEKTPOHHBIX coCTOsiHMIt. [[aHHbIE 06
usydyennn usmenennii BAX u nx mapamerpos (ko-
aduinenTa HeJUHEHHOCTH, TOKOB YTEYKH U KJIac-
cu(pUKAIMOHHOTO HATIPSIKEHNS ), BAXKHBIE, TIPEK/IE
BCETO, J1Jisi 000CHOBAHUSI KOHKPETHBIX METOI0B KOH-
TPOJIsl, B INTEPATYPE OTCYTCTBYIOT. OIHUM U3 TIep-
CIIEKTUBHBIX CPEJICTB aHAIM3a KOMILIEKCa IPOsiBJIe-
HUI TOJITPU3AIMOHHBIX TIPOIECCOB B PaCCMaTPUBa-
€MBbIX 00bEKTaX MOXKET ObITh UCCJIEIOBAHME TTOBE/Ie-
HUSI UMIYJIbCHBIX BAX, 1pu usMepeHun KOTOPBIX
MOJKHO IIpeHe6pedb U3BMEHEHNEM TeMIIEPATYPhI U 3a-
MTOJIHEH VST 06PA3YIONIUX MEKKPUCTAJIIUTHBIE 6apbe-
PbI [TOBEPXHOCTHBIX JIOKAJU30BAHHBIX COCTOSTHUIA.

Henbio Hacrosiieit paboTbl GbLIO TTPOBE/ECHIE
MojlesiupoBanus nedopmanuu UMyJabcHbIX BAX
OTJIEJIHHOTO MEKKPUCTAIIUTHOTO MOTEHI[UATBHOTO
6apbepa B MePEXO/IHBbIX MPOIleccax 3apsi/I0BON T0-
JISIPU3AIAN /IETIONSAPU3AIUN U IKCIIEPUMEHTAJb-
HBIX WCCJIEJIOBAaHUN CMeNleHWi KaaccuuKaluoH-
HOTO HaIlPSI?KEHUST BBICOKOBOJIBTHBIX BAPUCTOPHBIX
KepaMUYecKUX CTPYKTYpP B TIpoIlecce Aerpajialiuu
WX XapaKTePHUCTUK MPHU MOCTOSHHOM TOKE.
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TEOPETUYECKAA MO/IEJIb
AED®OPMAIINN BAX

Ba3zoBbie ypaBHeHUS
MOJIIPU3AIUY / AeTOMSAPUIAI[UN

OcHOBHas 11eJTb TEOPETUYECKON MOJIeIn — yCTa-
HOBUTD CBSI3b MEXK/Iy UMITYJIbCHBIMH TTOJIEBBIMHU 3a-
BUCHMOCTSIMH 3JIEKTPOIPOBOTHOCTH, T. €. 3aBUCH-
MOCTSIMH, OIPe/IeJIEHHbIMU TIPU (DUKCUPOBAHHBIX
3apgaax #Ha [19C, n mapaMeTpaMu caMuX JIOKAJTH-
30BaHHBIX COCTOSHUIA.

Kepamuka, mpegHasHavueHHas JJs OKCHJIHO-
IIMHKOBBIX BapHCTOPOB, COCTOUT U3 CHJIBHO Jie-
IUPOBAHHBIX MOJIYIIPOBOAHUKOBBIX (n-THIIA TIPO-
BOJMMOCTH) KpHUCTaLImdeckux sepeH ZnO u He-
60JIBIIOrO KOJIMYECTBA MEKKPUCTAJIUTHOM (hasbl.
DJIeKTpUUYECKHEe CBOICTBA BapUCTOPHON KepaMUKU
KOHTPOJIUPYIOTCSI MEXKPUCTAJJTUTHBIMU TTOTEHIIU-
anpabiMu (MIT) Gapbepamu. It Gapbepbl 06pa-
30BaHbl MCTOUIEHHBIMU MPUIOBEPXHOCTHBIMHU 006-
Jactamu npocrpanctsentoro sapsiaa (OI3) asByx
cocennux 3eper ZnO u tonkum caoem (2 uM) au-
asexTpuueckoii MeskkpucraautHoii (MK) daspr
Mexxay Humu [16].

ny6okue foKkaIn30BaHHbIE COCTOSIHUSI HA Tpa-
HUIE <TOJYTPOBOJHUK — JIUAJIEKTPUK> SBJISAIOT-
CsI IPUYMHON U3ruba sHEPreTUYECKUX 30H B IIPHUIIO-
BEPXHOCTHBIX 00JIACTSIX TIOJIYIIPOBOIHUKOBBIX KPU-
CTAJLMUTOB. B MOCTOSIHHOM 2JIEKTPUYECKOM T0JIE 13-
ru6 30H HAa OJIHON CTOPOHE TPAHUIIbI KPUCTAJIIUTA
YMEHbBINAETCS, a Ha JPYroll YBEJUYMBAETCSI. ITO
MPUBOJIUT K MOJSIPU3AIUN 00Pasiia 3a CUeT JIOTO0-
HUTEJBHOTO 3aXBaTa M Hotepu 3apsaga (s/exTpo-
HOB) NOBEPXHOCTHBIMU M OOBEMHBIMH JIOKAJIH30-
BAHHBIMU COCTOSIHUSIMHU, KOTOPbIE 3HEPTEeTUYECKU
pacrnoJioxkeHbl BO3n ypoBHsi Depmu, a mpocTpas-
CTBEHHO — Ha 06eMX CTOPOHAaX TOHKOTO JIU3JIEKTPU-
YECKOTO MeKKpucCTaJauTHoro cJos. Ilepesapsiaka
JIOKAJN30BAHHBIX COCTOSHUN TTPOUCXOIUT TIPEUMY-
IIECTBEHHO 3a CYET 3JIEKTPOHHBIX TEPEX0/I0B MEK-
Jly JIOKAJTM30BAHHBIMYM COCTOSIHUSIMHU U 30HOU TIPO-
BoguMoctu kpucraianautoB ZnO. Ilocae Toro kax
3JIEKTPUYECKOE TI0JIe YMEHBIIAeTCs /10 HYJs, Ha-
yuHaeTcs Jenosgpusaiusi obpasma. [Ipu Bosspa-
MeHnN 06pasiia B MCXOHOE COCTOSHHE TTPOMCXO-
AT 06paTHble U3MEHEHUs B 3aIIOJHEHUH JIOKAJIU-
30BaHHBIX COCTOSHUIA.

[lunsg Toro 4TO6BI TIPU aHaIM3e KWHETUKU Jie-
dopmammun BAX OKCHIHBIX BapUCTOPHBIX CTPYK-
TYp yYuTbIBaTh ToJbKO [1DC, creayer mpuHATH BO
BHUMaHWE CJexyIolee.

Bo-miepBbIX, TpUYMHON TEPEXOAHBIX IOJAPH-
3AI[MOHHBIX /JIETIOJISIPU3AIIMOHHBIX SIBJEHUN B HC-
CJIeIyEMBIX CTPYKTYpax SIBJSE€TCS HAJIUYUE B KPU-
crasmmurax ZnO 1epe3apsKaionmxcss 06 beMHbBIX
U TIOBEPXHOCTHBIX JIOKAJM30BAHHBIX 3JEKTPOH-
HbIx cocrosinuii [16, 17]. Ilpu arom mnepesapsia-
Ka 06beMHbBIX JIOKAJU30BAHHBIX COCTOSIHUN JOMU-
HUPYeT MPU MAaJbIX MOJSIPUIYIONUX HATPSKEHU-
ax (He BBIXOASAIINX 3a MPe/IeJibl PeABAPUCTOPHO-
ro yuactka BAX). IIpu BbICOKO# TeMmieparype u
CHJIBHOM 3JIEKTPUYECKOM ToJie (B TOM Ymc/Ie U UM-

yJIbCHOM) TIEPEXOHOI Mpolece onpenessor 6o-
Jiee «MeJlJIEHHbIe> 3JIEKTPOHHBIE COCTOSHUS — TI0-
BepxHocTHbIe [18, 19].

Bo-Bropbix, usmenenne pesnbeda MII-6apbepa
BBI3bIBAET TOJIBKO 3apsi/lka U Pa3psKa TIyOOKUX
I12C, uto B uTOTE OTPAsKkaeTcs Ha (popMe UMITYTbC-
HbIX BAX 06pasiioB, NOCKOJIbKY BO BpeEMS UX U3Me-
pEHUs pacipe/ie/ieHne 3apsijia Ha JOKAJTM30BAHHBIX
COCTOSTHUSIX TTPAKTUYECKU HE YCIIEBAET U3MEHUTHCS.

[Moctpoenne monenmu nedpopmarnuu BAX ocHo-
BaHO Ha OIpe/IeJIEeHUU KWHETUKU (DYHKIUN 3a110JI-
HeHud [19C anexTpoHaMu B KPHUCTAJIUTE TIPU €TI0
sapaake (momspusanun) u paspsake (gemosapu-
3allMK) ¥ MUCCJEJOBAHUN M3MEHEHHUN MMITYIbCHBIX
BAX (u1u uX mapamMeTpoB) B 3aBUCUMOCTH OT 3Ha-
YeHUH 9TUX PYHKIUH.

Kunemuxa nepezapsoxu 10xaiu3o8annoix
COCTMOSAHUIL

[Ipu aHa/mM3e 3JEKTPUIECKIX TTEPEXOHBIX MTPO-
I[ECCOB B BapHCTOPaX B KAayeCcTBE UX 3JIEMEHTA UC-
MOJTb30BAJIM OJTHOMEPHYIO JIUTIOJBHYIO BapuUCTOP-
HYIO sTYeilKy — IIOJIyIIPOBOJAHUKOBDBIH CJIOH OKCH-
na mrHKa (TonnmHol okoso 10 MKM), 3aKJIOYeH-
HBIH Mexy omucaHubiMU Bbie MII-6apbepamu.

Namenenne Bo Bpemenn (t) zapsaga I119C (aus
[IPOCTOTBI IPUHAT OJIMH TUII COCTOSIHUIT) Ha TpaHu-
1aX KPHUCTAJJINTA PAa3MEPOM 2d C IIEHTPOM KOOP/U-
Har B ero cepeante: AQ(+ a,t) = —e-N(f(za,t) —
— f(£a,0)) npu NPUIOKEHUM U CHATUU DJIEKTPHUYE-
CKOTO HATIPSIKEHUS K BAPUCTOPHOI CTPYKTYpE OTpe-
JIeJISIETCST TTyTEM PEIeHNs] COOTBETCTBYIONUX KUHE-
TUYECKUX YPaBHEHWI 7151 HEPABHOBECHOW (DYHKITIH
sanosinenus [19C anexrponamu f(+a,t) B pamkax
cratuctuku loxkau — Puga— Xoua [20]:

df(ta,t) /dt =
=cs([1 = f(xa,t)] - n(xa,t) — f(£a,t)-N),
rae Cg —

(1)

K03 UIIMEHT 3aXBaTa 3JIEKTPOHOB TIOBEPX-
HOCTHBIM YPOBHEM;

pacripejieieHie KOHIIEHTPaIluu CBOGOIHBIX
3JIEKTPOHOB Ha TPaHUIAX IOJYIPOBOIHU-
KOBBIX KPHUCTAJITTOB;

npuBeieHHAs 3G deKTUBHAS KOHIIEHTPAITHS
9JIEKTPOHOB B 30HE TTPOBOIUMOCTH [IJIsT JTaH-
Horo I19C.

[Ipu sTom
n(ta,t) = ng exp(Y(+a,t));
N = NC eXp(_AEs/(kBT)),

rje

n(ta,t) —

N —

1y — oO6beMHas KOHIIEHTPAIUs CBOOOIHBIX 3JIEK-
TPOHOB B TIOJIYIIPOBOJHUKOBBIX KPHCTAJLIN-
tax, ng = N¢ exp(=AEcr/(kgT));
Y(+a,t) — 6e3pasMepHble U3TMOBI SHEPTETHYECKUX 30H
B OII3 nosyrnpoBoJHUKOBOTO KPUCTAJJIUTA,
Y(£a,t) = e(o(xa,t)—¢y) /(kpT);
N¢ — addexTuBHAS NIOTHOCTD COCTOSIHUIT B 30HE
MIPOBOIMIMOCTH;
AE¢ — sneprus nonusaruu [19C;
kg — mnocrosHHasg bBosbiMana;
T — temneparypa;
AEcp — 9HEPTeTUYECKOE PACCTOSIHUE MEXK/Y YPOBHEM
@DepMu ¥ THOM 30HBI TIPOBOJMMOCTH;

16
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o(+a,t) — 3IeKTPUYECKUI OTEHIUA;
e — 3apsjl 2JeKTPOHa;
@y — TIOTEHIHAI B o6beMe TI0MYIIPOBOHIKA.

[Ipu pemenun ypasHenus (1) ucnoabsyroorcs
cae/lyionie Haua bHble YCJIOBHS:

— IIPH IPUJIOKEHUH SIEKTPUYECKOTO HATIPSAKe-
nusa (mosgpusanum)

f(id,O) = fSF; (2)
— IOPU CHATUU 3JIEKTPUYECKOTO HANPSKECHUS
(nenonsapusanum)

f(id,O) = fpol(ia’tpol)- (3)

3necy fsp — dyuxiua depmu, ompesesao-
mad 3anosHenue I19C B paBHOBECHBIX yCJIOBUSIX,
fsr = [1+exp(AEg/(kgT)=Y ) ™!; Yo — pasmo-
BecHoe snauenue Y (+a,t) (no nepesapsaxu I119C);
froi(£a,tpo) — 3Hauenme QYHKIUM 3aIOJTHEHUS
I[19C anexkTpoHaMu B MOMEHT OKOHUAHUS AeHCTBUS
TOJAPHU3YTOIEro HanpsiKeHns (£,0).

Pacnpedenenue nomenyuana

JIns HAXOXKJIEHUs PacIpe/ieJieHns TTOTEeHIhaIa
Ha IIOBEPXHOCTHU paszieJia MoIyIIPOBOAHUKOB «ZnO
— muasektpuueckas MK-¢asza» npu moaspusa-
wn (Y ,0(+a,t)) u genonapusamun (Y (+a,t)) nc-
0JIb30BAJIMCH YCJIOBHS HEIIPEPHIBHOCTH 3JEKTPHU-
4eCcKON MHIYKI[MN Ha IPAHUIAX <HM30JATOP — II0-
JYTIPOBOJHUK> [18]

sodezl(t) = 8083% +eNf(—a,t); (4)
d x=-a
&, d(péiat) =808d¥+8]\/5'f(dyt)v (5)
x=a d

IJle €y — DJEKTPUYECKasi TIOCTOSHHAS;
€4, € — OTHOCHTEJTbHAS [IUDJIEKTPIYECKAst IPOHUIIAEMOCTD
nosynpoBogauka 1 MK-(asbl, COOTBETCTBEHHO;
V, — nanenue Hanpsxenus V', TpUIOKEHHOTO K -
MOJIbHON sTYelike BApUCTOPHON CTPYKTYPBI, Ha
npocJoiike MK-gasbr, V=V, — o(a) + o(-a);

dy — ToMIMHA AW3JEKTpUYecKoil mpocsoiikn MK-
aswr;

N — xonnentparusa [19C;
deo/dx = kgT /(eL)-F(Y, n;/ng);

L = [eye, kgT /(e?ny)]%° — pimna sKpaHupOBaHUS;

n; — KOHIEHTpAIMs CBOOOHBIX HOCUTEJIEH 3apsia

B COGCTBEHHOM MOJYTTPOBO/THHKE.

[Ipu arom F(Y, n;/ny) — 1uepBblil uHTErpaL
ypasuenusi [Iyaccona B Teopun 06JIaCTH TPOCTPAH-
CTBEHHOTO 3apsijia [T TOJYTIIPOBOAHUKOB C TIOJTHO-
CTBIO MOHU3NPOBAHHBIMU OOBEMHBIMU TIPUMECSIMU:
F(Y, nj/ny ) = sign(=Y){(n;/ny )2 [exp(~=Y)+Y—1]+
+exp(Y)-Y—1}%5 [20].

Cucrema ypasaenuii (1), (4) u (5) onpexenser
kuHeruky nepesapsaku 119C (byukuus f(xa,t))
JUISL TIpOIlecca TOJISIPU3Aliid PAaBHOBECHOW Bapu-
CTOPHON CTPYKTYPBI MPU UCIIOJTH30BAHUH HAYAb-
Horo ycaosus (2) 1 mporecca Aeno/IApU3aum mo-
JIIPU30BAaHHON BapuUCTOPHOM CTPYKTYpbI MPH HC-
H0JIb30BaHUU HayaIbHOTO ycaoBus (3).

K pacuemy umnyavcuovix BAX cmpyxmyp ZnO

IIpu pacuere m aHanmde uUMIyJabcHbIX BAX
OKCHU/THO-TIUHKOBBIX BApPUCTOPHBIX CTPYKTYD WC-
MOJIb30BaHA MOJEJNb OJHOMEPHOTO <«MHUKPOBAPH-
CTOpay, KOTOPBIN MpejcTaBJsgeT co6oil TOCen0-
BareJibHOE coe/iiHeHne OObEMHON YaCTH KPHUCTAJI-
jguta u eguanyHoro MII-6apbepa, 06pa3oBaHHOTO
npocJoiikoii MK-¢asbl ¢ TpUMBIKAIOMUMI K HEH
o6ennennubiMu OI13 cocemaux kpuctaaauToB [16].
IIpu pacuere BAX ucnoJsb3oBaHa pacdyeTHast cxema
[21], B koTOpoii B KauecTBe HanboJIee BEPOSATHBIX
MEXaHM3MOB 3JieKTpolepeHoca yepe3 MII-6apbep
NpUHATHI ciaeaytomue [16, 22]:

— TEpPMO3JIEKTPOHHAS AMUCCHS C TYHHEJIMPOBa-
HUEeM 4epe3 mpocsoiiky MK-dasbr;

— TYHHEJUPOBAHNE MEXKAYy 30HAMW ITPOBOIH-
MOCTH coceTHUX KpuctaanutoB uyepe3 OII3 u mpo-
CJIONKY;

— TIEPeXO/Ibl AJIEKTPOHOB C MMOBEPXHOCTH OJTHO-
TO KPUCTAJIJIUTA Yepe3 PacIoJIOKEHHbIE B TIPUTPa-
HUYHOM 06J1aCcTH MPOCJIOKY «Meaierabies [19C ¢
MOCJIEAYTONUM TyHHEJIUPOBAHUEM;

— TI0JIEBAST IMUCCHS U3 BaJEHTHOU 30HBI OTHO-
IO KPUCTAJLJIUTA B 30HY TTPOBOJUMOCTH JIPYTOTO.

HMedopmanusi umnyapcubix BAX

Pemenne cucrempbr ypasuenuin (1), (4) u (5)
JUIS OTIpEJie/IeHNsT KUHETUKN M3MEHEHUS TOBepX-
HOCTHOTO 3aps/a MPeACTaBISET COO0H CI0XKHYIO
MaTeMaTHYecKyto 3aa4y, KOTOpasi MOXeT ObITh pe-
IIeHA YUCJIEHHBIMU METOJAMU TI0CJIeI0BATETbHBIX
npubmkenuii [18]. B 3aBucumoctu otr KOHKpeT-
HOU CUTYaIuu 3Ta 3aj1a4a MOKeT ObITh yIPOIIeHa.
B paMkax ncmosib3yemMoit Mojies I MOXKHO CJ/Ies1aTh
VIIPOIIEHUS, KOTOPbIE CJEAYIOT U3 CTPYKTYPbI U
3JIEKTPUYECKUX CBONCTB BAPUCTOPHON KEPaMHKU.

[IepBoe ymporenne 6a3upyeTcst Ha TOM, YTO O-
cJie TOTO KaK TPeKpaliaeTcs moJeBoe Bo3/eiicTBIe
Ha BapUCTOPHYIO CcTPyKTypy, Ha I19C omnoit us
cTopoH kpuctasinrta ZnO Bcerja octaercs OTpu-
HaTe/IbHbII 3apsA/l, U 10 IPUYKHE OYeHb Majoi (Ha-
HOMETPOBOIT) TOJIIINHBI AUJIEKTPUYECKOIT TIPOCIOi-
ku MK-dasbl BiusHIE 3TOrO 3apsijia pacnpocrpa-
HSIETCSI HA MPUIIOBEPXHOCTHYIO 00JIaCTh COCETHETO
Kpucraauta. Takum o6pa3oM, MCTOMIAIONIM U3-
6 30H MPUCYTCTBYET BCET/IA.

Bropoe ymporenne ocHoBano Ha anasause [17],
r/le TIOKa3aHo, 4TO MePeXO/HbIe MPOIIECChl OTpe/ie-
JITIOTCST 3aBUCATIIUMH OT BPEeMEHH TTapaMeTpaMu, Ko-
TOpbIE XapaKTEPU3YIOTCS TMOCTOSTHHON BPEMEHU pe-
JIAKCAIIUH.

Bausnue eeauvunsv, nocmosiHnozo
nOAAPU3YTIOWE20 HANPAIKEHUS

UccnenoBanus MPOBOAUINCH € TOMOIIBIO WM-
nyabcHbIX BAX MII-6apbepoB B MOJSIPU30BAH-
HOM COCTOSTHUM I10CJI€ BO3/JEUCTBUS MOCTOSTHHO-
ro HanpsokeHusi Vg, B TeueHue Bpemenu ty. (Bpe-
M 3apPSAIKI).

g nonyuenus BAX cHauvasna 1pu 3aZlaHHOM
V4. W3 ycJOBWI HENPEPBIBHOCTH TIOTEHIMATA U
snexTpuueckoit maaykmun (4), (5) u HepaBHOBEC-
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HbIX (pynkimit 3anoraenus [19C anekrponamu mpo-
BOJIMJICS PacyeT CTAlMOHAPHBIX (DYHKIHUIi 3a10J-
nenus [19C snekrponamu f(+a, t%.). Jna sroro
6bLIa UCTIOJIb30BaHa (hOPMYyJIa, TIOIyIEeHHAs Pellie-
aueM (1) ¢ HavanbHbIM ycaoBueM (2) 1pu BbIle
cOPMYIMPOBAHHBIX MPUGIINKEHUSX :

f(i a7 tdc) = f(ia’ t;r>+
tac
Hhufa,t,)] exp| = [
0
e T(+a) = (5 [+ N1)7;
n+a) = 0,5[n(+a,0)+n(+a,t)];
tz}c — BpeMdA, A0CTaTOYHOE /1JId TIOJHOTO YCTaHOB-

sienus nossgpusaiuu (pegesibHON 3apsaaKu);
t' — mepeMeHHAsI MHTETPHPOBAHNUS IO BPEMEHH.

dr

T

: (6)

Hepasnosecuble usrn6or 30n Y(+a, t;.) Haxo-
i 13 ycaosuil HenpepbisHoct (4), (5) mpu
V4. = 0. 3arem npu snavennsx pyukimii f(+a, ty.),
onpesenasembix u3 (6), HAXOJUIH TJIOTHOCTD TOKA
Jp(V, tq), mporekaiomero npu usmepenun BAX
yepe3 MII-6apbep 1pU NPHUIOKEHUH K HEMY Ha-
npsKeHnust V.

Ha puc. 1 npencrasiens: ummyabcabie BAX ot-
JIEJIBHOTO «MUKPOBApUCTOPa» JI0 U MOCJIe BO3JIeii-
CTBHSI IOCTOSIHHOTO HatpsikeHust V. (cooTBeTcTBy-
omero J4. = 0,1 MA /cM?) B TeueHnue Bpemenu t¥,.
[Ipu pacuerax ObLIM NPUHATHI THIIMYHBIE IS KPU-
cranmtoB ZnO 3HaueHHs KOHIIEHTpaluu CBOOOJI-
HbIX 271eKTpoHoB 11y, = 107 cM™3 1 snepruu nonusa-
nuu [I9C AE¢ = 0,8 3B. Kak BugHO U3 puCyHKa,
BAX cyniectBeHHO U3MEHSIOTCS B IPEIBAPUCTOP-
HOIi 06sacTi. VIHTEHCMBHOCTD M 3HAK 9TUX M3MeEHe-
HUit 3aBUCAT OT KoHIleHTpaluu [I9C u crenenu nx
3all0JIHEHKsT B UCXOAHOM PaBHOBECHOM (HeroJsapu-
30BAaHHOM) COCTOSIHMHM: TIPH MaJIOH KOHIIEHTpPAIUK
(Ng=10'2 cm™2) BAX cMemiaercss BBepX, B 00J1aCTh

5 -
1
s
9
<
m -5 kL
=
U
T~ ’
200 —10 | .
7’
2,7
'
,
715 L 1 L L
_0,2 0 072 0)4

gV, (V,8 B)

Puc. 1. Pacuernbie umimysibcable BAX aeMeHTOB 0/1HO-
MEPHBIX BAPUCTOPHBIX CTPYKTYP B UCXOAHOM COCTOSTHUM
(1, 2) n nocae npenepHoii sapsaku (1', 2' ) nupu pas-
JIMYHBIX 3HAYeHUsAX KoHueHrpauuu [1IC:
1, 1" — 1012 cm72; 2, 2" — 1013 cm2

60JTBIIUX TOKOB, €CJIN K€ KOHIIEHTpanus OJM3Ka K
npegeabnoi (1013 ¢cm™2) [23], To HAOGOPOT.

OtmeTtuM, uto Ha puc. 1 npusenennl BAX, tmo-
JIyYeHHBIE TIPU OJTMHAKOBOI MOJISIPHOCTH TIOCTOSTHHO-
1o (j4.) m mmmybenoro (f,) Toxos. Ilpu mporuso-
MOJIO3KHOM TTOJIIPHOCTH WX TOBE/ICHNE aHAJIOTUYHOE
C HEKOTOPBIMU OTJIMYUSIME aOCOIIOTHBIX BEJTMUYUH.

WNurepnperaryst MoJy4eHHBIX PE3yJIbTATOB MO-
JKeT ObITh JlaHa Ha OCHOBE IpejcTaBjeHuil o ¢op-
mupoBanun MII-6apbepa 3apsiioM, 3aXBayeHHBIM
I[12C [16, 21]. B saBucumMoctu OT KOHIIEHTPAIUU
[I2C u crenenu ux 3anoJHeHus aJeKTpoHaMu op-
mMupyercsi Bbicota u mmpuna MII-6apbepa. Ilpu
Ng = 1012 cm2 [I9C mpakTHYECKH IIOJHOCTBIO 3a-
niosiHenbl astekTpoHamu (f(£a,0) =0), u BoszeiicTBue
HanpsiKeHust V. MOJKET IPUBECTH TOJBKO K YMEHD-
meHnio cremnenn ux 3amnoatennsa B OII3, cmemien-
HOU B o6paTHOM HarpaBsieHuu. B pesysbrate 006-
il 3apsan Ha [19C yMenbInaercs, 4To MPUBOIAT K
cHIKkenuio BeicoTel MII-6apbepa u cMenienuio nM-
nysbcabix BAX Beepx (puc. 1, kpusbie 7 u 1'). Ipu
Ng =10 cm2 Hao6opor: T1IC npakTUYECKH 1Ty CThI
(£5i(0)=0), mosTOMY TIPUITIOKEHIE HATIPSIKEHUS [IPH-
BOJIAT K 3aIl0JTHEHUIO X ajekTpoHamu B OI13, cme-
MIEHHON B TIPSIMOM HarpaBjeHuu. Taxkum o6pasom,
Bbicota MII-6apbepa yBeJnuuBaeTcs, a MMITYJIbC-
ubie BAX cmemarorcs Buus (puc. 1, kpusbie 2 u 2').

Ha puc. 2 u 3 mpeacraBieHbl 3aBUCUMOCTH
TAaKUX XapaKTepUCTUK uMnyJabcHbIX BAX, kax
<«yXO[l» HAIPSKEHUS SV,,*I(V,,*—V,,)/ V,, " uU3Me-
HEHUe TIJIOTHOCTH TOKA f,/ ], TI0C/Ie Mpe/IeJIbHON 3a-
PSJIKM OT BEJUYMHbBI TIPUIOKEHHOTO HATIPSIKEHUS
Ve (Vp*, Jp — 3HAYEHHsI UMITYJIbCHOTO HaIpsKe-
HUS ¥ TIJIOTHOCTU TOKA 4epe3 MUKPOBAPUCTOP TIO-
cJie IpeieIbHON 3apsIKu).

Ha puc. 2 BugHO, 9TO ¢ POCTOM HAIPSKEHUS 110-
agpusanun V. yXOI HanpsKeHus npu puKCHpo-
BaHHON IJIOTHOCTH TOKa uepe3 MII-6apbep MoxeT
ObITh KaK OTPUIIATEJNbHBIM, TAK U ITOJIOKUTETHHbBIM,
B 3aBucuMoctn oT KouneHtparun 119C. [lannbie

oV *
p 1"
11 F
.
5
0
3
2
L . 1
0 1 2 3 Vy4, B

Puc. 2. 3aBHCHMOCTD yX0/1a HATIPSKEHUST OT TIOJIAPU3Y-
I0IIEr0 HANpsiKeHust V g., M3MEPEHHAst cpasy IocJIe mpe-
JIETbHO# 3aPAJIKU [IPH Pa3JMYHBIX 3HAYEHUAX IJIOTHO-
cri ToKa j, (B A/cM?):
1,1 — 1042, 2" —1073; 3, 3' — 1072
(1,2,3 — Ne=102ca2 17,2, 3 — Ng=1013 car2)
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Puc. 3. 3aBucmMocTb M3MEHEHHSI UMITYJIbCHOTO
TOKA OT TOJISIPU3YIOIIET0 HANPsiKeHus: V., U3-
MepeHHast cpasy I110cJIe TIPe/IeJIbHON 3apsI/IKU TIPH

pasIMuHbIX 3HaUeHUAX Hanpsukenus V), (8 B):
1,1 —20;2,2"— 22,3 3 — 24
(1,2,3 — Ne=102em2 1,2, 3 — Ne=1013 ca2)

puc. 3 TOKa3bIBAIOT, YTO TP (PUKCUPOBAHHOM 3HA-
YEHUU UMILYyJIbCHOTO HAIIPSKEHUS IJIOTHOCTD TOKA
TaKXke MOXXET YMEHbINATbCSI WJIM YBEJIUUUBATHCS C
poctoM V., a 3HAUUT, MOJSPHU3AINOHHAS Jedop-
MaIus MOXKET TPUBECTH K COOTBETCTBYIONIUM W3-
MeHEeHUsIM paccenBaeMoii Ha MII-6apbepe ay1eKTpu-
YeCKOU MOIIHOCTH.

Crenyer OTMETHUTH, UTO C POCTOM V. yKa3aH-
Hble rmapameTpbl BAX u3MeHs0TCs JUIIb 10 HEKO-
TOPBIX Ipe/eJbHbIX 3HAYEHUH, KOTOpbIE COOTBET-
cTByIOT TosTHOM 3apsake II9C B mpsamocMmeres-
noit OII3 u mnoJsnoit paspsizike B o6paTHOCMEIIEH-
noit OI13 kpucramanmuros. ITo mepe mpubanKeHus K
BapHCTOPHOMY y4acTKy nMiryabcHoit BAX (yBesm-
uenue j, umm V,) aMIUIMTy[a yXOJa HapsKeHus
WJIN M3MEHeHUH TOKa CTAaHOBUTCA MEHBIIIE.

Ilepexoonvie uzmenenus

[Tpu HAXOXK/IEHUU 3aBUCUMOCTEN BEJTMYUHBI YXO-
Jla HATIPSDKEHUs Cpa3y TOCJe CHATHS IOCTOSTHHOTO
HOJIAPU3YIOIIero Hanpsikerus (T. e. Ipu BpeMeHu
pesakcaruu t = (0) OT BpeMeHU 3apsiIKi UCIOJIb-
30BaJICS1 OTMCAHHDBIN BBIIIE AJITOPUTM PACUeTa MM-
nyJabcHbix BAX.

Kak BupHo u3 puc. 4, a, ¢ pocTtoM Bpeme-
HU t4. aGCOJTIOTHOE 3HaHeHHe yX0/Ia HATPSKEeHU
OV, (t4)=LV (t4)—V,(0)]/V,(0) Bospacraer, na-
CBIASICh TIPH GOBIIIX tae- l'fpn 3TOM, €CJIU TIPH-
HATh Koadduiment 3axpara 3jaeKTpoHos [1DC cg
pasubiM 1072 cm3 /¢, BpeMs £y, B TeUeHHE KOTOPOTO
abCoJIIOTHAST BEJMYNHA YXO/a JOCTUTAET 3HAYCHUH
3V ,(ty)=0 95[V max—V(0)]/V,(0), Gyner co-
CTaBJIHTb 3104 c. 9To 3Haqu1/Ie COOTBETCTBYET Be-
mranHe T(+a), KoTopas moJydaercst o ¢hopmy.ie,
NPUBEJEHHOI B 9KCIUIMKAIMK K BbIpaxkenuio (6).

[ng ananusa penakcanuu UMIyJabCHbIX BAX
MII-6apbepa mocsie CHATHS TIOJSPU3YIOIIETO Ha-
MPSPKEHNST TTPOM3BOAMICS pacyeT MCXOMHBIX 3Ha-

Puc. 4. 3aBUCUMOCTH yXO/1a HAIIPSYKEHUSA OT BPEMEHHU 3apAAKK
tge (@) m or Bpemenn penaxcanuu t (6) moc/e CHATHSA OIS
PUBYIOMIETO HANpPsKeHusT Vg,

JIMYHBIX 3HAYEHUSX IJIOTHOCTH TOKA J,, (B A/CMZ)

(1,2,3 — N=10"2¢cm72; 1, 2', 3" —

=2,56 B, TOJTyYeHHbIE TPU Pas-

1, 1" — 1074, 2,2 — 1073; 3, 3' —

Ng= 10‘3 cM2)

yeHu#l (PyHKIMM 3anoJjHeHus sjexkrpoHamu [19C
f(za, tg.) npn 3aganubix V. u ty. N3 yCa0BUiA He-
IPePbIBHOCTH moTeHImana 1 uaaykimu (4), (5) u
soipaskenus (6). HepaBHosecHble ¢pyukimn f(xa,t)
onpeiesIsINCh myTeM pelenns ypasuenusi (1) ¢
HavyaJbHBIMU yCa0BHAME (3), COOTBETCTBYIOIMMHE
IPOIIECCY JETOJISIPU3AIINT:

f(ta, O=fsp+(f(xa, ty)—fsr)-exp —f% , (D

r/ie T onpeessercs Tak ke, Kak u B ¢popmy.ie (6).

Pacuer HepaBHOBeCHBIX M3rHO0B 30H Y (+a, t) us
yeaosuii HenpepbiHocTH (4), (5) ¥ UMIYJIbCHBIX
BAX npu Vg, = 0 u snauenusx dyukimu [(a,t),
onpeznensgembix 1o (opmyne (7), npousBoanics
AQHAJIOTHYHO OMHCAHHOMY paHee aJTrOPUTMY.

Ha puc. 4, 6 nipejicTaBieHbl KUHETHYECKIE Pe-
JIAKCAIIMOHHDIE 3aBMCUMOCTHU yXOJa HaIpsKe-
musa SV ,(6)=[V,(6)-V,(0)]/V,(0) ummymbeHbIx
BAX. BpeMH peJIaKcauI/H/I t*, B Te4eHrne KOTOPOTO
a6CoMIOTHAS BeJIMYMHA YXOJa HAIPSIKEHWUST PaBHA
3V, (t*)=0,05[V, 1nax—V,(0)]/V,(0), cocraBnser
Gostee 104 ¢

Haémoz:[aeMbIe Ha puC. 4 0COGEHHOCTH KUHETHU-
KM MOKHO WHTEPIPETUPOBATH, IPUHUMAST BO BHU-
MaHIe HaIu4ie JABYX OTJIHYAIOUIMXCS 110 BeJHUN-
He nocrosiHupix Bpemenn t(+a)~[(xa)+ N1,
Ecnau snepretnvecku I1IC pacmosokeHbl HUXKE
yposust @epmu, 10 72(+a) << N7, a ecsu Bbiie,
to n(+a) >> N~. YuacTtByoumii B nepesapsii-
Ke ypoBeHb I19C, pacnosio:keHHbIN Bblllle YPOBHS
Depmu, paspsKaeTcs, a €ro MOCTOSIHHAST  MEHbIIIe,
YeM B CJIy4ae KOT/Ia OH PACIOJIO’KEH HUXKe YPOBHS
Depmu u 3apskaercs. Takum 06pas3oM, TIPOTIECC
paspsiga [19C Gostee Me/IeHHBIH, YeM MTPOIIECC 3a-
psifla. ITO COOTBETCTBYyeET GoJjiee Me/IJIEHHBIM TIPO-
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Puc. 5. 3aBucnMocTi M3MeHEHNUsT TUIOTHOCTH TOKA OT Bpe-
MeHu 3apsaaku ty. (a) u or Bpemenu penakcaru ¢ (6) 1o-
cJle CHSITHS TI0JIsIpU3yioliero Hampspkenust Vg, =2,56 B,
HOJIyYeHHBIE TIPU Pa3JUYHBIX 3HAUCHUSX HANPSIKEHUS
v, (8 B):
1,1 —20;2,2"—22;3 3 — 24
(1,2,3 — Ng=102 a2 1,2, 3 — Ng= 103 car2)

1eccaMm moJisipu3anuu u 6oJiee GbICTPBIM MIPOIIECCAM
JIETIOJISIPU3AIIAN CTPYKTYPBI C MAJIOH KOHIIEHTPAITH-
eit IIDC (korga B paBHOBECHH OHU IIOJIHOCTBIO 3a-
HOJIHEHBI BJIEKTPOHAMMU). [l CTPYKTYPbI ¢ 6OJIb-
moii konuenrpauuein [I19C (Ng= 1013 cm2), e
B paBHoBecuu [19C ciabo 3apsizkeHbl, HaOJII01a€eT-
cst o6patHblil 3 eKT.

AHaJioruynple KMHETUYECKUE 3aBUCUMOCTU UM-
MyJIbCHOTO TOKA TIPE/ICTABIEHBI HA PHC. J.

Crhenyer OTMETUTb, 4TO TapaMeTphl t* u tf,,
olpejiejsieMble MaKCHUMaIbHON BeanunHoi T(+a),
c1a60 U3MEHSIOTCS B UCCJIEJOBAHHBIX AUalla30HaX
3HAYEHUN TOJISPU3YIONIETO TOKA J ;. W HATPSKEHUS
Ve (puc. 4 m 5).

IKCIIEPUMEHTAJIBbHAA YACTb

[Ipu ipoBeieHNY AKCIIEPUMEHTATIBHBIX HCCJIE0-
BaHWII OCHOBHOE BHUMAaHUE YIEJISI0Ch N3MEHEHUSIM
Hanbojiee KOHTPOJIUPYEMOTO B TIPOU3BOICTBEHHBIX
yCJIOBUSX (DYHKIIMOHATBHOTO MapaMeTpa BapucTo-
poB — KJjaccuUKaIlMOHHOTO Hampsukenust [24].
ITO HaIpsKeHUe U3MEpPSIOT MPU KPAaTKOBPEMEH-
HoM (1—2 ¢) mpoIycke sIeKTPUYECKOTO TOKa Be-
guanaoit 1 MA u o6o3navaior V. [lockosbky Ba-
PUCTOPBI UMEIOT Pa3Hble TEOMETPIYECKUE PA3MEPBHI,
MPU UCCJIE/IOBAHUSX BAPUCTOPHON KEPaMUKH IS
ompenenenus: Vo MOJb3YIOTCA TIIIOTHOCTBIO TOKA,
KOTOpas JJIsl PACCMATPUBAEMBIX BBICOKOBOJBTHBIX
BapUCTOPOB cocTager nopsaka 1074 A /em? [9].

OO6pasipl ¥ METOMKA UCCJIeI0BaAHUIA

[l aKCTIepUMEHTANBHOTO U3YYEHUS UMITYJIbC-
Hbix BAX 6bLin 1CII0/1b30BaHbl 00PA3Ilbl KOMMEp-
YeCKON OKCHIHO-IIMHKOBON KepaMWKH /s BapH-
CTOPOB BBICOKOTO HANPAXKEHWUS IBYX COCTABOB:
7Zn0O — BizOg — C0203 — Sb203 — MH02 — CI‘203 (I)
u ZnO— BizOg —CoO — Sb203 - SH02 —MnO —
B,0O3 (I1). O6pasiipl MoJIyYeHbI B TIPOMbIIIIEHHBIX

YCJIOBUAX MyTeM KujaKkodasHoro crekanus (u3-3a
MPUCYTCTBUS OKCU/IA BUCMYTA U JIPYTUX OKCUJIOB C
HU3KOi1 TeMmepaTypoii mJIaBJeHus) U UMEIOT COOT-
serctBenHo cepe6panbie (1) n amomunnesbie (11)
3JIEKTPO/IBI.

MuKpOCTPYKTypa KepaMUKU 060MX COCTABOB —
TUMIMYHAST M OIMCAaHA BO MHOTUX MCCJIEIOBAHUSIX
[16, 25—27]. UccnenoBanus METOIaMU CKAHUPYIO-
TIeil 97IeKTPOHHON MUKPOCKOITMH TTOKA3bIBAIOT, YTO
uccJeyeMble MAaTEPUAJbBI COEPKAT 3ePHA OKCH/IA
IIMHKA pa3MepoM IMPUMEPHO 5 MKM W BKJIOUEHWS
OKCHUIHBIX MEKKPUCTAIUTHBIX (ha3 (B yacTHOCTH,
Bi—Sb—Zn— O-¢asza). Iopucrocts 060ux Mate-
pHAJIOB IOCTATOYHO HHU3KAas, a IJIOTHOCTb OTHOCH-
TesbHO BbIcoKasg (0koso 5,54 1/cm?).

[Ipu skcrepuMeHTAJIbHBIX WCCJIEIOBAHUSX WC-
MOJb30BAJNACh ammaparypa g uaMepenus BAX,
aHasiornyHasi onucanuoit B [28]. Ilepen kasmaoii
noJstpu3aiueil 06pasiia ero aJeKTpobl HAKOPOTKO
3amMbIkaau Ha 30 MuH, 4TOOBI 00ECIEYUTH BOCCTA-
HOBJIeHHe ucxoaHoro 3apsija [19C nocae npeabiry-
niero 3apsijia,/paspsjaa. 3areM oO6pasell MmojBepra-
JIN BO3/IEHCTBUIO TIOCTOSTHHOTO 3JIEKTPIUYECKOTO TOKA
B TeueHUe 3aJaHHOTO BPEMEHM U ITI0CJIe OTKJIoYe-
Hug Toka nsmepsiim BAX. Bpemsa usmepenuss BAX
6BLTIO BO MHOTO pa3 MeHbIIle BpeMeHH 3apsiKu 00-
pasiia u cocTasJisijio He 6ojiee 2 muH. M3mepenus
BAX mnoBropsiiu mocje noc/jenoBaTesIbHOTO yBe-
JndeHus abCOMIOTHON BEJUYUHBI JIerpaJalliOHHO-
TO TIOCTOSSHHOTO TOKa WJIM BPEMEHM €TO TPOITYCKa-
Hus 60 Yepe3 OIpe/ie/IeHHbIE TTPOMEXYTKU Bpe-
MEHHM TI0CJIE €TO BBIKJIIOUEHUS.

Pe3lebTaTbI U UX aHaJIHu3

IKCIMEPUMEHTAJNbHO TIOJyUYeHHbIE 3aBUCUMOCTHU
yXo/Ja KJaccu(UKAIMOHHOTO HaIpspKenus 0V
OT BPEMEHU TPOBE/IEHUS «YCKOPEHHOTO CTAPEHUST»
JUIST KICCJIEZIOBAHHBIX 06Pa3I[OB BApUCTOPHOM Kepa-
MUKH IPEACTaBJaeHbl Ha puc. 6 (Kpusble mosyue-
HBI TIPY OJIMHAKOBOI TOJISPHOCTU TIPU M3MEPEHUH
KJaccu(PUKAIMOHHOTO HATIPSKEHUS U HATIPSKEHUS
IpH [IPOTEKAHUK TOKa J4.). TeMmeparypa mporecca
«crapenusi» cocrassiia 353 K, Temmneparypa usme-
peanst BAX — 300 K. Kak BugHo, A1 KepaMuKu
cocraBa II, crabususupoBannoii mo6askoii B,Os,
C POCTOM BpPEMEHHM TIPOIYCKAHUS JIETPAIAIIuOHHO-
TO MMOCTOSTHHOTO 3JIEKTPUYECKOTO TOKa HaOJI0/1aeT-

> 2
3 | _o—* . . .
2
s ']
2 _ 200 400ty
N 1 _“..\. der 1
w 1
_3 |
-5 L
Puc. 6. 3aBucumoctu 8V OT BpeMeHH IPOBEIECHI

YCKOPEHHOTO cTapeHus /st 06pasioB KepaMuKH cOCTa-

BoB I (1) (ge =01 MA /cM2) u 11 (2) (jye = 0,4 MA /cM2)
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cs yBeImueHne HanpspokeHust Vi, a g KepaMmu-
ku I — ero ymenblenue.

[TpuBenennble Ha puc. 6 AaHHBIE COOTBETCTBYIOT
TEOPETHYECKNM 3aKOHOMEPHOCTSIM, TOJTyYEeHHBIM B
paMKax paspaborannoit Mosesu aedopmarmun BAX
OKCHJTHBIX BAPUCTOPHBIX CTPYKTYP, KOTOPast 00yCJIOB-
JieHa TIepe3aps/IKOi JIOKAJIM30BaHHBIX COCTOSTHIH.

Crnemyer oTMETHTH, YTO B paMKaX ITPHUBEEH-
HBIX TIPEJICTaBJEHUI MOTYT ObITh MHTEPIIPETUPOBA-
HBI U JJaHHBIE, TToJTydeHHbIe B [11], r/ie ToBopuioch
O TIPOTUBOTIOJIOKHBIX TEHJEHIIUSIX B M3MEHEHUSIX
IJIOTHOCTU TOKA TIOCJIE€ TTPUJIOXKEHUS TTOJISIPU3aIlu-
OHHOTO HamNpsiKeHus V,. B TeueHne BpeMeHN t . K
o6pasiiaM KepaMUKH Pa3HbIX COCTAaBOB. JTHU U3Me-
peHst TPOBOAMIIHCD [ist catydast V), = V.. Jlanubie
u3 [11], npencrasienmbie Ha pUC. 7 B IIPUHSITHIX B
Hacrosmeil pa6ore koopaunarax — j,(tg.)/7,(0)
u ty., TAKXKE COTJIACYTOTCA C TIPUBEIEHHBIMH TEOpe-
TUYECKUMU PE3YJIbTaTaMHU.

OrMeTuM, 4YTO 3HKCIEPUMEHTATBHO HabJIo/1ae-
Mble /[MArlia30Hbl U3MEHEeHUll mapaMeTpoB 0V, u
Jp(tae) /j,(0) nnst mcce0BaHHbIX KepaMIYecKuX
CTPYKTYP 3HAUUTEJIHHO MEHDBIIE, YeM TeOPETHIECKH
paccuuTaHHble JJIS OTAEJIHbHOIO0 MHUKPOBAPUCTOPA.
ITO MOXKeT OBITh CBSI3aHO C HEYNOPSA0YEHHOCTHIO
KepaMU4ecKOl CTPYKTYpPbI U peaJin3aiueir B mpo-
Ilecce YCKOPEHHOTO CTapeHNus IeJIoT0 psifa APyrux
MEXaHU3MOB JIETPAJIAllid — MUTPAIINN NOHOB, TEP-
MO/IECOPOITIH MOJIEKYJT TTOBEPXHOCTHOTO KUCJIOPOA
u 1p. B 3aBUCHMOCTH OT XUMHYECKOTO COCTaBa M
TEXHOJIOTUYECKUX OCOOEHHOCTEl U3rOTOBJIEHUS Ke-
PaMUKH JTOMWUHUPYIONIM MEXaHU3MOM MOJKET BbI-
CTYIUTD JIIOOOI U3 HUX.

Crenyer Tak)Ke OTMETUTDb, UYTO IIPOSIBJIEHUE
AHOMaJIbHOTO M3MeHeHHs mnapamerpos (yBesmde-
nne 8V o u ymenpmenne j,(ty)/j,(0)) cpasa-
HO ¢ TakuM mapamerpom I19C, kak koadduinert
3axBara Cg WM 3JIEKTPOHOB U3 30HBI MIPOBOUMO-
ctu kpuctauTa. [lockoabky €5 = 64 Oy, T/l€ Og U
0, — ceuenne 3axsara [19C u cpennasa tenaosag

0,6 B 1

0,5 F

0,4 F

0,1 r

lgl/,(tae) /7,(0)]

0-.\'\0—0—0—0—0—02

-0,1 1 1
0 ) 10

Puc. 7. 3aBucuMoCcTb OTHOCUTEIBHOTO U3MEHEHUST TOKa

H€epe3 BAapuUCTOP OT BPEMEHU €TI0 IPOTEKaHUA 1JIA 06pa3—

110B Kepamuku coctaBoB ZnO — Sb,O3— Biy,O3— Co30,—

M1102 — CI'203 ( 1) n ZHO — BizO3 — C0304 — MH02 —
B203 — Sb203 — ZI‘OZ (2)

tdc’ C

CKOPOCTb CBOOOHBIX 3JIEKTPOHOB, BEJIMYMHA Cg OT-
paxaet nmpupoay 119C. Tunmunble 3HAUEHNUS g U3-
MEHSIOTCS B IIMPOKNX mpefesax — or 1077 cm?
(ueitrpasbubie cocrosaus) no 107" (KyoHoBCKEE
oTTaJKuBawoIue coctoauus) [29]. Yuurbias, uto
T(+a) =(6,0,N") ", HoxyunM AMANA30H BO3MOXK-
HbIX 3Havennit T(+a): or 0,5 xo 104 4. Takum o6pa-
30M, JlasKe B cayvae 6osbinx Konlentpaiuit [19C
u 6oJjiee OBICTPHIX U3MEHEHUH MCCJIEOBAHHBIX I1a-
pamerpos 8V o u j,(t4.)/j,(0), HabmonaemMbIxX B
ommcaHHoM B [19, 36] 3KCIIepUMEHTE, JOMIHUPYIO-
MIUMHU MOTYT BBICTYIIATh J[PYTHe MEXAHU3MbI Jlerpa-
JIaIH, He TIPUBO/IATINE K AaHOMAJbHBIM 3 deKTaM.

BBenenve B kepaMuky g06aBKU OKcuga 6opa,
MO-BUJIUMOMY, TPUBOAUT K o6GpasoBanuio [19C,
CUJIBHO OTTAJKUBAIOIINX 3JIEKTPOHBI, U 00YCJOB-
JINBAET MEHBIINE MX CEeYeHUs 3axXBaTa M OOJIbIlIee
BpeMSI Mepe3apsi/Ki, UTO U M03BOJISIET HAOJII0AATh
AQHOMAJIBHBII POCT KIACCH(PUKATTMOHHOTO HATIPSIKeE-
HUS ¥ 3JIEKTPUYECKOTO COIIPOTUBJIEHNUS B IIPOIIECCE
MIPOBE/IEHNST AETrPAJAINH C TIOMOIIBIO TOCTOSTHHOTO
3JIEKTPUYECKOTO TOKA.

BbIBO/IbI

[IpoBenennbie mccae0BaHUS MO3BOJUIN MPO-
AHAJIN3NPOBATb KMHETUKY Iqu)OpMaHI/II/I NMITYJIbC-
Hpix BAX, Koropas o6ycJioBJeHa Tepe3apsikoi
JIOKQJIN30BAaHHBIX COCTOSTHWW, W OIPEIEJUTh, YTO
BO3/IeHICTBIE TIOJIPU3YIONIETO HATPSIKEHUS MOXKET
npuBecTd K cMerenmio BAX B 06acth 60JBITAX
NI MaJibIX TOKOB B 3aBUCHUMOCTHU OT KOHIEHTpa-
nun u crenenn 3anonHenus [19C. Bpema nepesa-
psnku [19C, cBg3anHOE ¢ X TPUPOITHBIMU OCOGEH-
HOCTAMM, MOKET U3MEHATHCA B IMUPOKUX IIpeae-
JIAX — OT ToJy4aca /10 HEeCKOJbKUX THICSY YacoB.
[To mepe mpubIMKEHUS K BAPUCTOPHOMY YYACTKY
uMnyJabcHol BAX aMnumTya yxo/a HalpsKeHUS
mpu (PUKCHPOBAHHOM TOKE WJIM BEJMYNHA U3MEHe-
HUS TIJIOTHOCTH TOKA TPpU (DUKCUPOBAHHOM HATIPSI-
JKEHUN YMEHbIIAIOTCA. Ananmus TIOJyYEHHDBIX pe-
3yJIbTATOB TIO3BOJISIET MPEATIONOKHITD, YTO S Ba-
PUCTOPHOI KePaMUKH, cofiepsKatleil J06aBKy OKCH-
na 6opa, 119C, dopmupyiomue MeXKPUCTAJIINT-
HbIC ITOTEHIINAJJIbHbIC 6apbepbl, NMECIOT aHOMaJIbHO
MaJIble CEeUCHMST 3aXBaTa 3JIEKTPOHOB, XapaKTepHbIe
[T OTTQJIKUBAIONIUX TIEHTPOB.
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Ykpaina, [[HinponeTpoBcbkuil HallioHaJabHUN yHiBepcuTeT iMeHi OJecst [oHuapa

KIHETMKA JE®OPMAIII BAX OKCUHMNX BAPMCTOPHUX CTPYKTVYP,
OBYMOBJVIEHOI TEPE3APA/PKEHHAM JIOKAJTISOBAHUNX CTAHIB

E-mail: IvanchenkoAV@ukr.net

ITposedeno modenrweanns Odepopmayii imnyavcrux eorvm-amneprux xapaxmepucmux (BAX) oxpemo-
20 MIKKPUCMALIMHO20 NOMEHYIdIbH020 Gap'epy nid 4ac nepexionux npouecieé NoAAPu3auii/0enoispusauii,
no6'a3aHol 3 Nepe3apAdKANHAM NOBEPXHECUX eJeKMPOHHUX CMAHie, sKi 00ymoenioloms e Oap'ep.
Bcmanosaeno, wo 3anexno 6i0 xouuenmpauii i cmyneus 3ANOSHEHHs YUX NOGEPXHEBUX CMAHIE eJeKMPOHd-
MU 6NAUS NOCMIUNOT HANpYzu MOXe npueecmu 00 3miuenns imnyavcuux BAX 6 obaacme éeauxux abo x ma-
aux cmpymie. I1oxazamno mMoxausicms 3acmocyeants 3HAUOCHUX 3AKOHOMIPHOCTETN 04 KepaMivHUux eapucmop-
HUX CMpYKmMyp. 3anpononosana mooesb 00360A€ THIMEPNPEMYSAmMu CROCIEPEKYEANT NPU SUNPOOYSANNIX 6d-
PUCTNOPOB HA NPUCKOPEHE CMAPIHHSI <AHOMAAbHI> eheKxmu, Maxi K 3poCmanus KAACUuDikauitinoi nanpyzu ma
3MEHWEHNA NOMYKHOCNE AKTNUSHUX SMPAM.

Katouosi cnosa: eonvm-amnepna xapaxmepucmuxd, nosepruesi eieKmponni cmauu, eapucmop, dezpaauis,
NOAAPUIAYISL, OeNOAAPU3AYLs, 6I0XT0 HANPY2U, PEAAKCAYIs, MIKKPUCALIMHUL Oap'ep.
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KINETICS DEFORMATION OF CURRENT-VOLTAGE CHARACTERISTICS OF THE VARISTOR
OXIDE STRUCTURES DUE TO OVERCHARGING OF THE LOCALIZED STATES

Prolonged exposure of zinc oxide varistors to the electrical load leads to current-voltage characteristics (CVC)
deformation, which is associated with a change in the height and width of the intergranular barriers, which
are main structural element of the varistors. Polarization phenomena in zinc oxide ceramics are studied in a
number of works, but those are mainly limited to the study of the physics of the CV C deformation process and to
determining the parameters of localized electronic states involved in this process. This paper presents the results
on the simulation of the deformation of pulse CVC of a separate intergranular potential barrier at transient
polarization/depolarization, associated with recharging of surface electronic states (SES), which cause this
barrier. It is found that at high density of SES their degree of electron filling is small and the effect of DC
voltage leads to a shift of pulse current-voltage characteristics into the region of small currents. Conversely, the
low density SES are almost completely filled with electrons, and after crystallite polarization CV C is shifted to
high currents. Experimental studies have confirmed the possibility of applying the discovered laws to ceramic
varistor structures. The proposed model allows interpreting the <«anomalouss effects (such as increase in the
classification voltage and reduction of active losses power) observed during the varistors accelerated aging test.

Keywords: current-voltage characteristic, surface electronic states, wvaristor, degradation, polarization,

depolarization, voltage deflection, relaxation, intergranular barrier.
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AKYCTOOIITUYECKUE CBOMCTBA CTEKOJ Ge,Sigos
1 AKYCTOONTUYECKNI MOJIYJIATOP HA X OCHOBE

Iposedenvl KomnaexcHvie UCCAE008AHUSL AKYCMUMECKUX U aAKYCMOOnMuueckux ceoticme cmekoll Ge,S pg—y.
Onpedenenvr ux ocHOBHbIE NAPAMEMPYL, MAKUE KAK NOKA3AMENb NPEIOMAEHUS, NAOMHOCb, CKOPOCMU Npodoib-
HOU U nOnepeunoll Yivmpaseykosvix 80JIH, Ynpyzoonmuueckue Kodpguiuenmol, Koapghuuuenmol axycmoonmu-
yeckozo Kauecmsa. I1oKA3aHA 603MOKHOCIL UCNOTLI0BAHUS. CMEKA000PAHBIX cY.bghudos zepmanus Gez)S;,
GeysS75 6 Kauecmee mamepuaid c6emo3eyKonposodd axycmoonmuueckozo MoOYAImopa u npusedenvl €20 0CHoG-
Hovle napamempol. B pexume duppaxuuu Bpezea modyrsmop na oaune eonnvt 0,633 nm He— Ne-nasepa xapax-
mepu3yemcst CAeOyIuUMY napamempamu: pabouas wacmoma yavmpassyxa 80 My, Makcumaivhas noioca mMo-
dyaupyrowux uacmom 10 MTy, dugppaxuyuonnas spgdexmuenocmo 40%, dvicmpodeticmeue oko0 80 He.

Kouesvle cioea: xanivkozeHuonvle cmexid, Koaqb(ﬁuuueHm AKYyCmoonmuueckozo kavecmed, dKycmoonmu-

yecKull MOOYLAMOp.

[udpaxius cBeta Ha yIpyTUX BOJHAX IHPO-
KO TIPUMEHSIETCS B Pa3JMYHBbIX aKyCTOOIITHYECKUX
YCTPOWCTBAX, NPeJHA3HAYEHHDIX [JIs1 MOYJISAINN
U IIPOCTPAHCTBEHHOTO YIIPABJIEHUSI JIA3€PHDBIM H3-
ayderueM. [Ipu cozlaHy aKyCTUYECKUX MOJLYJIsI-
TOPOB U AedJIEKTOPOB pemammuM (PakTopoM SB-
JissetTcst BBIGOP MarepuaJia CBeTO3BYKOIIPOBO/IA, 00-
JIAZIATOIIETO Ope/leIeHHbIM HAaGOpOM CBOWCTB, OT
KOTOPDBIX 3aBUCAT KauecTBO M 3(P(PeKTUBHOCTD pa-
60TBI TaKNX yCTPOHCTB. KosmuecTBeHHYIO OLIEHKY
MOTEHIIUATHHBIX BOBMOKHOCTEN aKyCTOOTITHYECKUX
(AO) matepuasoB IPOBOAAT ¢ yU4eTOM TpeGOBaHuUii,
TPEbSBISIEMBbIX K TEXHUYECKUM XaPAKTEPUCTHKAM
MOJTyJIsiTOpa, a uMeHHo [1, 2]:

— Goubiioe 3HaueHne Ko duimenTa akycTo-
ONITUYECKOTO KAYeCTBA MaTephaJia CBETO3BYKOIIPO-
BoJla, ompenesionero AO-MonHOCTb, Tpebye-
MYIO IS TIoJTydeHust Heo6xouMoii ahdeKTUBHO-
cTi audpakim;

— BBICOKas CKOPOCTH YJIbTPa3BYKa B CPEJIE 3BY-
KOIIPOBO/IA;

— MaJloe IIOTJIONIeHIEe aKyCTHUECKUX BOJIH B Ma-
TepuaJie CBETO3BYKONPOBO/IA, MO3BOJISIONIEE COXPa-
HUTDH (popMy ammmapaTHOll PyHKINH ycTpoiicTBa 6e3
3aMETHBIX HCKaKEeHUU;

— BDBICOKOE OIITHYECKOEe KayecTBO MaTepHa-
JIa CBETO3BYKOIIPOBOJIA, TIPEXKe BCETO ONTHYe-
CKasi OJTHOPOJTHOCTH, 00ecleuynBaiomas XeraeMoe
MPOCTPAHCTBEHHO-YACTOTHOE pa3pellleHne MOJIY-
JIATOPA;

— JI0cTaTOYHO GOJIBINON KO3 UITHEHT 37eK-
TPOMEXAHUYECKOW CBS3M MaTepuaia Mbe30Npeo-
6pasoBaTeisi, 06eCIeYnBAIOIINI BO3MOKHOCTD T10-
JIy4eHUS HIMPOKOH MOJIOCHI IPOITYCKAHUS MOJLYJIsi-
Topa 1pu 3HEKTUBHOM JJIEKTPUUECKOM COTJIACO-
BaHUU €r0 BXOJIQ;

— HOCTYIIHOCTb MaTe€puaJjia 1 €1ro cTaOUIbHOCTD
B TEXHOJIOTUYECKOM, KOHCTPYKTUBHOM U IKCILJIYya-
TallMOHHOM OTHOIIEHUAX.

Hapsiny ¢ kpucrannamu [2—4], mepcrieKTuBHbI-
MU MaTE€PUAJIAMU JIJIsI CO3/IAHUS AKYCTOOTITUYECKUX
MO/LyJIITOPOB U Jie(hJIEKTOPOB SIBJISIOTCS XaJbKOTe-
HUJIHBIE CTEKJI006Pa3HbIe TIOJYTIPOBOHUKHY [ 5 — 9],
OTJIMYAIOIINECS JIETIEeBU3HON, MTPOCTOTON M3TOTOB-
JIEHHMST ¥ BO3MOXKHOCTBIO TOJTydeHusT 06pasIoB He-
o6xonumbIx opm u pazmepoB. Kpome toro, crek-
Jia 06J1a/Ial0T U30TPOMHBIMU (PUBNUECKUME XaPaK-
TEPUCTUKAMU, KOTOPbIE MOKHO U3MEHSITh B IUPO-
KUX TIpe/iesiax MyTeM BapbUPOBAHUS UX XUMUYe-
CKOT'O COCTaBa.

Wcrosib30BaHme XaJbKOTEHUIHBIX CTEKOJ B CO-
BPEMEHHBIX aKYCTOONITHYECKUX YCTPOUCTBAX, CIIOCO0-
HBIX paGorarb B BuauMoM auanasone (0,4 —0,7 Mxm),
CIEPKUBAETCS] TEM 0OCTOSTEIHCTBOM, UTO CTEKJIA 110-
JIABJISIONIETO GOJIBIIMHCTBA COCTABOB IPO3PAYHBI B
KpacHoii, 6ymkHell u cpennein K-o6mactax crek-
TPa, T. €. aKYCTOONTHYECKUE TTPUGOPHI HA UX OCHOBE
croco6HbI paboTaTh TOJBKO Ha jinHe BoJiHbl 1,06 u
10,6 mxm. Ha cerogusinuii enb HanboJiee HIMPO-
KO WUCIIOJIb3yEMbIM MAaTEPUAJIOM JIJISI CO3/IAHUS aKy-
CTOOIITUYECKUX YCTPOICTB BUAMMOTO JIUATIA30HA SIB-
agotest kpucrasabl naparejanypura (TeO,), mpo-
3payHble B ClIeKTpaJbHOM auara3one 0,35 —5 MKM
1 06J1aJafo1ue BBICOKIM 3HaueHneM Koadduimen-
ta akycroomnrtuueckoro kauectsa [10]. Omuum u3
IJIABHBIX HEOCTATKOB aKyCTOONTHYECKUX TTPHOO-
POB, CO3/IaHHBIX Ha 6a3e MapaTeJLTypuTa, SBJSET-
CsS UX BBICOKAsI CTOMMOCTb, O06YCJIOBJIEHHAsT 6OJb-
IIIMMU 3aTpaTaMy Ha BbIpallliBaHue 0ObeMHBIX KPH-
crayinoB. Kpome Toro, kpucraaist TeO, obmana-
10T CUJIBHON aHM30TPONHUEH OMTUYECKNX M aKyCTH-
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YECKUX CBOWCTB, YTO YCJOXKHSET MPOIIECC N3TOTOB-
JIEHUST aKyCTOONITUYECKUX Y€K, U TaKKe OTpaka-
ercs Ha cebectoumocT AO-yCTpPOIHCTB.

Oco0blii nHTEPEC TIPEACTaBIIsIET pa3paboTKa aKy-
CTOOIITHYECKUX MaTepUaJioB Ha 6a3e OKCUIHBIX U
XaJIbKOTEHU/ITHBIX CTEKOJI, IIPO3PAYHBIX B BUIUMOI
n yabrpaduoseToBoit 06JacTAX crieKTpa, 06Jaja-
IONIMX BBICOKUM KO3(UIMEHTOM aKyCTOONTHYE-
CKOTO KaUecTBa U 3HAYMTEJTHHO MEHDBINEN, YeM KPH-
CTAJLIBI TTaparesypuTa, cebectronMocTbio. K unc-
JIy TaKWUX TIEPCIEKTHBHBIX MaTepUaJioB, MPO3pad-
HBIX B BUAMMOI 06JIaCTH, OTHOCSITCS CTEKJI000Pa3-
Hble cyabduabl repManus Ge S go—,, CTEXUOMETPU-
yecKkuii coctaB KoTtopbix GeS, sBisercs HanboJiee
mupokosonnbM (E,=3,07 aB) [11].

B nacrosiieit pa6ote npecTaBaeHbl pe3yibTa-
TBI UCCJIEOBAHUS AKYCTUYECKUX U aKyCTOOITHYE-
CKHUX CBOICTB OMHAPHBIX XAJTHKOT€HU/IHBIX CTEKOJI
Ge,Sgp-x U OCHOBHBIX IapaMeTPOB AKYCTOOITH-
YECKOTO MOJYJIATOPA, CO3JaHHOTO Ha WX OCHOBE.

Mertoauka sxkcrnepuMeHTa

BaxxHbpIM ycJsiOBUEM [J TTPAKTUYECKOTO HUC-
IT0JIb30BaHMST XAJbKOTEHU/IHBIX CTEKOJ B KAaUecTBe
cBeTo3ByKoInpoBoJa AO-ycTpoiicTBa gBJSETCS UX
OTTHYECKAST OJHOPOIHOCTD, 3aBUCSIIAS, TPEXKIE
BCETrO, OT TEXHOJIOTMW TIOJYYEHUS W XUMUYECKOI
OJTHOPOJTHOCTH, & TaK¥Ke OT OTCYTCTBHS JIMKBAIIH-
OHHBIX SIBJIEHUH B CTEKJAX.

Uccaemyembie 06pasiibl MpeACTaBISAIN cOOOH
TOMOTeHHbIE, peHTreHoaMopQHbIe, BU3yaabHO MPO-
spaunbie crekaa Ge, Sy, (17<x <36), cunresn-
pOBaHHbBIE U3 3JEMEHTaPHBIX KOMIIOHEHTOB BBICO-
KO CTEMEeHW YNCTOThI B BAKYYMHPOBAHHBIX KBap-
1eBbIX amnyJsiax. Ha mpoiieccor crexoo6pa3oBanust
CYIIIECTBEHHO BJIHSET XMUMUYECKOE Pasymnopsioue-
HUe B paciiaBe. MakcuMasbHast CKOPOCTh OXJIaK-
JleHust, Heo6xouMasi pu CTeKJI006pa3oBaHuu 06-
pasioB, 6oraTbix repmanueM, gocturaer 17 K/ c.
[Ipy He3HaunTEPHOM OTKJIOHEHUU OT CTEXHOME-
TpHrueckoro coctaBa GeS, B CTOPOHY U30BITKA CEPI
(GeSy,01) CKOPOCTD OXJIAXKIEHUS TOHIKAETCS J10
3 K/c [12]. Crioco6HOCTD K CTEKJI006Pa30BaHUIO
B cucteMe «Ge — S» MakcuMaJ/ibHa JJISI COCTABOB,
O0JIM3KUX K 9BTeKTHKE [13].

B mportecce cunteza crexkoa Ge,Sigg-, OUEHD
Ba)KHO IIPEIOTBPATUTh TIOalaHne Kucaopoaa. s
CUHTE3a CTEKOJI MCIOJb30BATIA YUCTYIO JIETA3UPO-
BaHHYIO MMOPONIKOOOPA3HYIO CEPY W KPUCTAJLINYE-
CKuil repMaHuil, a ycJI0BUS CHHTE3a MOA6NPAN Ta-
KUM 06pa3oM, 4ToObl 06pa3yIoluecs: B pe3yJabTaTe
peaknmii caenpr SOy, GeO, GeO, ynansanmch Ba-
KYYMHOW BO3TOHKON (JMCTHILIAIMEH) WM OTKay-
KOl B Bakyyme. IIpucyTcTBHE OKCHIOB B pacIiia-
Bax cucteMbl Ge,Sioo-, IBJISIETCS HEKeIaTeTbHbIM
BBH/Iy TOTO, YTO JIa’kKe BeCbMa MaJjible UX KOJde-
CTBa CIOCOOCTBYIOT KPHUCTAJJIN3AIUN PACILIABOB B
3TOU CUCTEME TIPHU OXJIAK/EHUU, SIBJISIACH IIEHTpa-
MU KpHCTajaausanuu. Kpome Toro, naHHble IIpH-
Mecu OOYCJIaBIMBAIOT TIOSIBJIEHNE B CTEKJE My3bl-
peii 1 cBUJEH, a TakyKe IMPUMECHBIX TI0JIOC TIOTJIO-

MIeHUs], 3HAYNTEJbHO CHIDKAIONIUX ONTHYECKUE Xa-
PAKTEPUCTUKH CTeKoJI. [1J0THOCTD CTEKOT nu3Mepsi-
JIT THIPOCTATUYECKIM B3BENTMBAHMEM B TOJIYOJIE,
a TOKa3aTesb IPEJOMJIEHUS — 3JLIUTICOMETpUYe-
ckuM MeTtojioM [14].

AKycTUYecKue 1 aKyCTOONTHYECKUE U3MEPEHUST
BBITIOJTHEHBI HA OJTHOPOJIHBIX OTOMKIKEHHBIX 06pa3-
1ax pazmepoM 10x6x6 MM, BbIpE3aHHbBIX U3 00bEM-
HBIX CJIUTKOB C MTOCJeyIoNIell TOHKON MIIn(OBKOM
1 ONTHYECKOHN TMOJUPOBKOH TMJIOCKOTIApaJIJIeTbHBIX
TOPLOB U JIBYX GOKOBBIX Ipaneii. VcciemoBanus
aKyCTOOTITHYECKUX CBOWCTB IPOBOAWIN HA [IJIU-
He BoJsiHbI n3uaydeHus He—Ne-nasepa 0,63 MrMm.
CKOpOCTDb pacpoCTpaHeHNs TIPOIOJIBHBIX U MOTIe-
peunbIx yabTpasBykoBbix (¥3) BosH onpeaensiu
aKyCTOONTHYECKUM MeToIoM [ 15] o uamepeHHOMY
YaCTOTHOMY MHTEPBATY Af MEXIY COCETHUME MaK-
cuMyMaMu AU PAKIMOHHBIX KAPTUH TIPH BO36YXK-
neaun Y 3-Boan B o6pasiie. Koadduiment 3ary-
XaHUS yJIbTPA3BYKa OMPEJENSIT METOIOM ONTHYe-
CKOTO 30HIMPOBAHMS.

[l nuamepenust KoadhUIMEeHTa aKyCTOOITUYE-
CKOTo KauecTBa M, — OCHOBHOTO IapaMeTpa aKy-
CTOOTITUYECKOTO MaTepuajia — WCHOJIb30BAIN Me-
to1 JIukcona — KosHa [16], mo3BoJstionuii mpoBo-
JINTh N3MEPEHNS KaK Ha MPOJIOJbHBIX, TaK U HA TI0-
MEePEYHBIX aKyCTHYeCKUX BoJHAX. COTrIacHO ATOMY
METO/Iy, MHTEHCUBHOCTb AUMParupoBaHHOTO CBe-
Ta U3MEPSIOT B ATAJOHHOM U UCCJEyeMOM 06pas-
1ax Mpu MPOXOKJAEHUH Yepe3 HUX aKyCTHYECKOTO
umirysbca B ipsamom (I u 14) u o6patHom (1ocse
OTpaskeHust OT CBOGOAHON rpanu, I3 u I5) Hampas-
JIeHUIX, a K0a(hPUIMEHT aKyCTOONTHYECKOTO Ka-
yecTBa o6pasia M,s, PACCUMTHIBAIOT 110 (hOpMYy.Ie

M206p = M23'r% (1)

IVER

B xadecTBe aTaI0HHOTO 06PA3Ia UCTIOIH30BAIM
MJIABJIEHBIN KBapIl, KO3(UIIMEHT aKyCcTOOITHYE-
CKOTO KauecTBa My, KOTOPOTO U3BECTEH.

AxycroonTuyeckas suelika TpeACTaBJSET CO-
60l CBETO3BYKOMPOBO/| TIPSIMOYTOJbHON (HhOPMBI
U3 XaJbKOTeHUJHOTO cTekaa Ge,Sigg-y, TOpIeBas
rpaHb KOTOPOTO TPUKJIEEHA K 3TAJOHHOMY 06pas-
Iy M3 KBapiia ¢ npeo6paszoBatesieM. [Ipu cozmanmm
AO-ycTpoiicTB BAKHYIO POJIb UTPAET MTbe303JIEKTPH-
yecKuil mpeo6pas3oBaTesib 1 Croco0 ero KperieHust
K aKyCTHUYecKol cpesie. B kavecTBe Tbe303JIEKTPH-
yecKoro rnpeo6pasoBareist 6blLjIa HCIIOJb30BaHA MO-
HOKPUCTAJIINYECKAs TJIACTUHA M3 HUOOaTa JIUTUS
LiNbO3 36° Y-cpesa nist BO3GYsK/I€HUS TTPOJIOJIb-
HBIX 3BYKOBBIX BOJIH 1 163° Y-cpesa s Bo30yK-
JIeHUS TOTepeyHbIX. VICTOYHUKOM 3JIeKTPUYECKON
MOIITHOCTH CJIy>KHUJT renepatop I'4-44. IIpn Husknux
pa6ounx yacrorax (menee 120 MT') a1a kperie-
HUsA Tpeo6pa3oBaTesiss K UCCIeyeMoMy 06pasiry
MCTIOJIB3YIOT 3MOKcuAHyto cMoay [2]. Ee akycru-
YeCKUil UMITEJIAHC YIAJ0Ch TIOBBICUTD TTyTeM /100a-
BOK TIOPOMIKOOGPA3HBIX HAMIOJHUTENEN U3 aTOMU-
HUS 1 Bosbdpama. [l KOMIIeHCAITMH eMKOCTHON
PEAKTUBHOI MPOBOIUMOCTH TIpe06pPa30BaTelis U Co-
TJIACOBAHUS €TO 9KBUBAJEHTHOTO COMTPOTUBJIEHUS C
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BHYTPEHHUM COIIPOTHBJIEHUEM T€HEPATOPA UCIIOJTh-
30BaH PE30HAHCHBI KOHTYP. CXeMbI COTJIACOBAHUS
1be301peo6pa3oBaTeisi ¢ FeHepaToOPOM 3JIEKTpUYe-
CKHUX KoJiebaHuii npuBenens! B [2, 17].

Nccaenoanue crexoa Ge,Sqg-,

KoaddummenT akycToonTHuecKkoro KauyecTsa Ma-
Tepuasa, XapaKTepu3yIoIuil BHyTPeHHIo addex-
TUBHOCTDb AMGPAKITNA HE3ABUCHMO OT T'€OMETPHUU
B3aUMOJIENCTBYS, BbruucJasieTcs mo gopmye [18]

M2=n5pi]»2/(pz)3), (2)

rae n — TIIOKa3aTeJib IIPEJOMJICHUA;
pi]' — YyupyroonrtudeckKasd KOHCTAHTA;
p — IJIOTHOCTD;
0 — CKOpPOCTb 3ByKOBOI>)I BOJIHbI;
i, ] — WHAEKC IIoJIApUu3allun CBE€Ta W MHIEKC /i€~

dopMaluy B MAaTPUYHOM IIpeAcTaBIeHun (B
ciyvae crekna i, j=1, 2, 4).

Kak BupHO m3 aHajam3a 3TOrO COOTHOIIEHWS,
HauboJjiee TEePCIEKTUBHBIMU JIJIS CO3/IaHUS aKy-
CTOOTNITUYECKUX MOMYJITOPOB SIBJISIOTCS MaTepua-
JIBI ¢ GOJIBIITUM TIOKa3aTesieM MPEeOMJIEHUsT U Ma-
JIOF CKOPOCTHIO 3BYyKa, YTO XapaKTepHO MJs CTe-
kos Ge,Sigo—. VI3 TIPUBE/IEHHBIX B TaOJUIlEe JIAH-
HBIX BU/HO, 4TO KO3(UIMEHT aKyCTOONTHYECKO-
ro kauectBa crekosa Ge,Sigo—, OOTBIIMHCTBA COCTA-
BOB IIPUMEPHO HAa /[BA MOPS/IKa GOJIbIIIE, YeM T1JIaB-
JeHoro kBapma. [IpnymHoit ToMy Kak pas u SABJS-
eTcs TOT (pakT, 4TO B CTEKJaxX GOJbIIHI MOKA3a-
TEeJTb TIPEJIOMJICHNST COYETAeTCs C MEHbIEH CKOpO-

Arcycmoonmuuecxue ceoticmea cmexo.Jl GexS,oo_x pasiiuunozo cocmaesa u napamempuol Man/lﬂmOpd

CThI0 Y 3-BOJIH, TI0 CPaBHEHUIO C 3TUMU Ke Tapa-
MeTpaMHM TIJIaBJIEHOTO KBaplia.

ITo wamepenubiM 3HaueHUsIM K03bdUITHEHTA
aKyCTOOIITHYECKOTO KauecTBa My ISt IBYX Pa3ind-
HBIX HarpaBJ/enuii Bekropa nossipusaiyu E cBero-
BOIf BOsTHBI — mapasienbo (My)) 1 epreHmKy-
aspHo (M) HaIIpaBIEHUIO PACITPOCTPAHEHUS Y JIb-
TpasByKa — OMpe/ieIeHbl YIIPYTOOTITHYECKIE KO-
unmenTer pyy 1 pyy, 3HAYCHUST KOTOPBIX MPHUBE/IE-
HbI B TaGJjuIle.

B akycroonTuvyeckux ycTpoiicTBax Tpedyer-
cs He TIPOCTO HaJIMYne ompeneseHHon 3hheKTnB-
Hoctu audpakiuu, a HeoOXOAUMO ee 06eCIeYnTh
B HeKoTopoii noJsioce yactoT Af. C yuyetoMm 3TOTO,
acpdexTBHOCTD AU@PAKIIUU ONPEEaIeTCs IpY-
THM TIAPAMETPOM KauvecTBa, KOTOPBIH 00beInHs-
eT B cebe OCHOBHBIE TPEOGOBAHUS, MPEIbIBJISIEMbIE
K CBOICTBAM MAaTepHAJOB JJ aKyCTOOTMTUYECKUX
ycrpoiictB [19]:

M =n7p2 /(po). (3)

Haxowerr, cyIiecTByeT TpeTbe Olpe/ieieHne Ko-
sdduinenTa aKyCTOONTHIECKOTO KAYecTBa, MPe-
noskerHoe JluxkconoMm [16]:

Ms=n7p2 / (po3). (4)

W3 soipaxkennii (2) — (4) criepyer, 4o 3HaUEHMSI
My, Myu M3 MaKCUMaJIbHbI y MaTepPUAJIOB C BbICO-
KUM [I0Ka3aTesieM [PeJOMJIeHUs, GOJIBIIUM YIIPYTO-
ONTHYECKUM KO3(DPUIMEHTOM, MaJIbIMU 3HAYCHUS-
MU TIJIOTHOCTH U CKOPOCTH YJIbTPa3ByKa.

Cocran lgg;sgeﬁ"ol? GesSes | GesSsr | GesSzo | GeosSys | GerSes
S;éa;f;iﬂocm, - 02—45 | 04—11 | 0,4—11 | 0,4—11 | 0,4—11 | 0,4—11
A, MKM 0,633 0,633 0,633 0,633 0,633 0,633
p, /M3 2,20 2,790 2,750 2,680 2,570 2,390
n 1,457 2,16 2,11 2,14 2,12 2,01
oL M/C 5960 2714 2728 2537 2467 2314
vs. M/ ¢ 3760 1774 1516 1441 1362 1278
My, 108 M2-c /Kr 8,05 193 135 167 146 70
My, 10715 ¢3 /xr 1,56 117 88 114 113 65
My, 1011 m2c /xr 1,35 70 49 64 62 55
Dis 0,121 0,260 0,226 0,246 0,226 0,167
i 0,270 0,257 0,219 0,239 0,220 0,166
Dis -0,075 0,002 0,004 0,004 0,003 0,001
‘(";*; ?Eo/;rru) - 2,41 1,48 2,15 2,32 2,5
T, He — 74 74 79 81 86
Af, Mt — 10,2 10,2 9,5 9,3 8,7
fo, MTng — 83 84 78 76 71
NAf,, 103 MT1/Br — 6,14 4,54 5,49 5,29 2,71
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Baxxupim mapamerpom AO-marepuasa gBJSIET-
Cd CKOPOCTb PAaCIpPOCTPAHEHUS YJIbTPa3BYKOBOM
BOJIHBI, 3HAHWE KOTOPOH ITO3BOJISIET OMPEAEHUTD
ero doToynpyrue u aKyCTOONTHYECKUE CBONCTBA.
JL71st OlleHKYM BO3MOKHOCTH UCTIOJb30BAHUST CTEKOJI
Ge,S{pp-x B KauecTBe MaTepHmaJa CBETO3BYKOIIPO-
Bosia AO-ycTpoiicTBa He06XOIUMMO KPOME CKOPOCTH
yJbTpa3ByKa 3HATh U JIPyTHE TMapaMeTphbl, onpeje-
Jsgiorue K03 UIHUEHTHI aKyCTOONTHYECKOTO Ka-
yecTBa Matepuana My, M,, Ms. B tabuuie npu-
Be/ICHBI 3HAUEHNUS TJIOTHOCTH, TIOKA3aTeJIs PEeJIOM-
JIEHUSI, CKOPOCTENl PaCIIpPOCTPAHEHUs TPOI0JILHOM
(v;) m monepeunoit (casurosoit) (vg) Y 3-Bouam,
YIPYTOONTHYECKUX K03 (PUIINEHTOB, TO3BOJIB-
e paccuutarh 1o dopmyaam (3), (4) sHaveHust
My, M3 u gpyrue akyCTOONTHUYECKUE IapaMeTpbl
ctekoa Ge,Sigo—y-

Hau6osiee 4yBCTBUTENBbHOM K KAYECTBY MaTEPH-
ajla CBETO3BYKOIIPOBO/IA XaPaKTEPUCTUKON SIBJIS-
€TCST YaCTOTHASI 3aBUCUMOCTDL KO3 PuIlmeHTa aKy-
CTHYECKOTO 3aTyXaHWUs O, Pe3yJbTaTbl m3Mepe-
HUN 3aTyXaHUs TPOJOJbHBIX Y 3-BOJH B CTEKJaxX
Ge,S190-x, TPOBEJEHHBIX METOJOM OINTHYECKOTO
30HJMPOBAHUS B 4acTOTHOM auana3oHe ot 30 1o
120 MTI'11 npu KOMHATHOI TeMmeparype, IpuBe/e-
Hbl Ha puc. 1. B 3TOM yacToTHOM ;MMamasoHe Xa-
paKkTepHO HEOOBINOE 3aTyXaHne yJabTpa3ByKa, 3a-
BHUCsIIEe OT cocTaBa cTekaa. [lis cTeka006pasHo-
ro GeS, 1 cTekoJ1, 060TaIeHHbIX cepoii, Koaddu-
IIUEHT aKyCTUYECKOTO 3aTYXaHUS BO3PACTAET C yBe-
JITYEHVEM YACTOThI ¥ OMHUCHIBAETCS 3aBUCHMOCTHIO
Ol =0Lof™, Tie 1<m<2.

ABTopnl [5], ananmsupys nosegenne Koaphu-
[MEHTa aKyCTUYECKOTO 3aTyXaHUs JJisi OWHAPHBIX
U TPOUHBIX XaJbKOTE€HUIHBIX CTEKOJ B 3aBUCUMO-
CTH OT UX CTPYKTYPbI, IPUILIXA K 3aKJIOUEHUIO, UTO
HaWMEeHbINE 3HAYEHUS O, UMEIOT CTEKJa, CTPYK-
Typa GJMKHETO MOPSAIKA KOTOPBIX chopMUpoBaHa
TPUTOHATBHBIMHU W TETPA3IPUUYECKUMU CTPYKTYP-
HbIME equHUIAMU. CTPYKTypa CTeXHOMETPUYECKO-

Ol — T - T -~ T - T - 1
1b/cm

0
20 40 60 80 100 £, MI

Puc. 1. Yacrorubie 3aBucuMocté KodpdUIMEeHTa aKy-
CTUYeCKOro 3aTyXaHus crekon Ge,Sipo-, Pa3JudHOro

cocraBa:
1 — x=33; 2 — x=30; 3 — x=17

ro crekaoo6pasuoro GeS, cpopMupoBaHa UCKJIIO-
yuTesbHO TeTpaspamu [ GeS,], yBsi3aHHbIMY B 1i€-
MOYKY, W JIEHCTBUTENHHO, 3TO CTEKJIO UMEET Hau-
MeHblllee 3Hauenne o, =1,48 nb/cMm. [lag cpas-
HEHUST YKaXKeM, 4TO JJISI CTEKI006Pa3HOro AsySs3
C TPUTOHAJBHOI CTPYKTYpPO#l OJIMIKHETO MOPS/I-
Ka o,=4,7 n1b/cm [5], uyTo B Tpu pasa GoJibiie,
4yeM JIJIsE CTeKJI006pa3HOTro IUCYTbduIa TepMaHUS.
Hapymenne crexuoMeTpuu CTEKOJ IO OTHOIIEHUIO
K crexuoMerpuueckoMmy cocraBy GeS; B cTopony
u30bITKA TEPMAHUS COMPOBOXKIAETCI 00PA30BAHU-
eM Kpome Tterpasapuueckux [GeS,] eie u okras-
npuueckuX [ GeSg] cTPYKTYPHBIX €IUHUIL, UTO MPU-
BOJIUT K POCTY Ol . AHAJIOTMYHOE yBeJUYEHUE KO-
acppurmenTa akycTuyeckoro 3aTyxXanusi HabJI0/1a-
eTCs TaKyKe TIPW HAPYIIEHUU CTEXHOMETPHUH B CTO-
pOHY M3OBITKA Cepbl, YTO TaK)Ke CBSI3aHO C M3Me-
HEHUEM CTPYKTYPbI cTeKoJi. BBesnenue cBepxcre-
XUOMETPUYECKON Cepbl MPUBOAUT K TIOSIBJEHUIO B
CTPYKTYPHOIl CETKEe CTEKOJ BOCHBMHATOMHBIX Cep-
nbix Koserr (Sg).

KpurepueM, ornpeensionum peRuM pabdOTbhI
aKyCTOONTHYECKOTO YCTPOUCTBA, SABJsIeTcsT 6e3pas-
MepHbiil napamerp [20, 21]
Q =2l (5)

A

rae L — piuHa 06JiacTy B3auMOJIENCTBUSI CBETA
C aKyCTUYECKUM Iy4YKOM. B ycioBusX HU3KUX ya-
cror npu Q<<1 mpeobsamaer pexxum Pamana—
Hara, a mpu O>>1 — O6perrosckoii audparinuu
[21]. [dasa crekon Ge,Sigp-, IpU JJIUHE B3aUMO-
nefictust L=6—9 MM u 1ieHTpasbHON paboyeil ya-
crote =80 MT1 3Havenns mapamerpa Q HAXOMIT-
cs B npenenax 2,8 —3,4. Takum ob6pasom, cospan-
Hble Ha 6a3e cTekon Ge,Sigg—, AKyCTOONTHYECKIE
yCTpOiicTBA paboTaIOT B pexxuMe, OJIU3KOM K Gper-
TOBCKO# Mudpaxim.

AkycTroontuyeckuii MOAYJISITOP

AHaJIM3 TIOJIyYeHHBIX Pe3yJIbTaTOB TO3BOJIII 3a-
KJIIOUYHATH, YTO cOCTaBbl cTeKosa GeznS;o 1 GeysSys
SIBJISTIOTCST ONTUMAJIbHBIMU I/ U3TOTOBJIEHUST CBe-
TO3BYKOIIPOBOJIOB.

B npoposkenne nccaenoBaHuil CTEKOJ aBTOpa-
MU ObLT pa3paboTtad u ucnbitan AO-MOmyIaTOp Ha
nmnHy BoHb He —Ne-masepa A=0,633 MxM, Ko-
TOPBII COIEPIKUT CBETO3BYKOIPOBOJI, U3TOTOBJIEH-
Hbili u3 GespS;y B BuIe mapaJjijiesorpaMMa pas-
MepoM 10x6x6 MM ¢ AByMsI GOKOBBIMU TI'DaHSIMU
OIITUYECKOTO KAayecTBa /IJis BBOJA M BbIBO/A OTITH-
yeckoro magyuenusi. K ogHoil TopieBoil Trpanu
CBETO3BYKOIIPOBO/IA TPUKPEILJIEH YJIbTPa3BYKOBOMH
u3Jydaresb B Buze miaactunbl (5x1,2 MM) u3 Kpu-
crajuia HuoGara autus 36° Y-cpesa st BO30y:K-
JIeHUST TPOJIOJIBHBIX aKyCTUYECKUX BOJIH.

OcnoBuble xapaxktepuctukn AO-g4eiiku ompe-
JIEJITIOTCST CBOMCTBAMHU CPE/IbI, B KOTOPOI TPOUCXO-
JIUT B3aUMOJIENICTBIE CBETA U 3BYyKa, a TaKxkKe pas-
MepoM o6JiacTu B3aumozeicTBus. OTHON M3 BakK-
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Puc. 2. 3aBucuMocTb 3(PPeKTUBHOCTH aKyCTOOTI-

THYeCKON AMPAKINN CBETa HA MPOJOJbHON ¥ 3-

BoJsiHe B crekygax Ge,Sip-;y OT MOITHOCTU yIpaB-

asiemoro BU asnexrpuueckoro (1 —3) u akycrude-
ckoro (4—6) curnanos

HEUINX XapaKTepUCTUK MOYJISTOPA SIBJISETCS T10-
goca moayasiiiuu Af [10]. Ins obGecnieuenust mau-
GOJIBINEN TTOJIOCHI MOJLY IS OTITUYECKOTO TTYYKa
AO-MORyIATOPOM W JTOCTHKEHUS BBICOKOW KOH-
TPACTHOCTU HEOOXOIMMO 4YeTKO C(OKyCHUpOBaTh
OINITHYECKUI JIyd B OGJIACTH €ro B3aMMO/ICHCTBUS
C aKyCTUYECKOW BOJIHOH, T. €. IpeJeJIbHO YMEHb-
NMTHh pasMepbl obiactu B3ammopeiicTsusi. [lpn
3TOM HaMOOJIbINAS M0JI0CA MOJLYJISIIUHU TTOTY4aeTCst
B TOM CJlyyae, KOT/a TepeTsiKKa MyYKa HaXO[AuTCsS
B IleHTpe 06.J1acTh B3auMo/ieiicTBusi. OnTrMabHbe
pa3Mepbl CBETOBOTO Jyda BBIOUPAIOT, MCXOMS W3
yeaoBust b=b,,.s, tae s — Ko3pPUIIMEHT 3amaca;
bow= 20/ (nfy) — pamnyc NepeTssKKM, Ipu KOTO-
poli mpormeamuit U AUGParupoOBaHHBIN Jy4d Te-
PEKPBIBAIOTCS HA ypoBHE 1,/ €2 110 MHTEHCUBHOCTU
(e — umcno diinepa) [23]. dna AO-momy.asaropa ¢
AKTUBHBIM 3JIEMEHTOM U3 cTeKJ006pasHoro Gesz)Sy
bor=1,1-10-4 M. Hlupuna H axycromnpeo6pa3o-
BareJist BbiOpaHa ¢ KoadduimenToM 3amaca $;=5:
H=25b4;,=1,1-1073 M.

[Tosroca Mogyupyromux 4actotT Ha ypoBHe 0,5
OT MaKCHMAaJbHOIl WHTEHCHBHOCTH CBSI3HA C Bpe-
mereM T (1=2b,/v) TpoxosKeHnss PPOHTA aKyCTH-
YeCKOW BOJIHBI Yepe3 MaJAIolyi0 CBETOBYIO BOJI-

Hy [23]:
Af,=0,3750v /b= 0,751. (8

[Tpu pazpaborre AO-MOLYAITOPOB BAsKHOE 3HA-
yeHue umeer npousse/ieHne agpdekTuBHOCTH TUd-
pakIuu Ha rojocy moxayJsiiuu [23]:

NiAf,~3,43-10-5-nom, / (ssyA3), 9

rae ny — addexTuBHOCTb, OTHeceHHas K 1 Br
CBUY-momuocTtu. PaccumTanible OCHOBHBIE Tapa-
mMeTpbl AO-MoysTOpoB Ha 6a3e ctekoa Ge,Sqgo—y
MPUBE/IEHBI B TabJIHUIIE.

n, %

35
30
25
20
15

10

I
—

f, MI'n

Puc. 3. AUX moayasaTopa, nudMepeHHas IpH MOCTO-

auHoi Momnuoctu P,, = 40 MBr (1) u npu ycio-

BUM COTJIACOBAHUS aKyCTHYECKUX MMIIEJaHCOB Ma-

TEPUAJIOB CBETO3BYKOIIPOBOJA M IIbe30Ipeodpaso-
Barens (2)

[TomuMo moJIOCHI MOAYJISAIIMU Af, IPYTUM BasK-
HBIM IIapaMeTPOM MOJIYJIATOPa SBJISETCS MOTPe6Is-
eMasi 3JeKTphYecKass MOIHOCTh P,,; 1 yIpaBJsio-
as akyCcTu4yecKast MOITHOCTD P, onpeaesonme
acpdextuBHOCTD MOy IsATINU. DPPEKTUBHOCTD aAKYy-
CTOOTITHYECKOTO B3aMMOIEVICTBUS PeaJu3yeTcs TIpH
BBITIOJTHEHUU yCJIOBUSL (DA30BOTO CHHXPOHM3MA U
ornpezessiercs: napaMeTpom n=I[ /I, — OTHOIIEHH-
€M WHTEHCUBHOCTH AuparnpoBaHHOrO cBeTa [ K
WHTEHCUBHOCTH /) TAJAT0IIETro Ha STYeiiKy MOHOXPO-
MaTUYeCKOT0 U3JIy4eHUs C [IJIMHOI BOJHBI A, COOT-
BeTcTByTomel ycioBuio bperra. 9ddextnBHOCTD
3aBUCHT OT MOIIHOCTH aKyCTUYEeCKOH BOJIHBI, pa3-
MepoB 00JIACTH aKyCTHYECKOTO B3aNMO/IEHCTBHS, a
Takxe oT Ko3puImenTa akyCTOONTHYECKOTO Ka-
yecTtBa My cpejibl, B KOTOPOI 9TO B3aMMO/IeiICTBHE
IIPOUCXO/INT.

3aBucuMocTb 3hHEKTUBHOCTH aKyCTOOMTHYE-
CKOl udpakiuy CBeTa Ha POJI0JbHON Y 3-BOJIHE
B cTexaax Ge,Sigg—, OT MOIIHOCTH BBICOKOYACTOT-
HOTO 3JIEKTPHYECKOTO CHUTHAJA, MOaBAeMOTO Ha
nbe3onpeobpasoBaresb AO-sgueiiku, MpuBeJeHa Ha
puc. 2. 113 3T0ro pucyHka BU/IHO, YTO B 3aBUCUMO-
CTH OT COCTaBa CTEKOJI, JAJS JAOCTIKEHWS OJIHOTO
U TOTO Ke 3HaueHus1 3PPEeKTUBHOCTU AU PAKITIH
TpebyeTcsl pas3JnyHasl 3JIeKTPHUYECcKasi MOIIHOCTbD.
Tax, nug crekaa coctaBa Ges Sgg ipu P, =40 MBT
acpdextuBHOCTE AUdpakiuu cocrasisier 40%, a
JUISL IOCTUSKEHUST 3TOTO JKe 3HAueHWs M AJs CTe-
KOJI ¢ GOJIbIIEN MOJISIpHOU J10Jieil cepbl TpebyeTcs
6oJibiias P, .

Kak BuHO U3 IIpUBe/eHHON Ha pUC. 3 aMILIu-
TyIHO-4acTOTHO# xapaktepuctuku (AUX) mouy-
JIIPYIOIIETO YCTPOUCTBA, TIOCTPOEHHOTO HA OCHOBE
crekaa GespS7g, MPU ITIOCTOSTHHOM YPOBHE BXOJIHOU
MomHocTy 40 Bt MakcumanbHas audpakIvoHHAS
a(ppexTUBHOCTD AOCTUTAETCA HA YACTOTE MOIYJIS-
mn okosto 80 MT' (kpusas 7). Ilpu corsacosa-
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HUM aKyCTUYECKUX HMMIIEJAHCOB MATEPHAJIOB CBeE-
TO3BYKOIIPOBO/Ia U TIbe30Ipeobpas3oBaTeisi obecrie-
YIBAETCsl CHUMMETPHYHOCTD aMILIUTY/[HO-4aCTOTHOMN
xapakrepuctuku (kpusas 2).

3akjouenue

AKYyCTOONTHYECKHE HCCIEJJOBAHUS CTEKOJ
Ge,Sqgg-y TTOKA3aJIHN, YTO OHU SIBJISIIOTCS TI€PCIIEK-
TUBHBIM MaTEPUAJIOM JJIs1 U3TOTOBJIEHUSI CBETO3BY-
KOTIPOBOJIOB aKyCTOONTHYECKUX yCTPOHCTB yIpaB-
JIEHWS JTa3epHBIM U3JIyYeHUeM B BUAMMOI 00Ja-
CTH CIIEKTPA.

Hcxond 3 TeXHOJIOTUYECKUX 0COOEHHOCTEHN 110-
JIy4eHHsI CTEKOJI BbICOKOTO OITUYECKOTO KauecTBa,
HPeJIOKEHO s co3anust AO-MOay IATOPOB UC-
MOJTb30BaTh CTeKJa JBYX coctaBoB — GegzyS;o u
GeysS;s, 06/1aaI0IMIIMX BBICOKUM ONTHYECKUM CO-
BEPIIEHCTBOM W TPOIYCKAHWEM B CIEKTPaJbHOMN
obsact 0,4 — 11 MKM, YMEPEHHBIM aKyCTUYECKIM
noromennem (2—3 ab /cm). Koaddunmenr axy-
CTOOIITHYECKOTO KauecTBa M) CTEKOJI TAaKUX COCTa-
BoB nipuMepHO B 100 pas GoJibllie, yeM y TIaBJe-
HOTO KBapla.

[TapaMeTpbl aKyCTOONTHYECKOTO MOIYJSITOPA
BHU/IMMOTO JMAlla30Ha Ha OCHOBE CTEKOJ yKa3aH-
HOTO cOoCTaBa cJejaylone: paboyass 4acTora yJib-
Tpa3Byka 80 M1, MakcumaJbHas MoJ0OCa MOLY-
supyitonux gactot 10 MI', nudpakimonnas ad-
dexrusnoctp 40%, ObIiCTpOEiicTBHE TTPUMEPHO
80 uc. IIpu 3TOM HEMAJOBAKHBIM SBJISETCS U TO,
4yTO JJIs1 ToJiydeHus 3(PPEeKTUBHON MOLYJISAIUU
TpebyeTcs MaJjiasi MOIHOCTD yIIPABJISIEMOTO 3JIEK-
Tpuyeckoro curHana — 40 mMBr, uto o6seruaer
TETJIOBOI PEXXUM MOJIYJISITOPA W TIO3BOJISIET 060¥-
TUCH (€3 TPUHYIUTETBHOTO OXJIAKIEHUS MO JIsI-
IIMOHHOTO 3JIEMEHTA.
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AKYCTOOIITUYHI BJACTUBOCTI CTEKOJI Ge,S10-
TA AKYCTOOITUYHUN MOJIYJIATOP HA IX OCHOBI

IIposedeno xomnaexcui 0OCAIOKEHHA AKYCMUUHUX MA AKYCMOONMUdHUx eaacmusocmeti cmexos GeyS oy
Busnaueno ix ocnogui napamempu, a came NOKASHUK 3AJOMICHMS, 2YCMUHY, WEUOKICb N03006KHbOI Mda
nonepeunol YaompaszeyKoeuUx X6uUlb, NPYKHOONMUYUHT KOePiyicHmU, KOePiyicHmu axycmoonmuyuHoi siKocmi.
Hoxazano moxausicmv euxopucmanus ckaonodibnux cyrvpioie zepmaniio GezpS;o, GeysS75 ax cepedosuusa
CBIMI038YKONPOBOJY AKYCMOONMMULHOZ0 MOOYIIMOPA i HABEOEHO 11020 OCHO8HT napamempu. Y pexumi ougpaxuyii
Bpezea mooyaamop na dosxuni xeuni 0,633 um He— Ne-1azepa xapaxmepusyemvcs HACMYNHUMU NAPAMEMPA-
mu: poboua wacmoma yavmpaseyxy 80 MI'y, naxcumarvna cmyza modemowyux yacmom 10 MT'y, duppaxuiina
epexmusnicmo 40%, weudxodis 6auszvko 80 wc.

Kniouosi crosa: xarvkozenioni cmexad, Koepiuicum aKycmoonmuunoi sKkocmi, aKycmoonmuututl Mooyasamop.
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UDC 534.2:535.323

D. 1. BLETSKAN, V. V. VAKULCHAK, V. I. FEDELESH

Ukraine, Uzhgorod National University
E-mail: crystal_lab457@yahoo.com

ACOUSTO-OPTIC PROPERTIES OF Ge,S;g)_, GLASSES
AND ACOUSTO-OPTIC MODULATOR ON THEIR BASIS

The investigation of acousto-optic properties of Ge,S g9 glasses, which had shown that they are perspective
lightsoundwire material for manufacturing of acousto-optic devices for controlling the laser radiation in
the visible spectral region was performed. Taking into account the technological conditions for synthesis of
glasses with optical quality the two optimal compositions, GezS;y and GeysS;5 were proposed for fabrication
of optical-acoustic modulator. These compositions possess the high optical perfection and transmission in the
spectral range of 0.4—11 um, the moderate optical absorption of 2—3 dB/cm, their acoustic quality factor
~100 times exceeds those of quartz. The construction and main parameters of the acousto-optic modulator
based on Ge3S;9 and GeysS75 glasses as lightsoundwire material and the converter is a plate of lithium niobate
single crystal were described. In Bragg diversion mode the modulator has the maximum bandwidth of the
modulating frequencies — 10 MHz, the diffraction efficiency — 409, the speed — near 80 nanoseconds.

It is also important to note that the effective modulation is obtained with the low power (40 mW) controlled
electrical signal, which facilitates a thermal mode of the modulator and allows working without the forced
cooling of the modulation element.

Keywords: chalcogenide glass, acousto-optical quality factor, acousto-optic modulator.
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CykaueB 3. A. CoroBbie CeTH PaJAHOCBSA3H C MOABHKHBIMU O0bEKTAMH.—
Opgecca: OHAC um. A. C. Ilonosa, 2013.

[IpuBeieHbI MPUHITUTIBI TIOCTPOEHUS 1 (PYHKITMOHUPOBAHMS
ceTell CBSI3U C MOIBUKHBIMU OOBEKTAMU TIPU UCTIOIH30BA-
HUW COTOBO# CTPYKTYPbI 30HbI TIOKPBLITHS; OCHOBBI OPraHu-
3aI[M1 MHOTOCTAHIIMOHHOIO I0CTYyIIa C PA3JIMYHbIMU BU/A-
MU pas/ieJIeHIsl CUTHAJIOB; TEXHUYECKHIE XapaKTepPUCTUKN
IIIMPOBBIX CTAHAAPTOB CUCTEM ITOBIKHON PaIIOCBSI3H,
MOJIYYMBINUX MIMPOKOE TIPU3HAHNE B MUPOBOI MTPAKTHKE.
Wccnemytorest pasamaHble MOJEIN PACIIPOCTPAHEHHS pa-
JINOBOJIH BOJIM3W MMOBEPXHOCTU 3€MJIM, KOTOPbIE UCIIOJIb-
3YIOTCS [IJI1 PACUETOB YPOBHS CUTHAJIA HA BXO/IE IIPUEM-
HUKOB 6a30BBIX 1 MOOMJILHBIX CTaHIINI. Bosbioe BHUMA-
HUe y/JeJ/IeTCs BOIIpocaM aHaIn3a BHYTPUCUCTEMHBIX 110-
MeX W METOJ[aM MX yMeHbIeHus. [IpuBoaaTcs pacyeTHbIe
GOopMyJIbI 7S OTIpe/ie/IeHIsT OTHOIEHUS CUTHAJ / TIoMe-
Xa B JII060I TOYKE COTHI, a TAK)Ke [IJISI KOHTPOJISI CTere-
HU M3MEHEHUS 9TOr0 OTHOILIEHMS IIPU IlepeMeleHn MO-
OUJIbHOW CTAHIINU B TIPEZeJaX COTBbI. BrepBble B CHCTEMATH3UPOBAHHOM BUJE M3JI0-
>KEHBI OCHOBBI TEOMETPUH COTOBBIX CTPYKTYp. C TO3WINH TEOPHH MacCOBOTO 00CIIY-
JKUBAHMS PACCMOTPEHBI 3JIEMEHTHI TPOEKTUPOBAHUS COTOBBIX CeTell MOABMXKHON pa-
nocBs3u. Teoperndeckuil Matepuaa WIIIOCTPUPYETCS OOJBITAM KOJUYECTBOM YHC-
JIOBBIX mpuMepoB. [Ipu moJAroroBke AaHHOrO 1MOCOGHS OCHOBHOE BHUMaHUe ObLIO Ha-
[IPaBJIEHO HA [IOCTYITHOCTb IIPE/CTABJIEHNS PA3HOOOPA3HOTO U CJIOJKHOTO MaTepuaJia.

YuebHoe mocobue mpeHa3HAYEHO [IJIST CTYI€HTOB CTAPIINX KyPCOB, ACIUPAHTOB U CITe-
IIAAJNCTOB B 00JACTH TIPOEKTHPOBAHS, PA3BOPAUYNBAHNS W TECTHPOBAHMS COTOBBIX
CeTell PAJMOCBSI3N C MOABIKHBIMU OODEKTAMMT.

~

3.A. CykaueB

COTOBbLIE CETH
PAOMOCBSAA3MU
C NOABUXXHbBIMM
OBBEKTAMM
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NCCIEJOBAHUE PABOUNX XAPAKTEPUCTHUK
TEIIJIOBbIX TPYDb AJIAd CBETOAMO/HbIX
OCBETHUTEJIbDHbBIX ITPMBOPOB

I pusedenvl pesyrvmamoL IKCNEPUMEHMATLHOZ0 UCCAEO0BANUSL PAOOUUX XAPAKMEPUCTIUK AMMUAUHBLY A0~
munuesvix meniosvix mpy6 (TT) ¢ kanasuamoi KaAnUALAPHOU CIMPYKMYPOL, NPEeOHAZHAUEHHBIX OJs UC-
NONb30GAHUSL 8 KAUECNEEe MENIONEPEOAIOUUX ITEMEHNOE 8 KOHCMPYKUUU MOUHO020 C8eMOOUOOH020 OCEe-
MUMeabH020 NPUOGOPA ¢ NPUHYOUMETbHOIM G030YWHBIM OXAAXeHueM. B duanasone 3navenuti nodeodumo-
20 menio6ozo nomoxa om 50 do 100 Bm u cxopocmu nabezawouezo 6030ywnozo nomoxa om 0,8 do 2,1 m/c
memnepamypa ¢ 3one nazpesa TT e 3asucumocmu om yzia ux HAKIAOHA K 20PUSOHIMY HAXOOULACH 6 npede-
aax om 31,0 do 52,5°C, npu amom nepenad memnepamypot no TT cocmasasi om 0,9 do 3,1°C. 3nauenus
menio6ozo conpomusienuss TT naxodurucv 6 duanaszone om 0,012 do 0,044°C/Bm.

Kniouesvie crosa: ceemoduod, oceemumenvhoiti npubop, cucmema 0Xidx0enus, menioeds mpybda, menio-

6ble XAPAKMePUCMUKu.

ITpo6yemMa sHeproc6epesKeHNS Ha CEro/HSIII-
HUI JIeHb SIBJISIETCST AKTYaJbHON BO BCEX CTPaHAaX.
I[Io pmanubIM MeXAyHAPOJHOIO 3HEPTETHYECKO-
ro areHtcTBa, okoso 19% Bceil BbIpabaThIBaeMoil B
MUpe SHEPTUU 3aTPAYMBaeTCs Ha ocBelieHue [1], a
B YKpanHe Ha OCBeEIIeHne PacXo/yercs erie 60Jb-
e — okoJsio 30% OT Bcell MPON3BOANMOI B CTpaHe
anekrposnepruu [2]. B cBs3u ¢ atuMm, pazpaboTka
1 BHeJpEHNE HOBBIX 3HEProcOeperaronux TeXHOJI0-
ruii B chepe OCBEIEHUs SIBJISIETCST TIEPCIIEKTUBHBIM
HaTpaBJeHneM pas3BUTHs cBeToTexHuku. C aToi 11e-
JIBIO B TIOCJIEHEE JICCATUIETHE aKTHBHO pa3pabaThl-
BalOTCSA M BHEPSAIOTCS OCBETUTEJIbHBIE TIPUOOPHI C
BBICOKOI(D(EKTUBHBIME TOJTYITPOBOITHUKOBBIMHU HIC-
TouHuKaMu cBeta — cBeroguogamu (C1) u ceeto-
auoaabiMu Moy asivu (CZIM), KoTopble Ipu U3J1y-
YEeHUH OJNHAKOBOTO CBETOBOTO MOTOKA MOTPEOJISIOT
3HAYUTETBHO MEHbIIE 3JIEKTPOIHEPTUN, YEM JIAMITHI
HaKaJUBAHUA.

Tax, coBpeMeHHbIE MOIIHbBIE CBETOANOIHBIE MO-
qymi amepukaHckoi xkommanun Cree cepunm CXA
UMEIOT CBETOBYIO otiavyy no 125 sm/Br [3], B TO
BpeMs Kak Il JIaMIT HaKaJUBaHKUs OHA COCTABJISIET
8—13 i/ Br [4]. B anpene 2014 roga mossBuioch
coOO0IIeHre 0 TOM, 4TO 3Ta KOMIIAHMUA co3jgana Oe-
JIBIE CBETOAMO/BI C PEKOPAHON CBETOOTHAYEH, paB-
uoit 303 s/ Br, uto B 30 pa3 aKOHOMUYHEN JIaMIT
HaKaJUBaHWS M B 6 pa3 — JIIOMHHECIIEHTHBIX JIaMIIT
[5]. Bmecte ¢ TeM, 1o Mepe yBeJMYEHWS] MOITHOCTH
CJI pacreT M KOJMYECTBO TEIJIOTHI, BBIAEISEMOI B
AKTHBHON 06JIACTH TIOJTYTIPOBOIHUKOBOTO KPHCTAJI-
Jia, ¥ B cJydae HeAoCcTatouHo 3(h¢eKTUuBHOTO ee OT-
BOJIa MOJKET ITPOU3OHTH MeperpeB KPHCTajia i, KaKk
CJIe/ICTBUE, YXY/IIIEHNe CBETOBBIX U IBETOBBIX Xa-
PAKTEPUCTUK, CHIDKEHHE CPOKa CJYKObI M HaJeX-
Hoct CJI M OCBETHTEIBHOTO MPHGOpPaA B IEJIOM.

OueBUHO, YTO OXJAKIEHUE CBETOAMOI0OB B OCBeE-
TUTEJIbHOM TIPUOOPE SIBJISIETCSI OHON M3 OCHOBHBIX
3a/1a4, OT PEIIEHUsI KOTOPOil 3aBUCUT OOeciieueHre
HaJIEKHOI paboThl OCBETUTEIBHOTO Tprbopa [6].

[lns obecrieueHnst 33JJAHHOTO TEMIIEPATYPHOTO
pesxuma C/1 B psizie paGoT Mpeiiaraercst HCIoJib30-
BaThb BO3/YITHBIE CUCTEMbI OXJIAXK/IEHUS C TIPUMEHe-
HUEM BBICOKOTEILJIOMPOBOIHBIX MOJIOXKEK [7], pas-
JIMYHOTO BHja paauatopos [8], Benrussropos [9],
a TaKXKe JKUJKOCTHBIE CHUCTEMBI C 3aMKHYTBIM BO-
nsabiM KouTypoM [10]. Hambosnee pacnipocrpanen-
HBIMU SIBJISTIOTCST BO3JIYIIHbIE CHCTEMbI OXJIAXK/le-
HUSI C IPUMEHEHNEM PAJIMATOPOB B YCJIOBHUIX €CTe-
CTBEHHOI MJIM BBIHYK/EHHOW KOHBEKIIMHM BO3/yXa.
Heo6xommMocTh yBeTMYEeHMS TIIOMAIN TTOBEPXHO-
CTU pPaJMaTopa B YCJOBUSIX €CTECTBEHHOW KOHBEK-
IIUU IPUBOJUT K BO3PACTAHUIO €0 F€OMETPHYECKUX
pPa3MepoB, CHIDKeHMIO 3 PeKTUBHOCTH Pebep U yBe-
JIMYEHWIO TETIJIOBOTO COTpOTHBJIeHuA. bosee addex-
TUBHBIMU SIBJISTIOTCST BO3/LYIITHBIE CUCTEMBI OXJIAK/Ie-
HUS C BBIHYK/IEHHOI KOHBEKIINEH BO3/IyXa, B KOTO-
PBIX B KauecTBe OCHOBAHUS PAIMATOPA UCTIOJIb3YeT-
ca mapoBas Kamepa, aPeKTHBHO Tiepealoas Te-
mioty or C/IM k pebpaMm pajmaTopa He3aBUCUMO
ot ux ynanenHocru or C/IM, npu atom peGpa pa-
JIMATOPA JIOMOJTHUATETBHO OOy BAIOTCS BEHTHIISITOPOM
[11]. Onnako coBmenienune B ogaoM y3iae C/IM, na-
POBOIT KaMepbl, paJlaTopa U BEHTUJISITOPA He BCer/ia
MOXKET ObITb ONMPABIAAHHO ¢ KOHCTPYKTHBHOU TOYKH
3PEHUsI, B YACTHOCTH, IIPH IIOCTPOEHUU OCBETHUTE/Ib-
HBIX TPUOOPOB ¢ GOJIBIINM KOJTUIECTBOM PACCPE/O-
TOYeHHBIX B TipocTpancTBe C/IM.

B [12, 13] BuepBble NpeiioKeHO UCII0JIb30BATh
teriosble TpyGbl (TT) B KauecTBe 31eMEHTOB KapKa-
€a OCBETHUTEJILHOTO MPUOOPaA ¢ GOJIBIIUM KOJIUYECTBOM
paccpenoTodeHHbIX B poctpancTtse C/IM, drto mo-
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3BOJISIET 3HAYNTETHHO YBEJINYNTD OTBOAMMYIO OT HETO
TeIJIOBYI0 MOITHOCTD. B [14] onmcana tenyioorBo/is-
maga cucrema st C/IM momaoctpio 35— 100 Br,
KOTOPDBIE YCTAaHABIMBAIOTCS B 30HE HATPeBa IJIOCKOH
amomunnesoil TT tepmocudonHOrO THIA JIMHON
400 MM Ha ee TIPO/IOJIBHOM pebpe mupuHOH 30 MM
[15]. 3ona oxnaxpenuss TT cuabGxxena pebpu-
CTBIM PaJUaTOPOM C TIOBEPXHOCTBHIO OXJIAKIAEHUS
1200 —2400 cm2. Kak u B [12, 13], aTa KOHCTPYK-
114 1I03BOJISIET BBIHECTH 30HY OTBOZA TerioTel TT
3a TIpeJieJbl 30HBbI HaTpeBa C YCTAaHOBJICHHBIMHU 3/1€Ch
C/IM, uto y06HO ¢ KOHCTPYKTUBHON TOYKY 3PEHUS
[IPU CO3/IAaHIK OCBETHUTEIbHBIX IIPUOOPOB € paccpe-
JoToueHHbIME B TTpocTpancTBe C/IM. Bmecrte ¢ TeM,
B [14] He npuBeeHbl OCHOBHBIE paboune XapakTe-
puctuku TT 1 cucTeMbl TENMJI00TBO/IA HA €€ OCHOBE,
TaKkWe Kak, HalpuMep, 3aBUCHMOCTL TEMIIEPATYyPbI
B 30He HarpeBa TT oT 1OABOIMMOrO TEIJIOBOTO T10-
TOKa, 3HAYEHUd TepMUUYecKoro conpotusienud TT,
BiugHue opuentanuu 1T B mosie cUIbl TpaBUTAIINN
Ha ee paboyre XapaKTePUCTUKU, HapaMeTpbl MOTO-
Ka OXJIAXKATONIero Bo3/yXa M T. M. JTO He T03BO-
JITeT WCIOJIb30BATh OMYOJIMKOBAHHbBIE PE3YJIbTAThI
JIJIST TIPAKTAYECKOTO TIPUMEHEHNS TIPH CO3/ITaHIH JIPY-
TUX aHAJOTWYHBIX KOHCTPYKIIMI MOIIHBIX CBETO/IU-
OJ/IHBIX OCBETHUTEJbHBIX MPUOOPOB Ha OCHOBE AJIio-
MuHIEeBBIX TT.

3asiaueil JaHHOM PaGOThI SBJISETCS UCCIEI0BAHNE
pabourx XapaKTepUCTUK KOHCTPYKIIMU aJIOMUHIE-
Bbix TT, momo6ubIx [14], KoTOpbIe TIpeHA3HAYEHDI
JLJI WICTIOJThb30BAHUS B KAUECTBE TETLIOTEPEIAIONTIX
3JIEMEHTOB MOIITHOTO CBETO/MO/THOTO OCBETUTENHHO-
ro mpubopa ¢ 1eJbI0 o0ecrieueHns 3a[aHHOTO TEM-
neparypaoro pesknma C/IM.

KoHcTpyK1Ms MOIHOTO CBETOAMOHOTO
ocserutebHOro nmpubopa ¢ TT

Oc06eHHOCTBIO KOHCTPYKIUH OCBETUTETbHBIX
npu6opoB, B KOTOPBIX B KadecTBe TEILIONepe/Ialo-
MUX 3JIEMEHTOB IIpeIyCMaTpUBAeTCs HCIOJIb30Ba-
HUe TIOMUHUEBDBIX TETIOBBIX TPYO € KAUJIISPHON
CTPYKTYPOIl B BI/Ie KAHABOK, SIBJISIETCS PACIIOJIOKe-
e TT B mpocrpaHcTBe TakuM 06pa3oM, 4TOObBI ee

a)

8

Puc. 1. KOHCTPyKTI/IBHaH CX€Ma CBETOANOJHOTO OCBETUTEJIbHOTO TIPH-

1, 10 — Bepxuuil u HUKHUI pazuaropbl; 2, 12 — urojbyarbie pebpa;
3, 11 — BEHTUJISAIMOHHBIE OTBEPCTHS; 4 — TerioBast Tpyba; 5 — Iuia-
¢oH; 6 — papaiiBep; 7 — cToiiKa; 8§ — cBeTOAMOM; 9 — OTpaskaresib;

30Ha KOH/ICHCAIINY HAXO/MJIACH BBIIIE 30HBI HCIIa-
PEHUST UM Ha OJJHOM YPOBHe ¢ Heil. B aToM ciydae
CHLJTBI TPABUTAITNH He OYYT MPETITCTBOBATH BO3Bpa-
TY CKOH/IEHCPOBABIIETOCS TETLIOHOCHUTEJS TI0 Ka-
HaBKaM KalWJJISPHOW CTPYKTYPBI M3 30HBI KOHIEH-
caru B 30y ucnapenus TT u vHe 6yayT HapymaTh
patory TT. B kauectBe mnpumepa Takoil KOHCTPYK-
1IN Ha pHC. 1 TTOKa3aHa cXeMa CBETO/IMO/THOTO OCBe-
TUTETBHOTO MPUOOPA C MOIIHBIMH OCBETUTETHHBIMU
MO/IYJIIMWA, CMOHTUPOBAHHBIMU Ha TISITH aTIOMITHIE-
BBIX TEIJIOBBIX TPyOax ¢ Q-06pa3HbIMU KaHABKAMU.
3ona oxmaxgaenus TT pacmosokeHa MexIy
BEPXHMM U HIDKHUM PaJRAaTOPaMU C UTOJbYATHIMU
pebpamu ¢ obecriedeHreM TEIIOBOTO KOHTakTa. B
OCHOBAHWW PAJNATOPOB MEX/y HWTOJbYATLIMU pe-
O6paMH BBITIOJHEHBI CKBO3HBIE BEHTUJISAIIMOHHBIE OT-
Bepctud. [1s co3manus BbIHYK/IEHHON KOHBEKITHH
OXJIJK/IATONIETO BO3yXa B KOHCTPYKIIMU OCBETHU-
TeJILHOTO TTPUOOPA TIPEYCMOTPEH BEHTUJISTOP.

MakeT TenIooTBOAAIEH CHCTEMBbI

J171s1 AKCTIepUMEHTAILHOTO MCCTIeOBaHMs pado-
YUX XapPaKTEPUCTUK aJIIOMUHUEBBIX TEIIJIOBBIX pr6
B COCTaBe TETLIOOTBO/ISAIIEN CHCTEMBI OCBETUTETHHO-
r0 Ipu6opa OBLT U3TOTOBJIEH TETJIOBON MAaKeT, BKJIIO-
vatommii ase TT (puc. 2).

B cocraB Makera TeIIoO0TBOIAIIEN CUCTEMBI BXO-
[T CJeAYIONTe KOMIIOHEeHTDI:

— JIBE aMMUAYHbIE AJTIOMUHIEBBIE TEIJIOBBIE TPY-
61 (TT1 u TT2) pnunon 1018 MM Kaxkaas ¢ OMH-
Ha/aTbio Q-00pa3HbIMU KAHABKAMU HA BHYTpPEH-
Hell moBepxHOCcTH Kopityca TT, m3rotoBJjieHHbIE U3
amomunnesoro npoduas AC-KPA 3,5-P2 (ummpu-
Ha 1oyiok 30 MM, BHENTHUU JMAMETP M PaCCTOSHUE
M€Ky ONMOPHBIMU MOBEPXHOCTAMU HOJIOK 7,5 MM);

— UMHTATOPBI TETJIOBOTO MOTOKA, BBIMTOJTHEHHBIE
Ha OCHOBE OMHYECKUX 3JIEKTPOHATPeBaTeJiel, pacio-
JIO’KEHHBIX B 30HE Harpesa TerioBbix Tpy6 (1o 3 .
Ha Kayk/10i1), ¢ MAaKCUMAJIbHOI 2JIEKTPUYECKOIT MOII[-
noctbio 100 Bt na oxnoit TT;

— naBa paauatopa pasmepamu 122x38x330 mMm
Ha ocHOBe amoMmuuueBoro npoduas BITO-1909,

9

6opa ¢ TEeIJIOBBIMU TPyGaMu:

13 — BEHTUJIATOD
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6

Puc. 2. O6mmii Bux MakeTa TEIJIOOTBOAAIIEH CUCTEMbI:
1 — renioBble TPYGbI ¢ HATpeBaTessIMU; 2 — PaJuaToOPBbI;
3 — HarHeramuMii BEHTUJIATOP; 4 — BXO/JHOI NaTpyOOK;
5 — BBIXOJHOW 11aTPY6OK; 6 — 6a3aJbTOBAS TEIJIOM3O0JISAIS

YCTaHOBJIEHHBIE PS/IOM JPYT C JPYTOM HA TOBEPX-
HOCTSX 30H oxjaxkzaeHus TT, ¢ cymMMapHoOi ILIoma-
IO TETLIOOTAIONIEN MOBEPXHOCTH KAHAJIOB BHY-
Tpu pazmatopoB 5828 cm? (Bcero 26 peGep pasme-
pamu 32x330 MM, TOMIMHONK 3 MM y OCHOBaHUS,
2 MM y BEpILUHbI, C PACCTOSIHUEM MKy ocsiMu 10 Mm);

— nBa Bentusasitopa «Benre 125 BKO mpeccy,
obecrieynBaomue 1oja4y HaGeraiomero MmoToKa
OXJIAK/IAIONIETO BO3/IyXa.

K Bepmmnam oxyaxkgaomux pebep paarnaTtopoB
MJIOTHO TIPUJIETAET W3OJISIUOHHAS TIJIACTUHA, TIPH
3TOM BHYTPHU PaJMaTOPOB 06pasdyercsi 24 CKBO3HBIX
BO3AYIIHBIX KaHajda TPamerenaabHOTO CeYeHUS
mromabio 2401076 M2 kaskapiii. a1 Toro 4yToGbI
o6ecTieynTh PAaBHOMEPHOE TI0JIe 3HAYEHWH CKOPO-
CTHU OXJIAKIATOTIETO BO3/IyXa B 3TUX KaHATAX W MU-
HUMAJbHbBIC TH/IPABJNYECKHE TIOTEPH B BO3IYIITHOM
TpaKTe, ObLIM YCTAHOBJEHBI /[BA NATPYOKa HAa BXO-
Jle B KaHAJbl ¥ OJIMH HA BBIXOJIE.

C 11eJ1b10 CHIKEHUST KOHTAKTHOTO TEILJIOBOTO CO-
MTPOTHUBJIEHIS MEXK/IY KOHTAKTHPYIONIMHI TTOBEPXHO-
CTSMM 3JIeKTpOHarpeBaTeseil n 30ubl HarpeBa TT, a
Tak:Ke Mexkay 30H0H oxnaxkaenud TT u paauaropa-
MU Obljla HaHeceHa TerionpoBonas nacta KIIT-8.
[lmma 3ombt HarpeBa TT cocraBasma 676 MM, 30HBI
oXJTXK/IeHns — 244 MM. {1 yMeHbIIeHus MoTeph
B OKPY3KaIOIIYI0 CPEy C HATPETBIX MOBEPXHOCTE
HarpesareJsielf, 30HbI HarpeBa u TpancrnopTa TT mo-
KPBIBAJINCH CJI0EM TETJION30IMPYIONIETO MaTepraia
HAa OCHOBe 6a3aJIbTOBOTO BOJIOKHA.

FabaputHble pa3Mepbl TEMJIOBOTO MaKeTa —
1018%x330%38 mm.

JKcnepuMeHTaIbHASI YCTAHOBKA U METO/IUKA
HccJIe10BaHui

B sKcrepuMeHTaIbHyI0 YCTaHOBKY J1JIs1 MCCJIEMI0-
BaHUS TEILIOBBIX XapakTepucTuk TT u Ternoorsoss-
el cucreMbl Ha ux ocHoBe (puc. 3) Bxozar: paGo-

unii yyactok (OnMCcaHHbBI BbIIIE MAKeT TEII00TBO-
JAIIell CUCTEeMBI); CHCTeMa TI0JBOJA, U3MEPEHUs 1
PEryJIMPOBAHUS AJIEKTPUIECKON MOITHOCTH; aBTOMA-
TU3UPOBAHHAS CUCTEMA M3MEPEHUST TEMIIEPATYPBI U
06paBOTKH Pe3yJIbTaTOB U3MEPEHHI HA OCHOBE Mep-
conaspHoro kKommbiotepa (ITK).

DJIeKTpUYecKast MOIITHOCTD HarpeBaTeJiell Ha Kask-
poit TT peryaupoBanach ¢ IMOMOUIbIO OTAEJBHOTO
nmaboparoproro asrorparcdopmartopa (JIATP) u
KOHTPOJIMPOBAJTIACH C MOMOIIBIO WHAUBU/YATBHO-
ro BartMeTpa W tuma /1502 xmacca tounoctu 0,1.
B xoie mpoBeieHUsT 9KCIIEPUMEHTOB TIO{BOIUMAST K
kasxaoit TT MormHOoCTh (32 BBIUETOM yTeueK TeIIo-
THI YePEe3 TEIION30JIAINI0 ) N3MEHSIACH B IIPeIeIax

ot 50 1o 100 Br.

Bentunarop
o o3 OnexTpoHarpesarens
Temnnosaa Tpyba
=
% natp
~2208B
IIpenoxpanurenn
MBARS

Puc. 3. Cxema sKcHepIMEHTAJIBHON YCTaHOBKU

OTBOJI TETJIOTHI C TIOBEPXHOCTH PAIUATOPOB OCY-
TIECTBJISAJICS BO3/yXOM, KOTOPBI MO/[aBAJICS HAarHe-
TAIOINMI BEHTUJISTOPAMU B X CKBO3HbBIE KAaHAJDI.
CKOpOCTb HAGETAIONIETO TIOTOKA OXJIAXK/IAIOIIETO BO3-
JyXa peryauposanack ¢ nmomouipio JIATP u xontpo-
JIMpoBajach aneMoMerpoM Tuma MetermanTMA 10.

TemmeparypHOe T0JIe TETIOBOTO MaKeTa 1 OKPY-
JKAIOIEeT0 BO3/lyXa M3MePSIOCh JIEBATHIO Me/b-
KOHCTAHTAHOBBIMU TePMOIMAapaMu € JUAMETPOM
anexTposoB 0,16 mM. CxeMa yCTaHOBKH TepMomap
npuBesieHa Ha puc. 4 (tepmomnapa 7, mpeaHasHa-
YeHHad JIJI M3MEPEHUs TeMIIePATyPhbl OKPYy Karolie-
ro BO3/yXa, He MoKazaHa). TepMorapbl MO/KII0Ya-
JINChb K aBTOMATHU3WPOBAHHON CHCTEMe M3MEPEHNS
TeMITepaTypbl Ha OCHOBE TEPCOHATHHOTO KOMITHIO-
Tepa, UMeoIeil 24 M3MepUTENbHBIX KaHata u obe-
CTIeYrBAIOIIell BpeMs Ompoca BceX TepMotap J C.

Ynpasagionme CUTHAABI JJs1 OTTpoca aTyn-
KOB TeMmiiepatypbl (TepMornap) IepeaaBauch OT
I[IK mo mocaemoBaTenmsaoMy mHTep(deiicy RS232.
OCHOBHBIMI COCTAaBJISTIOIAMH 3JIEMEHTAMH CHICTe-
MBI, KpoMe [IK, aBisoTed Takske JBa MOIYJS aHa-
JoroBoro BBoga MBAS m amantep curnanoB ACA4.
AmnasoroBblie curHAIBI ¢ MOy id MBAS mepenaBamich
Ha anantep curHaioB AC4 no unrepdeiicy RS485.
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Puc. 4. Cxema ycranoBku Tepmomnap { —9

[TorpemrHocTs u3MepeHusT TEMIEPATYPBI COCTAB-
gsna £0,5°C, TOrpeiHocTb Onpe/esieHus mnepera-
na Temneparypsl =0,5°C, TepMUYECKOTO COTPOTHB-
gennst =0,01°C /Br.

MeTtoanka sKCIIEPUMEHTAJbHBIX HCCJEI0BAHUN
3aKJI0vasIach B caeayiomiemM. Pabounit yyacTok sKc-
MEePUMEHTATBHON YCTAHOBKHM yCTAHABJIMBAJICS TakK,
yto6b1 TT HaxXOMMJIACH 1O/ HAKJIOHOM OTHOCHUTEJID-
HO TOPU30HTA, BKJIOYAJIUCH BCE CHCTEMbI YCTaHOB-
KU ¥ 33/1aBajiach OIpe/ieIeHHas CKOPOCTh Haberaio-
TIEer0 TMOTOKA OXJIAXK/IAIONIETO BO3/AyXa. 3aTeM C To-
motrbio JIATP ycranaBianBasoch HayaabHOE 3HAue-
HUE MOIIHOCTH 3JIEKTpOHArpeBaresieit — 1o 55 Bt
Ha Kaxgon TT.

[Tokazanust TepMoONIap CHUMAJHM C IEPUOJUIHO-
CTBIO B 2 MUH, KOHTPOJIUPYS TIPH 3TOM CKOPOCTb
BO3/lyXa /10 JIOCTVXKEHWSI CTAllMOHAPHOTO COCTOSI-
HUsT HAOeraolero nmotoka. Yepes 5—7 MuH 10C/e

a)

0,03 v=08M/c—
: ®= 1 ° _/ TT1
é °
o 0,02
| |
0,01 . . : : .
50 60 70 80 90 O, Br
B) 0’05 UiO,SO M/C -
= ¢ =45 o TT{
‘3{ 0,04 PY "
& TT2
SN — -
X M
0,02 : : : : .
50 60 70 80 90 O, Br
hy) v=0,8M/C
] ¢ =90° —
20,03 N ;Ht— D
O \._.//- TT2
% 0,02 . ] : : ]
50 60 70 80 90 O, Br
Puc.

5. 3aBUCHUMOCTH TEILJIOBOIO COITPOTUBJIEHUA TEIIJIOBbIX pr6 OT IIOABOAMMOTIO TEIIJIOBOTO IMOTOKa IIpU pa3Jjny-
HBIX yIJIaX HaKJOHa (¢ U 3HAYEHUAX CKOPOCTH BO3ayXa 0O

BBIXO/[A YCTAHOBKW Ha CTAI[MOHAPHBIN TeMIepaTyp-
HBIH pekuM (QUKCUPOBAJIN TIOKA3aHUS TepMonap u
CKOPOCTb BO3/IYIIIHOTO TTIOTOKA. /[ajiee MOIHOCTD Ha-
rpeBareJieil MOBBIMIAIN /10 CJIEAYIONIETO 3HAYEHUST 1
9KCIIEPUMEHT TTOBTOPSJIC.

IKCIEPUMEHTAIbHBIE UCCJIEI0BAHNUST ObLIN ITPOBE-
JIeHbI /i1 TpeX yriaoB HakjgoHa TT — 15, 45 u 90°
IPH JIBYX 3HAUYEHUSX CKOPOCTH HAGETAIOIIETrO TIOTO-
ka Bo3ayxa — 0, 8 m 2,1 m/c.

ITo pesynbraTaMm u3MepeHuil OGbLIN OIPEEEHbI
cJIeIytolire OCHOBHbIE paboune xapakrepuctuku TT
U TEIJIOOTBOJAIIEN CUCTEMBI Ha UX OCHOBE: 3aBUCH-
MOCTb TemIieparypbl 7' B 30He Harpesa kaxaoil TT
OT TIO/TBOIIMOTO TETLJIOBOTO TIOTOKA Q; TEPMUYECKOE
COIIPOTHUBJIEHHE TETLJIOBBIX TPYO R; BIMSHUE OpHEH-
taiuu TT B moJie cuJibl rpaBuTaliuu Ha ee pabouue
XapaKTEePUCTUK.

3a BeIMYNHY TTOABOMMOTO TETLJIOBOTO TTOTOKA
MIPUHUMAJIACH DJIEKTPHYECKas MOITHOCTh HarpeBare-
Jeit Ha kaxaon TT, ompenensiemad mo BaTTMeTpy,
3a BBIYETOM TEILJIONOTEPD, OIlEHUBAaeMbIX B 5 BT Ha
OCHOBAHWHW OTIBITA MPEJABIAYIINX TEMI0(PU3TIECKIX
UCCJIEJOBAHUN.

TepMuueckoe cOTPOTUBIEHNE KAXKIOH TETLIOBOM
TPyObl R OIpe/eisiioch KaKk OTHOIIEHWE Tepenajia
TemriepaTypbl AT MeX/ly 30HaMU HarpeBa U OXJIaxK-
nenus TT K mogBOAMMOMY TEIIOBOMY TOTOKY Q.

Pe3yabTaThl 9KCIIEPUMEHTAIbHBIX HCCJIEI0BAHMI
U HX 00Cy:KAeHne

3 puc. S5, r/1e IpUBEIEHA 3aBHCUMOCTh TEPMU-

YeCKOTO CONPOTHUBJIEHNST R /IBYX TETIOBBIX TPYO OT

IIOABOANMOI'O TEIIJIOBOT'O IIOTOKa Q IIpH pa3JNMYHbIX

6) 0,03 i v %,51 M/C
(P =

TT1
: <
3
0,01 T T T T 1
50 60 70 80 90 O, Br
r) 0,05 v=21m/c -
= o= 45° »
B 0,04
O TT2
. 0,03 %_#//. A
* "
0,02 ; : : ; )
0 60 70 80 90 O, Br
e) v=21mM/c
0,04 & ¢ =90°
ea
O T—e—— o — g m
O 0,03 & M TT)
& \.___,l/
0,02 . . : ; .
50 60 70 80 90 OQ, Br
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Puc. 6. 3aBucumocTb TeMIeparypsl B 30He HarpeBa TT1
OT TIOZIBOJMMOTO TEIJIOBOTO IOTOKA IPU Pa3JUYHBIX

yIJIax ee HaKJOHA U CKOPOCTHU OXJIAXK/IAIOIIETO BO3/1yXa:
1 —08m/c;2 —21m/c

yrJiaX UX HAKJIOHA (O U 3HAYEHUSX CKOPOCTH OXJIAXK-
JIAIONIET0 BO3/yXa U, BUHO, YTO BO BCEX HMCCJIEJO-
BAaHHBIX PEKUMAX MUHUMYM TEPMUYECKOTO COIPO-
TUBJIEHUST JJOCTUTAJICS B 00J1aCTH 3HAYEHUN TEILJIOBO-
ro notoka 75 Br. Otymune 3HaYeHU! TEPMUYECKOTO
conporussenus TT1 u TT2 o6ycioBieHo pa3imyHbIM
00bEMOM 3amPaBJIeHHOTO TerioHocutesis: B TT1 on
ObLT GOJIBIIIAM, BCJIEJCTBUE Y€TO €€ 30HA MCITApEeHUsT
ObLa GoJIbIIIE 3ATOILJIEHA TETLIOHOCUTE/IEM, UTO TIPU-
BOAWJIO K CHIDKEHUIO KoadDUImeHTa TerJIoOTIaun
B 30HE UCTAPEHUS U, COOTBETCTBEHHO, K POCTYy Tep-
Mudeckoro comnpotusyenus TT. Bmecte ¢ tem, 110-
JIydeHHbIe a6COMIOTHBIE 3HAYEHUS] TEPMUYECKOTO CO-
nporusaenus obenx TT (or 0,012 mo 0,044 °C/B)
HaXOAATCS B TIpefesaX, XapaKTePHBIX IS MEJKO-
CEepPUIHBIX aMMHAYHBIX AJIOMUHUEBBIX TEILIOBBIX
Tpy0, U3TOTABINBAEMBIX B JIAGOPATOPHUU TETJIOBBIX
py6 HTYY «KIIN».

Kax cremyer u3 puc. 5, TepMUYECKOE COTIPOTHUB-
genre TT mpakTudeckn He 3aBUCHT OT CKOPOCTH
OXJIAXK/TAIOIETO BO3/YyXa, T. €. MI3MEHEHUE yCJIOBHIH
BHEIIIHETO TEIJI000MeHa TIPU MTPOUYMX HEM3MEHHbIX
mapaMeTpax He BJUSeT Ha TePMUYECKOEe COTMPOTHB-
JIEHWE TEIJIOBBIX TPy6, HO 3aBUCUT OT OPHEHTAINH
TT B mpoctpancTBe. Tak, Ipu MaKCUMaJbHOM Tie-
penasaeMoM TteroBoM 1oroke (Q = 100 Br) nawu-
MeHbIllee 3HAUEHNe TEPMUYECKOTO COTIPOTHBJIEHIIS
o6enx TT mabmomanocs mpu ¢ = 15°, a Han6OJIH-
niee — 1pu @ = 45°. ITO MOKHO OOBSICHUTH TEM,

T, °C 1
50 4 v=2M/c =1 %
40
30 T/ , . ; : ,

30 60 70 80 90 O, Br

Puc. 7. 3aBucumoctb Temieparypbl B 30He Harpesa TT1
OT TIOJIBOJIMMOTO TEIJIOBOTO TIOTOKA TPH PA3THYHBIX

yIJax ee HaKJIOHA:
1 — 4552 — 15% 3 — 90°

yto opueHTanust TT Binser Ha ycJOBUSI CTEKaHUS
KOH/IEHCaTa TI0 CTEHKE W €eT0 B3aMMOJEHCTBUS CO
BCTPEYHBIM TTOTOKOM TIapa, COOTBETCTBEHHO, OHA
BJIUSIET M HA BeJIMYUHY KO3 PUIIMEHTA TEILI00T/Ia-
Y B 30HE KOH/ICHCAIH.

Haumenbiee 3HaueHNnEe TEPMUIECKOTO COIIPOTHB-
nenns (0,012°C /Br) umena TT2 npu ¢ = 15°, nan-
6osbinee (0,044°C /Br) — TT1 npu @ = 45°.

Bausiaue onpezessiomux (akropos (moasoau-
MOTO TEIJIOBOTO TOTOKA, CKOPOCTH OXJIAK/IAIONIEr0
BO3jtyxa 1 yrya HakjaoHa TT k ropusoHTy) Ha TeM-
neparypy B 30He Harpesa st oaHoi u3 TT (TT1)
npuBesieHo Ha puc. 6 n 7. Kak BugHo u3 puc. 6,
TemIeparypa B 30He HarpeBa TT pacTer JiMHEiHO ¢
YBEJMYEHNEM TTO/BO/INMOTO TETIIIOBOTO TIOTOKA 1 U3-
Mmensiercs B npegenax ot 31,0 xo 52,5°C npu usme-
Heanu Q B quanasone ot S0 qo 100 Br. C yBesu-
YeHUeM CKOPOCTH OXJIak/1atolero Bosayxa ¢ 0,8 1o
2,1 m/c temmiepatypa TT B 30He HarpeBa CHIKaeT-
cst Ha 2—4°C (1. e. Ha 6—8%), 4TO 0GYCJIOBJIEHO
yJIydIIeHueM TeriooOMeHa MeXKIY PaJuaTopoM H
OXJIQK/IAFOTIUM BO3/[yXOM U CHIKEHHEM TEIJIOBOTO
COTIPOTUBJIEHMSI B 30He TernootrBoAa. U3 puc. 6 17
BU/IHO XapaKTepHOe BJINSHUE yTIJIa HAaKJIOHA Ha TEeM-
nepaTypy B 30He HarpeBa TT: oHa cHUXKaeTcsl Ha
2—5°C (6—9%) npu BepruKaabHON oprenTarmy TT
10 CPABHEHUIO C yTJaMu HakJIoHa 15° u 45°.

Basknoii pa6oueii xapaktepuctukoin TT sBisier-
csl Tiepeniajl TeMieparypbl no ee agnuse AT, ompe-
JleJIsIeMblil KaK Pa3HOCTb TeMIepaTyp B 30HaX Ha-
rpeBa M oOXJaxJeHus. B pesysabraTe mccienoBa-
uuit aByx TT ycTaHOBJIEHO, YTO TP MUHUMAJ/IHbHOM
3HAYEHUU MOBOJMMOrO TerioBoro moroka (50 Br)

AT, °C

0,8m/c
15°

v
?

Q, Br
Puc. 8. 3aBucumoctpb nepenajia temreparypbol AT MexK-

JIy 30HAMH HArpeBa M OXJIAXKJCHUS OT TIOABOJUMOTO Te-
moBoro rmoroka st TT1 u TT2

36

TexnoJorust 1 KOHCTPYUPOBaHUE B 3JIEKTPOHHOI anmapatype, 2014, Ne 5—6

ISSN 2225-5818



OBECIIEYEHUE TEIJIOBbBIX PEKUMOB

AT =0,9—1,7°C, a npu ero MakCUMaJbHOM 3Haue-
aun (100 Br) AT = 1,7—3,1°C. Ha puc. 8 mox-
HO yBU/IETD, 4TO Ilepenaj Temreparypsol o TT pac-
TeT JINHEWHO € YBeJIWYeHWeM ITOBONMOTO TETLIO-
BOTO ITOTOKA.

BroiBo1bI

1. Pe3ysbraThl MPOBEIEHHBIX HKCIIEPUMEHTAID-
HBIX WCCJIEIOBAHUI CBUIETENLCTBYIOT O BO3MOYKHO-
CTU TIPAKTUYECKOTO TTPUMEHEHNUST aMMHAYHDIX AJTI0-
MUHHEBBIX TEIJIOBBIX TPYO B KaueCcTBe TETIoNepe/ia-
IONIUX 3JIEMEHTOB KapKaca MONIHBIX aHeproaddex-
THUBHBIX OCBETUTEJBHBIX MPUOOPOB HA OCHOBE CBe-
TOJMO/IHBIX MOJYJIEH.

2. [Ipn MakcMMaTbHOM 3HAYEHNH TIOBOIMOTO Te-
TIJTOBOTO TIOTOKA OT CBETO/IMO/THBIX MOJTYJIEH, YCTAHOB-
JIEHHBIX Ha OJIHOI1 TerioBoit Tpy6e, pasuom 100 Br,
B HUCCJIE/IOBAHHOM /INATIa30HE OTIPEIEISIONINX Mapa-
MetpoB (reomerpudeckux pasmepos 3ou TT, Terio-
OT/IAIONIEN TIOBEPXHOCTH PAJUATOPOB, CKOPOCTEN Ha-
6eraoIero MOTOKA OXJIAMKIAOIIETO BO3/yXa, YTJIOB
HakoHa TT K rOPU3OHTY) TeMIlepaTypa Ha IoBepX-
HOCTH TEILTOBOI TPYObI B 30HE YCTAHOBKY CBETOJIU-
OJTHBIX MOJTyJiell He TpeBbimana 52,5°C, 4To BIOJI-
He TTPUEMJIEMO [IJIST YCJIOBUI OXJIAXKIEHUS CBETO/IU-
OJTHBIX MCTOYHWKOB CBETA.

3. Wcnonp3oBanne B KapKace OCBETHTETBHOTO
npu6opa TSATH UCCIIEJOBAHHBIX TEILIOBBIX TPYG (CM.
puc. 1) HO3BOJKUT OTBECTH OT CBETOMOHBIX MOJLY-
Jieil cymMaphbIil TerioBoit otok g0 500 Br. Ilpu
KkoadduimenTe 1M0IE3HOTO ENCTBHUS MOIIHBIX CBe-
TOJIMOJIOB B CPeIHEM 75% 3TO 9KBUBAJEHTHO TIOTPe-
6JIs1EMOIT 3JIEKTPUYECKOM MOITHOCTA OCBETUTEJbHO-
ro ipu6opa 665 Br. C ydetrom TOrO, 4TO CBETOBAs
OT/]aua COBPEMEHHBIX CBETO/IMO/IOB TTPUOTU3UTED-
HO B JICCSITh Pa3 BBIIE, YEM Y JIaMIT HAKAJTMBAHUS,
CBETOBOI1 MOTOK OT TPE/JIOKEHHOTO OCBETUTEIHLHO-
ro ipu6opa Oy/ieT SKBUBaJIEHTeH MOTOKY B 6650 Br
OT CBETHJIBHUKA C JJAMIIAMU HAKAJIUBAHUS, YTO TIO/I-
TBEPKIAET TePCIEKTUBHOCTD UCTIOIb30BAHMS TPE/I-
JIO’KEHHOU KOHCTPYKIIMU C IEJIbI0 9KOHOMUU JHEp-
rOpecypcoB.

4. Ilpm ycsoBum obecriedeHUsT HOPMAJIBHOTO Te-
nnoBoro pexknma momHocts (500 Br) cBeroamon-
HOTO OCBETHTEILHOTO TIPUOOPA TTPEIJIOKEHHOM KOH-
CTPYKIIMM 3HAYUTEJNHHO MPEBBIMNAET MOITHOCTD W3-
BECTHBIX CBETO/JMO/IHBIX CBETUJIbHUKOB ITPOMBIIII-
JICHHOTO Ha3HAYeHUs C PaJUATOPHON CUCTEMOH Te-
miootBosia 6e3 TT u BeHTUJIATOpPA, HATIPUMED CBE-
tuabauka JJCII127Y-150 (Kopnopamus «Barpay,
r. TepHONOJIb), MOIIHOCTH KOTOPOTO COCTABJSIET
150 Br.
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OBECIIEYEHUE TEIIJIOBbIX PEKHUMOB

menaionepedasanvii elemMenmu 6 KOHCMPYKUii NOMYKHnozo c6imi00i00H020 0CEIMAI06ANLHOZ0 NPULAOY 3 BUMYULE-
HUM NOBIMPSIHUM 0X0N00XKeHHAM. B diana3oni 3nauens menioeozo nomoxy, wo nideodumncs, 6id 50 do 100 Bm
i weudkocmi nogimpsHoz0 NOMOKY, wo Habdizae, 6id 0,8 do 2,1 m/c memnepamypa 6 30mi nazpieanns TT 6
3anexnocmi 6i0 Kyma ii Haxury 0o 20pu3onmy 3naxoounacs ¢ mexax 6io 31,0 do 52,5°C, npu yvomy nepenad
memnepamypu no TT cxaadas 6id 0,9 do 3,1°C. 3nauennus mennosozo onopy TT 3naxodunocs é dianasoni 6io
0,012 do 0,044°C/Bm.

Katouosi caoga: c6imnodiod, oceimaiogaivhuil npuiad, cucmema 0Xoi00Xenmns, meniosa mpyba, meniosi xa-
paxmepucmuxu.
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RESEARCH ON THERMAL CHARACTERISTICS OF HEAT PIPES FOR LED LIGHTNING DEVICES

New energy-saving technologies for lighting is a promising trend in lighting technology. To this end, during
the recent decade, have been actively developed and implemented lighting units based on LED modules.
Reliability of such devices is largely dependent on the ensuring of cooling of the LEDs. Heat pipes are
being used with ever increasing frequency for increasing an efficiency of cooling of powerful LEDs within a
lightening device. Results of experimental modeling of thermal characteristics of two aluminum heat pipes
with grooved capillary structure and ammonia used as a heat transfer agent, designed for application as a
heat transfer elements in designs of powerful LED lightening device with forced air cooling are presented in
this paper. It is shown that for the heat flux range of 50 to 100 W and for incident flow speed in the range of
0.8 to 2.1 m/s the temperature in the heating zone of the heat pipe falls into the range of 31.0 to 52.5 °C. In
this case the temperature difference along the heat pipe is between 0.9...1.7 °C, when a minimal value of the
fed heat flux is 50 W, and 1.7...3.1°C, when a maximum value of the heat flux is 100 W. The value of heat
transfer resistance of the heat pipes was in the range of 0.012 to 0.044 °C/W. The key factors influencing the
thermal characteristics of the heat pipes are: the value of the fed heat flux, the speed of cooling air flux, heat
pipe inclination angle with respect to the horizon. By using five such heat pipes within the powerful LED
lightning device it is possible to achieve an elimination of the total heat flux from LED modules up to 500 W.
At an efficiency factor of LEDs of about 75% this is equivalent to intake power 665 W. Taking into account
that luminous efficiency of modern LEDs is about 10 times as high as those of incandescent lamps, proposed
lightning device will produce a luminous flux which is equivalent to the luminous flux of a lightening device
with incandescent lamps with a power of 6650 W, so that this will allow reducing an input power of the

lightening device by 5985 W.
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BJIMAHUE ITAPAMETPOB BY-PA3PA/IA N1 IIAPAMETPOB
HATPEBATEJIA HA TEMIIEPATYPY ITOIJIOKKIN

B [NIASMOXVIMNYECKOM PEAKTOPE <«AJIMA3»

VI CMHTESA YIVIEPOAHBIX AJIMASOITIO/IOBHBIX TVIEHOK

Ipedcmasnensvt pe3yivmamol UCCACOOBAHUT BAUAHUS HA MEMNEpaAmypy NOOJ0KKU NAPAMEMPOS 8blCO-
KOUACMOMH020 PA3psdd 6 NIAA3MOXUMUUECKOM pedarkmope <Aamass, paspabomannom u u3z0mosieHHOM 6
Hucmumyme sdepnovix uccaedosanuii. Onpedeneno epemst 8ubix00a Hd PAsHOBECHYIO MeMnepamypy noo-
JOXKKU NPU pA3IUMHBIX napamempax BU-paspsda u napamempax ocHoguozo nazpesamensi. Y cmanosieHo,
4MO 8 YCA08USX 0AHHOZ0 UCCe008aHUS. NPU memnepamypax nodaoxku evue 600°C sausnue BU-paspsida
Ha NoBbleHUe ee MeMNePamypsbl NPAKMUUECKU OMCYMCmeyem.

Knioueswie crosa: ymepoaﬁbze aAAMa3onodobnwLe NnJleHKU, NAASMOXUMULECKULL peaxmop, noaﬂo”ma, mem-

nepamypa wazpesa.

[Tox asMaszHbIMU U AJIMa30MOI0OGHBIMY TIJIEHKA-
mu (AII u ATIII) 1IOHUMAIOT TaKKue CTPYKTYPbI, KO-
TOPBIE COCTOSIT M3 aTOMOB YTJIepo/la KaK C aJMa3HbI-
mu (sp3), Tak u ¢ rpaduronogo6ubiMu (sp2) cBs-
3amu. Kak n3BecTHO, anMa3s coueTaer B cebe yHU-
KaJbHbIe CBOIICTBA: BBICOKYTO aTOMHYIO TIJIOTHOCTD;
GOJIBINYIO MIUPUHY 3ATPEIIEHHOMN 30HbI; HU3KYIO JIU-
3JIEKTPUYECKYI0 TTPOHUIIAEMOCTD; BBICOKYIO XUMU-
YEeCKyI0 CTOMKOCTDb; HU3KUH KO3 MUITNMEHT TPeHNUS;
BBICOKYTO N3HOCOCTONKOCTD; KOPPO3UOHHYIO YCTOM-
YUBOCTD U T. TI. ONITHYECKHE CBONUCTBA SIBJIAIOTCS O/I-
HUMHW U3 CAMbIX WHTEPECHBIX (DU3NUECKUX CBOUCTB
JIAHHBIX CTPYKTYP: 3TO W MIUPOKUH CIEKTPaJIbHBIN
JINATIA30H ONTUYECKOTO IIPOIMYCKAHUS U3JIyYeHUl,
U HEeOOBIYHO BBICOKUI MMOKa3aTesb MPEJOMJIEHUS
(2,419 npu pmune Boanst 589 um). Takue xapak-
TEPUCTUKU B COYETAHWN C 3KCTPEMAJTbHBIMU CBOII-
crBamu AIT u AIIIIT (TBEpAOCTBIO, BBICOKOIT TEILIO-
IPOBOAHOCTBIO U XUMHYECKOI CTOWKOCTBIO) Ipej-
CTaBJIIIOT HECOMHEHHBIII UHTEPEeC /IS UX HCIIOJIb-
3oBanus [1]. Boicokas ycroiiunBocTh anmasa 1mpu
TemIoBbIX Harpyskax g0 800 —1000°C ob6ycrasiu-
BaeTcs BeMYMHON KoaddurmenTa snnefiHoro pac-
mmpenns B 5 — 10 pa3 MeHbIIell, yeM y IpyTuxX Ma-
tepuaJion [2].

YHuKaTbHOE CcOYeTaHWe yKa3aHHBIX (PU3UKO-
xumuyecknx cpoicts AlIl u AIIIl crumysuposa-
JIO UX TMUPOKOE HMCIOJb30BAHNUE B PABJIUYHBIX 06-
JIACTSIX HAYKW W TEXHWKHU, B TOM YHCJe W B 06Ja-
ctu asekTpoHuky, rae All u AIIIl ucnosabsyroorces
JUIS CO3/IaHUsI Ta30BbIX CEHCOPOB, /INOJIOB U TPaH-
3UCTOPOB [3], 1eTEKTOPOB YaCTHUIl U JATIYHMKOB M3-
JgyueHuit [4].

Wurepec k ucnosbzoanuio AIl u AIIII nocuy-
JKUJT CTUMYJIOM K Pa3BUTHIO 11€JIOTO Ps/a TIa3MeH-
HBIX TEXHOJIOTHH WX TOJy4eHusd, KOTOpble OIuca-
bl B [5—10]. Kaxkgass u3 HUX uUMeeT CBOM IIpe-
uMyInecTBa U Hegoctatku. [lJg co3maHuss 4eTKOn

teopuu mMexanusma pocta All u AIIIl nmpomosxka-
IOT Pa3BUBATHCS HE TOJDBKO HOBBIE METO/bI M TEX-
HOJIOTHH UX IOJIY4YEHUsI, HO U METOJMKN aHAIN3a.
CrpyKTypa 1 XapaKTepUCTUKH OCAXKIAEMbIX Ma-
TEPUAJIOB ONPEIESIOTCS CJIeIyIONIMU TTapaMeTpa-
MU: 9HEpPrHell OCaKIaeMbIX YACTHUI]; XUMHYECKIM
COCTABOM ILJIA3MBbI; TEMIEPATYPOIl MOJJIOXKKH; CO-
CTOSIHUEM ee TIOBEPXHOCTH; JaBJEHUSIMU PabovYnx
razoB u ux cootHomenueM [11]. CtpykTypa Takux
IJICHOK ¥ cooTHOIeHue B HuX (sp3)- u (sp2)-cBsseit
OTIPEJIEJISTIOTCS] TEMTIEPATYPOil o ToxKKH [12].
CHUKeHne TeMIepaTypbl TOJTOKKI TPUBONT K
YMEHDBIIEHUIO Pa3MepOB OCAKIAEMBIX KPHCTAJIJIOB
1 croco6cTByeT 06pa3zoBaHnio aMopHOTO yTiepo-
Ja unm rpadura, MaccoBas 10751 KOTOPOTO MOXKET
3HAUUTEJbHO IIPEBBIIATh JOJIO aJMasHol (pak-
i [13]. IIpn 1400°C B BakyyMe MM MHEPTHOM
atMocdepe HAUMHAETCS 3aMeTHAs TOBEPXHOCTHAS
rpaduTH3anmsg, 4YTO HEJOMYyCTUMO TTPU HaHECEHUH
aJIMa3HbIX 1eHoK [14, c. 40]. [Toatomy a5t moaty-
yenust AIIIl remnepaTtypa MOBepXHOCTU MOAJOMKKH,
KakK IIPaBUJIO, TO/IepKUBaeTcs B ananasone ot 400
10 1100°C B 3aBHCHMOCTH OT BH/IOB W TTapaMeTPOB
paspsan0B. [l nosydeHns aiMa3HbIX JIEHOK HAH-
60Jiee TUMMYHBIMU 3HAYEHUSIMU TEMIIEPATYPBI SB-
astorest 700—1000°C [15, 16]. B ykazannom tem-
[epaTypHOM JHAalla30He Ha ITOBEPXHOCTHU IIOJJIOXK-
KU IIPOMCXOJST SIBJICHUS, IPUBOJSIINE K POCTY Ha
Hell aaMa3HbIX HaHOCTPYKTYp [7, 17]. Tlpu temre-
paTypax BBIIIE TOTO JUAMA30HA TPOUCXOANUT Tpa-
(uTHzanms ¢ mocaeayoOMUM pa3pynieHueM CTPyK-
typ. Takum o6pasom, kak mokazano B [15—19],
HOJIyYeHHe aJMa3HbIX CTPYKTYD BO3MOKHO B IOCTa-
TOYHO Y3KOM JAMAalla30HE TEMIIePATYPhI TO/JIOKKH.
B [19] npezcraBJienbl faHHbIe TIO 32aBUCUMOCTH
CKOPOCTH POCTA AJIMA3HBIX IIJIEHOK OT TEMIIEPATYPHI
JUIST pa3HbIX 3HAUEHWI ToKa paspsja. s kaxmo-
TO U3 BbIJIeJIEHHbIX HHTEPBAJIOB TOKA Pa3psiia CKO-
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POCTBb pOCTa aJiMa3a UMEET CBOIO 3aBUCHUMOCTb OT
TEeMIIepaTyphl MOATOXKKHU. I JOCTHKEHUS MaK-
CUMAJIbHOUW CKOPOCTH CHHTE3a aJMAa3HbBIX MOKPBI-
TUI U OTpe/leJieHus ONTUMAJbHBIX YCJOBUN Bee-
HUS Tpoliecca HeoOXOIUMMO YUUTBIBATh KaK 3JIEK-
TPUYECKIE TTapaMeTpbl pa3psijia, Tak U TeMIEPaTy-
Py TIO/TOXKKH.

Hecmotps #a TO, 4TO TJIa3MeHHbIE TEXHOJJIOTTH
nosyuenus All ycremHo pasBuBalorcs, BCe XKe
0OCTaeTCsI MHOTO HESCHBIX TEXHOJIOTMYECKUX MO-
MeHTOB. IIpu 2TOM OJHMM W3 BaKHEHIIMX BOMIPO-
COB SIBJISIETCS BJIMSTHUE TIAPAMETPOB U YCJIOBUH pas-
psia Ha TeMIIepaTypy HarpeBa MOJJIOKKH B T1JIa3-
mMoxummueckoM peaktope (IIXP) gaaa cunresa an-
Ma3HbIX IJIEHOK B IIPOIECCe ero paGoThl.

[enbio nanHoii paGoThI SIBJISETCS U3YUYEHUE BJIH-
SIHUSI [TAPaMeTPOB T1J1a3Mbl BBICOKOYACTOTHOTO pas-
psza B yIpaBJsieMOM MarHUTHOM TIOJIE, a TaKKe
KOHCTPYKIINN HarpeBaTessl HA TeMIepaTypy Mo/j-
aoxkn B ITXP.

Metoauka sxkcrnepuMeHTa

WccnenoBanus NPOBOAMJIKNCH Ha IJIa3MOXH-
MHYECKOM peakTope «Aumas» (puec. 1), Koto-
pbIii 6bL1 paszpaboTaH, CKOHCTPYHPOBAH M W3TO-
toBJeH B Otaese (pu3nky MIa3MEHHBIX TEXHO-
goruii ncruryra apepubix ucciaepgoBanuit HAH
YKpauHbl.

PeaxTop cocTout us npsiMoyroJibHOTO Kopiryca 7,
M3TOTOBJIEHHOTO 13 HEMArHUTHOW Hep KaBelollleil cTa-
g 12X18H10T. Ilnasma «3askuraercsa» B ra30BOH
CMeCH MEeXIYy aKTUBHBIM 4 M 3a3eMJICHHBIM 3 3JICK-
Tposamu BbicokodactotHbiM (BU) Hanpsskennem va-
croroit 13,56 MTI'11. CMmech ra3oB 1octyraer B Kame-
Py peakropa u3 cucreMbl Harrycka rasza 9. Ilnazma
HaXOJ/IUTCS B YIPABJISEMOM MarHUTHOM TI0Jie, KO-
TOpOe 06pa3yeTcsl YeTbIPbMSI MArHUTHBIMU KaTYIII-
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Puc. 1. Cxema aKcIepUMeHTAJbHON YCTaHOBKU:
1 — xopmyc; 2 — MOMJIOXKKA; 3 — JepKaresb MOJJI0X-
ku (3a3eMJIEHHBIA 3/1€KTPOJ); 4 — aKTHBHBII 3JIEKTPOJ;
5 — HarpeBsareJsib; 6 — MarHUTHbBIE KaTYIIKH; / — TJIaBa-
IOTIUE DJIEKTPO/IBI; 8 — U3MEPUTENb TeMIepaTypbl (Tepmo-
napa); 9 — cucrembl Halycka rasza; 10 — cucreMa oTKau-
ku; 11 — Bakyymmerp; 12 — Ia3moracurelib

KaM¥ 6 1 HaIlPaBJIEHO TIEPIIEHNKYISIPHO 3JIEKTPHU-
yeckoMmy nommo BU-paspsana. s mpenoTspanienns
npo6osi BU-pa3psjia Ha KOPIyC peakTopa u MoJy-
YeHUsT HY>KHOM TIOJIIPHOCTH TIOTEHITUAIA CMEIeHusT
Ha TIO/IJIOXKKO/IePIKaTesie UCTIOMb3YIOTCS IBA MeTaJl-
JITUECKUX TIJIABAIOIINX 3JEKTPO/Ia 7, KOTOPbIE U30-
JINPOBAHBI KaK OT 3a3€MJIEHHOTO 3JIEKTPO/IA, TaK M
oJluH OT fipyroro. Hencnosb3oBanHbIe rasbl M MPoO-
JTyKTBI TLTa3MOXUMUYECKIX PEAKITNH yAATAIOTCS U3
kamepbl IIXP dyepes cuctemy orkauku rasos 10.
Heo6xomnmast TemmepaTypa mo/stosxkku 2 obecre-
YUBaeTCs IyTEM IOJIOTPeBa ee jepxaressi 3 Jua-
MeTpoM 110 MM ¢ TIOMOIIBIO CIIENMATHHOTO Harpe-
BareJisg 5, KOTOPbI TpeJicTaBisgeT coboit Mounbe-
HOBYIO CTIAPAJIb, MOIKJIIOUYEHHYIO K PETYJIUPYEMOMY
UCTOYHMKY THMTaHUS TepeMeHHOro Toka. C romo-
MIBIO PETYJISATOPA HANIPSKEHUS U PA3/IeTUTETbHOTO
TparcdhopMaropa MmoJaydann TOK HarpeBa n0 21 A
npu Hanpspkennn nutanud g0 40 B. Crmpans uso-
JUPOBaHa KaK OT JiepsKaresish MOAJTO0XKKH, TaKk W OT
KOpITyca TEeIJIOBOTO oTpaskaress. [lepskaTenb moj-
JIOJKKY HarpeBaeTcs 3a cueT HH(PAKPACHOTO U3JTy-
YeHWS] ¥ YaCTUYHON T€PMO3JIEKTPOHHON 3MUCCHH C
MOBEPXHOCTH MOJHMGIEHOBON CIIUPAJIH.

KonTtposb TemmepaTypbl 06ecrieqmBaeTcsl Xpo-
MeJsTb-aJroMesieBoii TepMonapoit 8. [l npenoTspa-
MIeHNs TOTA/IAHNS TJIa3Mbl B CUCTEMY OTKAUKHU HC-
MOJIb3yeTCs MJIa3MOracuTe b 12, N3roTOBJIEHHBIN B
BU/I€ KAJI03U U3 HEMarHUTHON Hep:KaBelolleil cTa-
ju. KoHTposb BakyyMa B pa3psi/iHOH Kamepe IIpo-
BOJIUTCS C TIOMOIITHIO MOHU3AIOHHO-TEPMOIIAPHOTO
BakyymmeTpa BUT-3 77. Temneparypa nepkareis
MO/IJTOXKKY M3MEPSIETCS TAKXKe € TTOMOIIBIO OMTHYe-
ckoro nupomerpa OIITINP-09, xota npu nHann4un
paspsazaa B kamepe [IXP aT0 BecbMa 3aTpyIHUTEIb-
HO M3-32 HHTEHCUBHOTO M3JIyYeHMs 13 00 beMa T11a3-
MbI, o6pasyiomeiics mpu BU-pa3psizie B ynpasJsie-
MOM MarHUTHOM IIOJIE.

B xojie BbIMIOTHEHNS UCCIEOBAHMIT ObLITH pelire-
HbI TPO6JIEMbI, OTMeUeHHbIe B [6], a uMeHHO: HAarpeB
TepMOTaphl KaK 3a cueT cKkuHupoBaHust BU-Toka 1o
ee TIOBEPXHOCTH, TaK U 32 CUET HJIEKTPOMATHUTHBIX
HABOJIOK; 3alTblIEHNE TOKOTIPOBOISIINM YTJIEPOIOM
TopioB usossiuu. [lepBas npobsema 6bliaa peie-
Ha TTyTeM 5KPaHUPOBAHUS TIOBEPXHOCTU TEPMOIAPEI
METAJJINIECKON TIJIACTUHKOU B TOYKE U3MEPEHUT U
PacmoJyIo;KeHNeM MOIBO/IOB B u3ossimn u3 dapdo-
POBOII TI0JION TPYOKHU TO[| TIJIABAIOIIUME 3JIEKTPO-
namu. Mcnosb3oBaHue ABONHOI BHEIIHEN W30Js-
UM TEPMOTapbhl MTO3BOJMIJIO YCTPAHUTD 3alIblJICHNE
toprioB. BU-naBoakn Ha msmeputenab tepmo-3/1C
YCTPAHSJIUCD 6J1aroapsi MOcae/I0BaTeTbHOMY TO/I-
KJTIOUEHUIO C TEPMOMAapOoil MHAYKTUBHOCTEH K KaxK-
JIOMY TIPOBO/Iy TEPMOTIAPbhI U TapaJLIeIbHOMY TO/JI-
KJIOUEHWI0 K MUJIINAMIIEPMETPY KEpaMUYeCcKOTO
KOHJIEHCATOPA.

Bosee moapo6HO peskuMbl PaGOThI YCTAHOBKH
npenctaBiaeabl B [20]. Pesyabrarsl ¢gpusmuecknx
WCCJIETOBAHNI aJMa3HbIX IJIEHOK, IOJyYeHHBIX
Ha TIPUBEJIEHHON ycTaHOBKe, onucaubl B [20, 21].
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Pe3syabTaThl Hccie0BaHui
U uX 00Cy:KaeHne

WccaenoBanme TeMriepaTypbl JepsKaTess IMOJI-
JIO3KKH TIPOBOJIMJIOCH B CJIEAYIONIUX pekuMax: 6e3
paspsizia, KoTjia TeMIlepaTypa MeHsJIach 3a CUET pe-
TyJIMPOBaHUS TOKA MOJNO/IEHOBON CIIUpaJi Harpe-
BaTeJssA, W NMPYW HAJUYMK Paspsijia, ¢ MOAOTPEBOM U
0e3 10/[0rpeBa JepsKaTeist MOAJIOKKH.

M3BecTHO, YTO TIPU HATpPeBe JepsKaTesst IOJ-
JIOKKU TIPU TIOCTOSIHHOM 3HAueHWU TOKAa B Harpe-
BaTeJbHOH CHUpaaN CYIECTBYET BPEMs yCTaHOB-
JIEHUSI PaBHOBECHOI Temrieparypbl. Ha puc. 2, a
MpeICTaBJIEHbI PE3YJIbTAThl UCCJIE0OBAHUI MTPOTIEC-
Ca YCTaHOBJICHUSI PABHOBECHONW TeMIIEPATYPHI JIep-
JKaTeJIsl TOJJIOKKH [ Hallleid KoHeTpyKuuu [IXP
[P TOKe B MOJIMGEHOBOI CIIMpaJii HarpeBaTeJist
1,=10 A ipu gaBienwu 6-10-2 Topp. Orciona BuI-
HO, YTO B YCJIOBUSIX OTCYTCTBUS pa3psija /s J0-
CTVKEHUS] PABHOBECHOH TEMIIepaTypbl JleprKaTeJis
Heo6xoaumo He MeHee 40 muH. IIpuynHaMu Takoii
MHEPIIMOHHOCTU TIPOIeCCa MPOTpPeBa MOTYT ObITh
HU3KUH KO3(DP@PUIINEHT TErJIONpPOBOJHOCTH Mare-
puaia, U3 KOTOPOTO U3rOTOBJIEH JEep:KaTesb ITOJ-
Joxxkn (HepskaBerolas crajb); ciaabast ahperTus-
HOCTDb TIepe/layM TelJjia B BaKyyMe OT MOJHNG/IeHO-
BOIi criupanu (B OCHOBHOM — 3a CYeT JIy4HCTOro

a)
T, °C 1

350 1
300 ]
250 ] a
200 ] I
150 ]
100 ]

. / 1,=10 A; 1,0 A

0 10 20 30 40 50 ¢, MuH

6)
T, °C

160 A ——a—1
/

140 -
120 -
1004
80
60 7 1,0 A; 1,=7 A

40 +——TT 17T T T T T T
0 10 20 30 40 50 60 70 80 90 ¢, mun

Puc. 2. BpeMmeHHass XapaKTepUCTHKA yCTaHOBJIE-

HUsI PABHOBECHON TeMIIEPaTyPbl JAepsKaTeist MO/l

JIOKKH TIPH €r0 HarpeBe TOJbKO 3a CYeT HaKaja
cipaan (@) nm BU-paspsaga (6)

nporpesa); GoJIbIIasg Macca AePsKaTeIs MOATOKKH.
Harpes nponcxoaut 3a cueT nHGPaKpacHOTO U3JTy-
YeHUsl, U Olpe/ieJIeHHbIE TIOTEPU TEILJIa IIPU Mepe/ia-
4ye OT CIUpaJu K Jep:KaTesio Bee Ke TTPOUCXOAT,
HECMOTPS HA HAJUYKE J[BYX KOAKCUAJIBHBIX TEILJIO-
oTpaskateJielt n3 Hep:kaBeorei ctaau 12X18H10T.

Ha puc. 2, 6 npeacraBjieHbl pe3yJ/ibTaTbl HCCJIe-
JIOBaHUIl BpEMEHM BBIXO/IAa HA PABHOBECHYIO TEM-
nepaTypy [pu HarpeBe JIEPXKATeJIs TOJbKO 32 CUET
paspsiga (6es mcnosb3oBanust Harpesatesisi). ToOk
paspsiga I, cocraBasan 7 A, HanpsKEHHOCTb Mar-
uutHoro moJia 400 A /M, MorHocTh BU-TenepaTopa
1 kBr. Kak BusiHO 13 pUCyHKa, BpeMs yCTaHOBJIE-
HUS PABHOBECHON TEMTIEPaTyPbl B 3TOM CJIydae BO3-
pacraet g0 70 MuH.

Takske ObLIO TIPOBEIEHO WUCCJE/OBAHHUE 3aBU-
CUMOCTH TEMIEPATYpPhl JIep:KaTesisi OT TOKAa HaKa-
Jla HarpeBaTesisl C IIeJIbI0 TIOCTPOEHUS ATAJOHHOM
KPUBOH 71 CPAaBHEHUS C TeMIIepaTypoll nepskaTe-
JISL IPU HAJTMYUK paspsija. [lpu usmepenusax pado-
yee nasJenue B [IXP cocrasasgiao 6-10-2 Topp. U3
npe/cTaBaeHHol Ha puc. 3, a 3aBucumoctu (Kpu-
Basg 1) BHIHO, YTO TeMIepaTypa JAeprKareis I0/1-
JIOKKHM BO3paCTaeT TMPAKTUYECKU JUHEHHO ¢ yBe-
gudenueM Toka u npu [,=16 A gocturaer 630°C.

a) T C1
600 ]
500 ]
400
300
200
100 3

T T T T T T T T T T 1

3 4 5 6 7 I, A

Puc. 3. 3aBHCHMOCTD TEMIIEPATYPbI JePIKaTeJIsI IO/

JIO)KKM OT TOKA HaKaJa HarpeBaTesl IPU PasHOM

Toke paspsiaa (@) u or Toka paspsga B OTCYyTCTBHE
Toka Hakaua (6)
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PesysbraTel nccaenoBanuii HarpeBa JAepskaTe-
JIS TIOJIJIOXKKM 3a cyeT 1ia3mbl BU-paspgia npej-
craBJeHbl Ha puc. 3, 0. [losydyeHnast 3aBUCHMOCTD
TaK JKe, KaKk W KpuBas / Ha puc. 3, @, nmpakTuye-
CKM JIMHEWHasl, OJ[HAKO TeMIleparypa JeprKaTeJis
nocruraer Beero 200°C npu 1,=8 A n momHoCTH
BU-renepatopa 1 xBr.

3aBUCHUMOCTH TEMIIEPATYPhI JepsKaTessd OT TOKa
Hakaja HarpeBatesst nmpu Hagnumu BU-paspsna
npezcTaB/aeHbl Ha puc. 3, a (kpusbie 2 —4) BMecte
C TIOJIyYeHHBIMH B yCJIOBHSIX HarpeBa 6e3 pa3psjia
(kpuBas 7). 31ecb BUHO, YTO IIPU MAJIbIX 3HAYEHU-
SIX TOKA HarpeBateid [, TeMIiepaTypa JiepsKaTess Ioj-
JIOXKKW HU3Kas M TPOIyCKaHWe pa3ps/ia MPUBOIUT K
JIOCTATOUYHO CUJIbHOMY ero HarpeBy. C yBejnueHreM
I, xpuBbBIE COMDKAIOTCS, T. €. TIPe06IAAI0NINM CTa-
HOBUTCS BJIMSTHEE MOIIHOCTH crimpanu. 1lpu moctu-
>kennn [, 3Havenwsa npuMepro 10 A BKJag pasps-
[la TIIa3Mbl B TOBBINIIEHIE TEMIEPAaTyphl AepsKare-
JIT CTAaHOBUTCSI HE3HAUWTEJIbHBIM, a Jlajlee — YiKe
MPAKTUYECKH HE3AMETHBIM.

Crenyer OTMETUTD, YTO JIEPIKATETD MOIJIOMKKI
Bce-Taku MOXHO HarpeTb /10 1000°C c momoribio
MOJINGIEHOBOI criupasu GOJbIIEN IJIUHBI. ITO, OI-
HAKO, COTTPOBOXKIAETCS PSAAOM CYIIECTBEHHBIX TPO-
6sieM. Bo-1iepBbIX, TOK B CIIMPAJIH [IPU 3TOM JIOCTHU-
raer 21 A (puc. 4, xpusas 1). Kpome Toro, yBeJu-
YeHWe JIJINHBI CIIUPAJIH TPUBOJUT K POCTY TTaleHUs
HalpsKeHns Ha Hell (COOTBETCTBEHHO, K GOJIbIIEit
BEPOSTHOCTHU TPOOOS MPU HU3KOM JIABJIEHUH B pe-
aKTOPE) U K YBEJMYEHUIO €e CONPOTUBJIEHHUS, T. €.
pacTeT MOITHOCTD, BbIJeJeMas CIUpPaIbio, a 3Ha-
YUT, ¥ TIOTOK TEILJIa Ha JiepyKaTesib MOJIOXKKU. B 10O
JKe BpeMsi, Npu OOJIBIITNX 3HAYEHUSX TOKA BeCbMa
3aTPY/IHUTEIHHO B TEUEHUE [IINTETHHOTO BPEMEHU
MIPOBOINTH OXJAKIEHNE TIO/[BOSIINX 3JIEKTPO/IOB,
YTO BBI3BIBAET ellle OJIHY MPOo6JeMy: HECMOTPS Ha
TO, YTO MOJHMOJEH SBJSIETCS OTHUM U3 HamboJsee
CTOMKNX B BOJOPOHOM cpejie MaTePUAJIOB, OTKPbBI-
Tast MOJINO/IEHOBAS CITUPAJb, B3AUMOJIEHCTBYS C BO-
JIOPOJIOM TIPU BBICOKOH TeMIlepaType, TOCTEIIeHHO

T, °C |

1000 1

o~

800 -
600
400 A o/

200 1

100 7

0 4 6 8 10 12 14 16 18 20 I, A
Puc. 4. 3aBUCHMOCTH TEMIIEPATYPbI IEPKATEJIsI O/~
JIOKKH OT TOKa HarpeBaTeJist u3 MOJMOAEHOBOM CITH-
pasu yBesumdeHHol auibl (1) U MJI0CKOro Harpe-
Batens u3 dexpanesoii ¢poabru (2)

N\

N

S A

R

M

USSR

S

Puc. 5. KoHCcTpyKIMs iepyKartesist MOIJI0XKKH C T1JI0-
CKIM HarpeBaTesieM 13 expaJsieBoil Gobru

YTOHSETCS, MEHSIOTCS ee TTapaMeTpbl, U B Pe3yJib-
Tare oHa BbIXOAUT u3 ctposi. Cpok ciysk6bl MOJTHG-
JIEHOBOI cripaJsy rnpu temieparypax okoJio 1000°C
COCTABJISIET BCETO HECKOJBKO MECSIIEB.

B cBsi3u ¢ ykazanubiMu ipobsieMamu ObLIa TIPEJI-
MPUHSTA TOMBITKA CO3/IaThb HOBBII HATrpeBaTesb C
JIOCTATOYHO OOJIBIITUM CPOKOM CJIy:KObl, KOTOPBIIl
MO3BOJIHI ObI CBECTU K MUHUMYMY TEILJIOBbIE TOTEPU
U TIOJIyYuTh TeMIiepatypy B npefenax 700 —1000°C
[18]. B paspaborantoii KoncTpykuuu (puc. 5) Ha-
rpeBaTesIbHbINA 3JIEMEHT, M3rOTOBJIEHHbIN U3 (hex-
paJieBoil osbru TomuHoNn 50 MKM, HaXOJUTCS B
KOHTaKTe C JepsKaTeseM IMOAJI0KKN U3 HEMarHuT-
Hoil HepskaBeiomeld ctann Mapku 12X18H10T ue-
pe3 BbICOKOTeMIIepaTypHYIO KepaMuky Mapku 22XC
(BK94-1). IIpeanonaraaoch, 4TO 5TO IIO3BOJIUT
YMEHBIIUTDH KOJUYECTBO IIOTEPh HA TEIJIOBOE U3JIY-
YeHUE W YMEHBIIUTHh BPEMsI BbIXO/IA TEMIIEPATYPHI
JlepsKaTesisl T0/IJIOKKY HA PAaBHOBECHOE 3HAYEHME.

Bo us6esxanue mpo6osi ¢ HATpeBaTesisd HAa 3a3eM-
JIEHHbIE YYACTKH YCTAHOBKY [IPU HAIPSI?KEHUU BBIIIIE
50 B oH 6Bl BBINIOJIHEH C cONMpOTHBJIeHHEM 3 OM.
MakcumasibHas TeMIepaTypa MmoBepXHOCTH JiepKa-
TeJIst, KOTOPYIO Y/1aJI0Ch MOJYYUTh C IIOMOIIBIO Ta-
KOTO HarpeBareJis Ipu ToKe Harpesa 15 A u mase-
HUW HANpsKeHus Ha HeM 45 B, cocraBuma 550°C
(cMm. puc. 4, xpusas 2). [Ipu nanbHeiineM yBemde-
HUU TOKA TPOU3OIILI0 paccyoenue (hoJbru U ee Tie-
peropanue. Cjielyer OTMETUTD, YTO UCIIOJIb30BAHUE
HUXPOMOBOH (POTbTH BMECTO (DeXpasieBoil TakKe He
JIacT HeOOXOIUMO JIJISI OJIyYeHUsT AIMAa3HbIX ILjIe-
HOK TeMITePaTyPbhl MOIJI0KKOEPKATES, TTOCKOJIb-
Ky MaKCUMaJibHble 3HAUEHUsS] PAa00OUYUX TEMIIEPaTyP
HUXpoMa u dexpajis He CTOJb 3HAUYUTETHHO OTJIU-
vatorest Mmexxay coboit — 1100 m 1000°C, cootser-
cTBerHo [22]. 3amenuts dexpaneByio ¢obry Ha
MOJINO/IEHOBYIO HE TIPE/ICTABJISETCS BO3MOXKHBIM,
T. K. yZIeJIbHOE CONpoTuBJeHne Mosnbaera B 20 pas
HUKE YJIeJbHOTO CONTPOTUBJIEHUS (DeXpassd M HUX-
poma [22]. B takom ciydae il HarpeBa MmoJIJI0x-
KOJIEP>KATEJISl /10 BBICOKMX TEMIIEPATYP HEOOXO UM
TOK 60Jsiee 300 A, 4TO ZOCTATOYHO TAXKEJIO obGecrie-
YUTh TEXHUYECKHU M3-32 HEOOXOIUMOCTU OXJIAXK/le-
HUS TIO/JIBO/ISINIIMX TTPOBOJIOB ¥, 0COOEHHO, BBICOKO-
TOYHBIX BaKyyMHBIX BBOJIOB.
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Puc. 6. BpemenHast XapaKTepUCTHKA YCTAHOBJICHUS PABHO-
BECHOII TeMIIepaTypbl Jep:KaTeIs IOJIOKKHY [T HarpeBa-
Tesis u3 (pexpasieBoii (oJIbTH IPU Pa3HBIX TOKAX HArpeBa

CylecTBEHHO YBEJIUYUTb CKOPOCTHh MPOTPEBa
JlepsKaTeIs TOAJI0KKHN ¢ TIOMOIIbIO pa3paGoTaHHO-
ro HarpeBaTesIs Takke He yaaaoch (puc. 6) — ero
PaBHOBECHYIO TEMIIEPATYPY MOKHO JOCTHYDb HE Me-
Hee yeM 3a 25 — 30 MuH, YTO, TIO-BUANMOMY, CBSI3a-
HO C HU3KOH TEIJIONPOBO/IHOCTHIO MaTepuaJia Jiep-
sKaTess MOJJIOKKU.

OpHako, HECMOTPSI HA CKa3aHHoe, dhexpasieBble
HarpeBaTe/id MPeIJI0KEHHONU KOHCTPYKIIMU MOTYT
OBITH HCIIOJTb30BAHbBI JIJI TIOJydYeHus 6ojiee HU3-
KUX TEMIIEpPAaTyp, HEOOXOIUMBIX, HAIPUMED, /IS
MOJIyYeHUs] TOPUCTOTO KPEMHUSI, HUTPHUIA TUTAHA
u Apyrux coenuuenuit [23].

3akouenue

[IpencTtaBieHHble pe3yabTaTbl UCCJAEAOBAHUN
MTO3BOJISIOT 3aKJIIOYUTD CJIEyTOTIEE.

1. IIpu remueparype 600°C u Gosiee mporpes
MOJIJIOXKKY TIOJ[ IENCTBUEM T1JIa3Mbl B CDABHEHUU C
HarpeBOM OT TIOJIJIOJKKO/IeprKaTess He3HAUNUTEeH
U UM MOKHO TIpeHeOpeub.

2. [lns npenorBpaiienusi GOPMUPOBAHUS HE aJI-
Ma3HbIX, a aJIMa30MO0OHBIX YTIePOICOIEPKAITIX
o6pas3oBanuili HeOOXO[UMO YUYMTHIBATH WHEPIMOH-
HOCTb HarpeBa Jep:KaTesisl MOJJOMXKKH; IMPOIece
HaHECEHWs aJMAa3HBIX TJIEHOK CJEyeT TTPOBONTD
TOJILKO TIOCJIE IOCTUKEHNS CTAOMIBHOTO 3HAUEHWS
HEOOXO/IUMOU TEMITEPATYPbI TIO/IJIOKKU.

3. Harpesatesb u3 pexpaseBoii poJbru Mo3BoIs-
€T TIOJTyYHTDb TEMIIEPATYPY MOI0KKY He Bbitiie 550°C.

4. Ilpu ucmosb3oBaHu MOJIUGAEHOBOM TTIPOBO-
JIOKM MOKHO HarpeThb JAep:KaTesb TOJJIOKKH [0
1000°C, omHako B BOJAOPOIHON Cpeje IJUTEJb-
HOCTb CJIy:KObl TAKOTO HarpeBaTessi HeGOJIbIIas U
P MAKCUMAaJbHON TeMIlepaType COCTABJISIET He-
CKOJIbKO MeCSIIEB MPU €3KeTHEBHOM paboTe.
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BIIJINB [TAPAMETPIB BU-PO3PA/Y I ITAPAMETPIB HATPIBAUA
HA TEMIIEPATYPY HIAKJIAAKA B [INTASMOXIMIUHOMY PEAKTOPI
«AJIMA3» JIA CUHTE3Y BYIVIEHEBUX AJIMASOIIOAIBHNX IIVIIBOK

Hocaidxeno eniue wa memnepamypy niokiadxku napamempie BU-po3psdy 6 naasmoxiMiuHomy peaxmopi
«Aamazs, pospobienomy i euzomogienomy 6 Incmumymi sdepuux docaidxens. Bcmanogieno uac 6uxody ma
pisnosaxue 3navenms memnepamypu niokiaoku npu pisuux napamempax BU-pos3psady ma napamempax ocrog-
1020 Hazpieaud. Becmanosaeno, wo 6 ymoeax 0anozo 00CaidKenns npu memnepamypax nioxaadxu euwe 600°C
enaue BY-pospady na nideuwenns ii memnepamypu npaxmuuno 6i0Cymmiil.

Katouosi crosa: eyeneyesi aimazonodioni naieku, nad3mMoxXimMiuHuil peaxmop, niokidoxd, memMnepamypd Hazpisy.
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THE INFLUENCE OF HF DISCHARGE PARAMETERS AND
HEATER SETTINGS ON THE SUBSTRATE TEMPERATURE
IN THE PLASMA-CHEMICAL REACTOR «ALMAZ»

FOR THE SYNTHESIS OF DIAMOND-LIKE CARBON FILMS

The paper presents the research results on the device for obtaining diamond-like films from gas phase,
constructed and tested in the Institute for Nuclear Research of the National Academy of Sciences.

The device is based on a high-frequency (HF) discharge (13,56 MHz) into controlled crossed magnetic and
electric fields. The discharge is excited in H,+CH, or Hyt+CH /+Ar mixtures in different proportions. Working
pressure in the chamber is 10-1—10-2 Torr.

From the obtained results, the authors determine the time period for establishing of equilibrium substrate
temperature at different HF discharge and main heater parameters. HF discharges, in the conditions of
this study, at substrate temperatures above 600°C have virtually no influence on the temperature rise of the
substrate. In addition, a new heater is proposed in order to increase the attainable temperature and reduce
the time for establishing the equilibrium substrate temperature.

A fehral heater can not heat the substrate to temperatures above 650°C. A molybdenum wire as a material of
the heater can ensure the substrate holder temperature above 1000°C in a hydrogen atmosphere, but it has a
short lifespan of a few months at the maximum temperature under daily use.

Keywords: carbon diamond-like films, plasma chemical reactor, substrate, heating temperature.
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Ilicryn €. II., Craciok 1. /I. OcHoBu aBTOMaTHKHU Ta aBTOMaTu3aiii.— JIbBiB:
Bupasuuiireo JIpBiBCchbKOI moritexuiku, 2014.

Kuura npucBsguena oCHOBHUM IIPUHITUIIAM TOOY/I0BU CUCTEM ABTOMATUYHOTO PETY.JIIO-
BaHHA Ta KepyBaHHSA. BUCBiTJIEHO OCHOBHi eTanu PO3BUTKY TEXHiKM aBTOMATHU3allii.
Posraisinyro dyHKIiliHe TTpU3HAYEHHS i HAaBEIEHO CTATHYHI Ta JAWHAMIYHI XapakTe-
PUCTUKU €JIEMEHTiB CHCTeM aBTOMATUYHOIO peryJioBaHHs i kepyBauuda. Hasezemno
Kiaacudikaiio peryJasaTopiB 3a 3akonamu perymoBanisa. Ormmcano GynoBy i po6oTy
PETyJISATOPIB MPSAMOT [Iii Ta i30/[POMHUX PETYJIATOPiB, OCHOBHI BJIACTUBOCTI 00 €KTiB
peryJiioBaHHs Ta iXHill BIJIMB Ha XapakTep IIPOIleCy PeryJioBaHHS, a TaKOXX BILJINB
BJIACTUBOCTEI aBTOMATUYHOTO PEryJATOpa Ha XapakTep epexianoro mpoiecy B CAP.
Hagsezeno cripoiieni imskeHepHi MeToin BUOOPY aBTOMATUYHHUX PETYJSATOPIB i po3pa-
XYHKY IXHIX ITapaMeTpiB HaCTPOIOBaHHI.

[IpusnaueHa /s CTyIeHTiB BUINNX TeXHIYHUX HaBUAJIbHUX 3aKJa/iB. By/e kopucHuM
iHKEeHepPHO-TEXHIYHIM IIPAIliBHUKAM, SIKi 3aliMAaIOThCST PO3POOKOIO Ta BIIPOBA/KEHHSIM
CHUCTEM aBTOMATUYHOIO PETYJIIOBAHHA Ta KEPYBaHHA.
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AJIEMEHTbBI TBEP/IOTEJIbHOW 2JEKTPOHUKU
HA OCHOBE KHU-CTPYKTYP N HUTEBUW/HBIX
KPUCTAJIJIOB Si JJIA KPMOTEHHDBIX TEMIIEPATYP

Ipedcmasnenst pe3yivmamot uccie0o8anus IAKMPoPUIULeCKUX CBOUCE NOJUKPUCTIAIIUYECKUX NAEHOK
KpemMHus 6 CMpYKmypax <«Kpemuuli-na-usonismopes U Humesuonvlx KpUCmaiios Kpemuus 6 memnepamyp-
Hom Ouanasone 4,2—70 K, noiyuennovie ¢ nOMOWbBIO UMNEOAHCHBLX USMEPEHUL 68 UHMEP8dle 4dCmom om
10 Ty do 250 xly. Iloxasana 603MOKHOCG UX UCNONBIOBAHUS 8 KAYECNEE AEeMEeHMO8 MEepOOMesbHOl

B nacrosiiiee BpeMs B a3pOKOCMHMYECKON TeX-
HUKe, KPHUO3JEKTPOHUKE W JIP. TMUPOKO TPUMEHS-
I0TCS BBICOKOUYYBCTBUTEJbHbIE, ObICTPOIEHCTBYIO-
e yCTPOMCTBA M KOMIIOHEHTbI TBEPAOTEJIbHON
ssexTponnkn (pe3oHatopbl, (GUALTPHI, JUHUKU 3a-
JIEPKKH U AP.), paboTOCHOCOGHBIE B CJIOKHBIX
ycaoBusx akcryaranuu [1, 2]. Opnako Heob6Xo-
JIUMOCTb PabOThl B YCJOBUIX TIyOOKOTO OXJIAXK-
JIeHWS W CBSI3aHHBIE C ATHM TEXHUYECKUE TPY/-
HOCTU WX PeajM3alliid PE3KO OrpaHUYUBAIOT HUC-
M0JIb30BaHNe TaKuWX ycTpoicTB. llepcrnexTuBHOM
aJIeMEHTHOI 06a30il A TakuxX HpuOOPOB SBJS-
IOTCSI, B TIEPBYIO O4YepPe/[b, CTPYKTYPbl «KPEMHUII-
na-usonarope» (KHH), ucno/bzoBaHne KOTOPHIX
MOXKeT 00eCIeunuTh CEPUIHOCIIOCOOHYIO TEXHOJIO-
M0 U3TOTOBJIEHUSI MUKPO3JIEKTPOHHBIX CXEM pas-
mryHoro HasHauenus [3]. C apyroil ctoponsl, us-
BECTHO, UTO WCIIOJb30BaHUE TIOJYITPOBOIHIKO-
BbIX HuTeBMAHbIX Kpucramios (HK) npu paspa-
6OTKe psi/la YCTPOUCTB TIO3BOJISIET PACIIUPHUTD 06-
JIACTb UX NMPUMEHEHWS ¥ HA KPUOIJEKTPOHUKY [4,
5]. [lns penenust yKkazaHHOM TPOGJIEMbI CO3AHUS
KOMIIOHEHTOB 3JIEKTPOHHBIX CXEM TBEP/IOTEJbHOI
3JIEKTPOHUKU HeoOXO0UMO TMpoBejeHne dusuye-
CKWMX UCCJIEJIOBAaHUN U BBICOKWIT YPOBEHDb TEXHOJIO-
Uil CO3IaHUA UX DJIEeMEHTHON 6a3bl.

OHUM U3 U3BECTHBIX METO/OB HCCJIEI0BaHUSI
CTPYKTYPbI MaTepuaJa sBJsSeTCs MeTO/ UMIIe/JaHC-
HOI criekTpockonuu [6], mcmoab3oBaHue KOTOPO-
rO B psi/ie CJIYYaeB TO3BOJISIET PA3J/I€JIUTh U OIpe-
JIeJIUTh BKJIAJ(bI PA3JUYHBIX 3JIEMEHTOB MUKPO-
CTPYKTYPBI B MOJHYIO TIPOBOAUMOCTb o6pasia. C
MOMOIIBIO JJAHHOTO METOJa MOJKHO TOJYYHUTb [0-
MOJIHUTEIbHY 10 uHMOpMaIluio 06 3jekrpodusuye-
CKHMX CBOICTBaxX MarepuaJsa, KaueCTBEHHO U KOJIU-
YECTBEHHO OI€HUTH, KAKOI BKJIA/ B €ro MPOBOJU-
MOCTb BHOCSAT Pa3Mepbl CTPYKTYPbI, TOBEPXHOCTH
U MEeK3€PEHHDBIX TPAHMII.

ANEKMPOHUKU, PAOOMOCNOCOOHBIX NPU KPUOZEHHBIX MEeMNePAMYPAX.

Kouesvie crosa: noauxpemmutl, Humesuonviti kpucmanri, KHU-cmpyxmypa, ouazpamma Haiikeucma.

Iesbro HacTosiIel paboThI SIBJISIETCST UCCIIE/I0BA-
HUE 371eKTPO(U3NUECKUX CBOMCTB IMOJMKPUCTAJIIN-
yecKux IUeHOK kpemuusi B KHU-cTpykTypax u Hu-
TEBU/HBIX KPHUCTAJIIOB Si TIPU TeMIleparypax ot 4,2
10 70 K B vacrornoM guamnasone 10 I'm — 250 kI
Ha IpeJMeT BO3MOXKHOCTH UX MCIOJIb30BAHUS IIPU
CO3/IaHNU YCTPOMCTB, KOTOpble MOTYyT paboTarb B
YCJIOBUAX KPUOTEHHBIX TeMIIepaTyp.

OG6pa3supl AJs1 MCCJAEI0OBAaHNUI U METOAUKA
JKCIepUMEeHTa

OOGbEKTOM HCCJIEJIOBAHNI CJIYKUJIU TECTOBbIE
3JIEMEHTBl p-TUIA [POBOJAMMOCTH, JIETHPOBAH-
Hble 60POM C KOHIIEHTpalliell HOCUTes el 3apsi-
na 2,4-1018 cM—3 1 MUKPOKPHUCTAJIBI KPEMHUS C
YAETbHBIM COTPOTHBJIEHNEM P3gox = 0,02 Om-cM.
[Momukpemunesbie pesuctopel B KHU-cTpykTYype
nMesn pasmepbl 80x8x0,5 mMxm. V3BectHO, 4TO B
MUKPO3JIEKTPOHUKE TTUPOKO HUCIOJb3YIOTCS CJIOU
MOJTUK PUCTAJIINIECKOTO KPEMHHS Ha TIOBEPXHOCTH
OKHMCJIEHHOW KpeMHUeBOi TacTuHbl. Takue cJjoun
(popMupyioTCs, Kak MPaBUIO, XUMIYECKUM OCAXK-
JenreM u3 razosoit dassr merogom LPCVD [7].

HurteBuanble Kpuctaaabl Si BbIpaluBagud Me-
TOJOM XUMHUYECKUX TPAHCIIOPTHBIX PeakIuii B 3a-
KPBITOIl OGPOMUIHOW CHUCTEME C HUCIIOJb30BaHUEM
npuMeceii 6opa u 30s0Ta. TemmepaTypa 30HbBI uc-
ToyHnKa coctaBasina 1370 K, temmeparypa 30HBI
kpucraamsaun — ot 1070 go 1150 K. duamerp
HK cocraBnsin 1 —40 mxm. VccnepoBanvch Kpu-
CTaJIbI C KOHIIEHTpAIlMell aKIEeNTOPHOI IpuMecH
Ha JTUJIEKTPUIECKOI CTOPOHE TIepexoaa «MeTala —
quaiekTpuky N,<5-1018 cm=3 [5].

CormacHo pesyJabTataM XOJJOBCKUX H3Me-
PEHWIT KOHIIEHTPAIlngd HOCUTEJel 3apsa COCTaB-
asjaa 2,4+1018 cm3 B o6pasunax IOJUKPEM-
Husg u 5+1018 ¢cM~—3 B HUTEBMJHBIX KpHCTAJIAX.
DJIEKTpUYECKHE KOHTAKTBI CO3/IaBAJINCh METO/IOM
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UMITYJIbCHOTO CBAapUBAHUSI IO MeTO/UKe, obecrie-
YIBaIoIiell He06XOAMMYI0 OMUYHOCTh KOHTAKTOB U
omcanHoit B [5]. OMUYHOCTD TOJYYEHHBIX KOH-
TaKTOB ObLjIa IMOATBEPKIEHA JTMHEUNHOCTHIO BOJIBT-
aMIIepHBIX XapPaKTEPUCTUK 06Pa3IoB, MOJIyYeH-
HBIX B mHTepBaJje temmeparyp 4,2—300 K.

B nccaeqoBaHIsX MCIIOIB30BAJICS METOJ UMIIE-
JIAHCHOMW CITEKTPOCKOIINU, TPH KOTOPOM oO6pasel]
BO30YKJaeTCsl MaJjbiM CHHYCOWIAJIbHBIM CHTHA-
JoM. Ha ocHOBe MOJy4eHHBIX 3KCIEPUMEHTAIBHO
4acTOTHBIX 3aBucumocteit Z" u Z' (peakTusHas u
AKTUBHAS COCTABJISIONINE COTTPOTUBJIEHNUS COOTBET-
CTBEHHO) IIPEJIOKEHBI SKBUBAJECHTHBIE SJICKTPU-
YeCKUe CXEMbI JIJIsl aHAJU3a CTPYKTYPbl 06Pa3IloB.
I'pacdmueckum oro6pakeHnEM 3SKCIIEPUMEHTATb-
HBIX JAHHBIX 6blia 3aBucuMoctsb Z'"'(Z') nim, Ipy-
ruMu cjaoBamu, rogorpad umneganca (aumarpamMma
HaiikBucra).

3KCHepl/lMeHTaJlebIe P€3YyJIbTAaThl

IKCIEePUMEHTAJIbHDBIE PE3yJIbTaThl MCCJEI0BA-
HUS HU3KOTEMIEPATYPHOU ITPOBOJUMOCTH TIOJIHU-
kpucrajamuyeckux IeHok B KHM-ctpykrypax un
HUTEBUIHBIX KPUCTAJJIOB KPEMHUsI TO3BOJIUIN 06-
HapyKUTb P/l OCOOEHHOCTEI.

Ha puc. 1 npeacrasnena auarpamma Haiiksu-
CTa JJIsS MEJKO3EPHHUCTBIX 06pPa3loB € KOHIIEH-
Tpanmeil Hocutesneil 3apsaga 2,4-1018 cm3. Ilosm-
KPUCTAJIMIECKUH MaTepuaJ COCTOUT W3 OTAENb-
HBIX MOHOKPUCTAJIJIOB WJU 3€PeH, KOTOpbIE TPe/I-
cTaBJdI0T c060il pasynopsijiouenbie 06J1acTu TOJI-
HIMHON TIOPS/IKA HECKOJIbKUX aTOMHbBIX CJIOEB U KO-
TOpbIE COEIMHEHBI MeXK1y cO60#l TaK Ha3bIBAEMbI-
MU TpaHUIaMu 3epeH. Hasmune aTux rpaHul] npu-
BOJNT K KAa4eCTBEHHOMY Pa3JMUYMIO MEXTY 3JeK-
TPUYECKUMU CBOMCTBAMU IIOJU- W MOHOKPHUCTAJI-
JINYECKOTO MATEPHAJOB, KOTOPBIM HEJIb3s IIpe-
He6peraTh. V3BecTHO, HaIpUMEpP, YTO B OTJIMYUE
OT MOHOKPUCTAJJINYECKOTO KPEMHUS, B MOJMKPU-

Z", MOM
—-0,2
—0,4
—-0,6
—-0,8
-1,0
-1,2
-1,4
-1,6

Puc. 1. [Iuarpamma HaiikBucta 17151 HepeKpUCTAIIN30-

BaHbIX 00pasnoB nosukpemunss B KHU-crpykrypax c

kounenrparmeii 2,4:1018 cM™3 mpu pa3au4YHBIX 3HaYe-

Hugx Temieparypbl — 300, 70, 60 K u Huxe c marom

10 K Bmtoth 710 4, 2 K (Ha BcTaBKe — 3KBHUBAJIEHTHAS
cXeMa IPOBOANMOCTH TAKOH CTPYKTYPbI)

CTAJITMYECKUX CJIOSIX MOABUKHOCTD 3JIEKTPOHOB U
JIBIPOK, a TaK)Ke BPeMsl X JKU3HU, MaJbl. ITO 06-
YCJIOBJIEHO HaJmuueM OOJIBIIOTO KOJWYEeCcTBa Jie-
(peKTOB CTPYKTYPBI, JIOKATU3NPOBAHHBIX HA MEXK-
3ePEHHDBIX I'DAHUIAX, KOTOPbIE SBJSIIOTCS IIEHTPa-
MU paccessHHs W PeKOMOWHAITU.

Anamm3 quarpamMm HalikBucTta A MeJKo3ep-
HUCTBIX 06PA3I0B YKa3bIBAE€T HA E€MKOCTHOW Xa-
pakTep ux comnporussenus [8]. T'omorpad wmmrre-
JTAHCHBIX 3aBUCHUMOCTEH 3aHUMAaEeT OTPUIATEJIb-
HYI0 BeTBb TOJyokpy:kHoctu [9, 10], uro ompe-
JleJisieTcsT HaTnIieM eMKOCTeH, KOTopble 06yCJI0B-
JIEHDbI aKKyMYJISIUel 3apsijia Ha Jederrax Mesk3e-
PEHHBIX TPAHUI] B MOJUKPEMHUU. JTU PE3YJIbTa-
TBI COTJIACYIOTCS C HAITMMHU TPEIBITYIIUMHU HCCIIe-
JIOBAHUSMU, B KOTOPBIX OBLIO OOGHAPYIKEHO TIPO-
asneane Mottosckoit iposogumoct (Inp~T~1/4)
B HU3KOTeMneparypHoii o6mactu [11]. Hanmpuwmep,
JUIS MEJIKO3EPHUCTBIX CJIOEB MOJMKPEMHUS C KOH-
HeHTpalueil Hocuteseln 3apsiga 2,4+1018 ¢cmM—3 Ha-
6Jo/1aiach XapakTepHas TeMIiepaTypHas 3aBUCH-
MOCTDb, 4TO € (PU3UYECKOW TOUKU 3PEHUS MOXKHO
O0OBSICHUTD HaJIMuneM B 06pasiiax GOJIbIIOro KoJiu-
4YecTBa MEK3EPEHHbIX TPAHUIL.

OKBUBAJICHTHASI CXE€Ma ITPOBOJMMOCTU PaccMa-
TPUBAEMOI CTPYKTYPBI JIOJIKHA BKJIIOYATH MapaJ-
JIeJTbHOE COeIMHEHNE KOHJIEHCATOpa W PE3nCTopa
(puc. 1, BcTaBKa), B KOTOPOii €MKOCTb 3aMelaer
MeK3epeHHbIe TPAHUIIbI, a COIIPOTUBJIEHHE — 00b-
eM 3epHa. IJTU Pe3yJIbTaThl XOPOIIO AHAJU3UPO-
BaTh Ha MPUMEPE PACCUUTAHHBIX TEMIIEPATYPHBIX
3aBucumocreil emxkoctu. Kak BujHO Ha puc. 2, B
MEJTKO3epHUCTOM 06pasile eMKOCTb MaJjia 1 BO3pac-
TaeT BMeCTe C TeMIlepaTtypoii B WHTepBaje 4,2 —
300 K or 10 mo 70 nd, mpudeM ee HapacTaHWe
nmoutu ;10 60 1M mpoucxoauT 6LICTPO — B MHTEP-
BaJje oT 4,2 no 60 K ¢ mocremneHHBIM HACBIIEHIEM
NPy JlaJbHeIeM HarpeBaHuu. MeJIKO3epHUCTbIe
o6pasIibl cojepsKarT 3epHa MaJibix pasmepos (Io-
psaka 30 HM), CyMMapHOE PacCTOSHHE MY
KOTOPBIMHU JIOCTATOYHO Besinko. Kak cuesnctsue,
Mexx3epennas (GapbepHas) €MKOCTb OTHOCHTENb-
HO MaJia.

C, nd

60

0 50 100 150 200 250 T, K
Puc. 2. TemneparypHasi 3aBHCUMOCTb €MKOCTU MEJIKO-
3epHUCTBIX 06PA3IOB
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Puc. 3. /lmarpamma HafikBucTa A1 HUTEBHIHBIX KPH-

crasnos Si (p3gox = 0,02 Om-cM, d = 30 MKM) Npu pasiuy-
HBIX 3HAYEHUSAX TEMIIePaTypPbl

Uto Kacaercsi TIOJYIIPOBOJHUKOBBIX WHAYK-
TUBHBIX 3JIEMEHTOB Ha OCHOBE HUTEBWIHBIX KPH-
CTaIOB Si p-TUNA MPOBOAUMOCTH, TO OHU MO-
ryT ObIThb KCIIOJIb30BAaHbI B IJIAHAPHOW TEXHOJIO-
TUHW U3TOTOBJIEHUS TTOJTyTTPOBOTHUKOBBIX aHAJIOTOB
KaTymeK WHAYKTUBHOCTH B KadyecTBE 3JIEMEHTOB
MUKPOCXeM, KOTOpble M3TOTaBJIUBAIOTCS B OJHOM
TEXHOJIOTUYeCKOM Iipoltecce. [IpeacraBieHHbie Ha
puc. 3 muarpammbl HafikBucra mis o6pasiioB c
P3ook = 0,02 Om-cM yKa3bIBalOT HA WMHAYKTUB-
HBI XapakTep COMPOTUBJIEHUS B WHTEPBAJE TEM-
neparyp 10—40 K (r. e. mposiBasercs Tak Ha-
3bIBAEMbIIl XapakTep <«OTPUIIATETbHOI» eMKO-
CTH, 4TO HAGJIOIATIOCh paHee MPHU MCCJIETOBAHUIAX
[9, 10]). 910 0ObsACHsETCS, BEPOATHO, MPOSABIIE-
HUEM II0BEPXHOCTHON IPOBOAMMOCTU IIPU IIPOTE-
KaHUU [TEPEMEHHOTO TOKA Yepe3 HUTEBUIHbINH Kpu-
CTaJLJI, BCJIEICTBHE Yero HaOII0JAeTCsl OTCTaBaHKe
TOKa OTHOCUTeJbHO Hampsiokenus [12]. Craemyer
OTMETHUTb, YTO JJISI TaKuMX OGPas3lOB peaKTHBHAsI
COCTABJISIIONIAS] COTIPOTUBJIEHUS MMEET WHIYKTUB-
HBII XapaKTep W JOCTUTaeT HauGOJIBbIIEro 3Have-
Hug npu 30 K. C moBbIierneM TeMmepaTypbl Ta-
KOl Xapakrep Z'' NposBJISeTCS B MeHblIEH cTere-
HU. /lMarmaszon M3MeHEeHUs] WHJYKTUBHOCTU HAXO-
autcst B ipesesax ot 0,7 no 1,2 M.

a)

M Functic

Genera

100 kOm

1 mI'n

30 nd

Takum 06pa3oM, IMOJyYeHHbIE HAMU UMITEIAHC-
Hble XapaKTEPUCTUKNA 0OPA3I0B MO3BOJISIOT IIPOrHO-
3UPOBATh BO3MOKHOCTb CO3AHMS PEAKTUBHBIX 3JIe-
MEHTOB TBEPAOTENbHONW 3JEKTPOHUKU OIIpeiesieH-
HbIX HOMHUHAJIOB, PaGOTOCIIOCOOHBIX IIPU HUBKUX
TeMIepaTypax, Ha OCHOBE KaK TOJUKPUCTAJLITIE-
CKOTO, TaK ¥ MOHOKPHCTAJJINYECKOTO KPEMHUSI.

Ucnosb3yst ke  KOMOMHUPOBAHHBIN  ITOJIXOJI,
MOKHO peajin30BaTh Ha Ga3e PAaCCMOTPEHHBIX KpeM-
HUEBBIX HJIEMEHTOB CUCTEMY B BH/IE K0JIeOATETbHOTO
kourtypa (puc. 4, a). JIjs OlleHKH NapaMeTpoB Ta-
KOU cucTeMbl ObLIU BBITIOJTHEHBI PACUETHI HA OCHO-
Be TOJIyYeHHBIX 3KCIEePUMEHTAJbHBIX JAHHDBIX.

Yacrora K0jie6aTeIbHOTO KOHTYPA OIPEe/IeseT-
CS CJEAYIONIMM yPaBHEHUEM:

g /1 _R
Py TeTar

Tlle ) — YacToTa COOCTBEHHBIX KOJEOAHTIT;
B — koadduiment saryxaHus.

Kom6unarus snementoB HK Si ¢ serupyiomeit
MPUMeChI0 Ha AUAJEKTPUYECKOIN CTOPOHE Iepexo-
Jla «MeTaJl — [U3JIEKTPHUK», 006eCcIedynBaloIinX
UHYKTUBHOCTb KOJIe6aTETbHOIO KOHTYPA, C TOJIU-
KpuctajaanyeckuMm kpemuneMm B KHU-cTpykTypax,
KOTOPBII CJIY>KUT €MKOCTHBIM 3JIEMEHTOM TaKOu
CUCTEMbI, TIO3BOJISIET TMOJYYUTh YACTOTHYIO 3aBU-
CUMOCTh BBIXOJHOTO CHUTHAJa, KOTOpas ITOKa3aHa
Ha puc. 4, 6. PesoHaHcHas 4acToTa Kojebareib-
HOTO KOHTYypa paBHa 6,0 MI1; paccuntanHas Be-
JUYMHA TOOPOTHOCTU JJAHHOTO KOHTYPa COCTABJISI-
er Q=57,7, 4TO COIOCTAaBUMO C JOOPOTHOCTHIO U3-
BecTHbIX L C-KOHTYPOB.

Cremyer OTMETUTD, YTO XapPaKTEPUCTUKU Pa3-
paGoTaHHOW CHCTEMBI 3aBUCST KAaK OT CTPYKTYPbI
06pasIoB, TaK U OT YPOBHS WX JIETUPOBAHUS, 4TO
MTO3BOJIIET M3MEHSATh HEOOXO/UMbIE TapaMeTpPhI
3JIEMEHTOB TBEPAOTEIbHON 3JEKTPOHUKU U CHCTEM
HA WX OCHOBE B IMMPOKHUX TIpe/esax.

BoiBo b1

PesynbTaTnt
CKUX CBOWUCTB

UCCJIeIOBAaHUN  aJieKTpodusnye-
IIOJIUKPUCTAJINYECKUX  IIJIEHOK

6)

M O:cilloscope

‘ ‘ ‘ ‘ NN N A A A
A

Puc. 4. dnexrpuueckasa cxema LC-kontypa (a) u ero BbixogHas xapakrepucruka (6)
(caieBa OT cXeMbI — JIMAIOTOBOE OKHO M3MEHEHMS apaMeTPOB 33/Ial01IEro TeHEPATOpa)
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kpemHug B KHU-cTpykTypax v HUTEBUIHBIX KPH-
crayuioB Si npu Temmeparypax ot 4,2 go 70 K B
yactotrHoM amanaszoHe 10 I'm — 250 kI ykasbi-
BalOT Ha MEPCHEKTUBHOCTb WX WUCMOJIb30BAHUS B
KadecTBe MUKPOIJIEKTPOHHLIX KOMITOHEHTOB WHTE-
rpaJbHBIX CXe€M — KaK JUCKPETHBIX, Halpumep
€MKOCTell MJIM WHAYKTUBHOCTEHN, Tak U KOMOWHU-
POBAHHBIX, B YAaCTHOCTU KOJIEeOATETHHBIX KOHTY-
pOB, paGoOTOCTIOCOOHBIX B YCJOBUSIX KPHOTEHHBIX
TeMIIepaTyp.
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EJIEMEHTU TBEPAOTIJIbHOI EJIEKTPOHIKM HA OCHOBI KHI-CTPYKTYP
TA HUTKOIIOATBHUX KPUCTAJIIB Si /IJIA KPIOTEHHUX TEMIIEPATYP

E-mail: druzh@polynet.lviv.ua

Ipedcmasneno pesyromamu 00CHi0KEeHHS eACKMPOPIZUUHUX 81ACTRUSOCTEU NOATKPUCTNANTUHUX NALEOK KPEMHIIO
8 CIMPYKMYPAx «Kpemuiti-na-izoasmopis> ma numxonodibnux kpucmanie Si 6 memnepamypuomy dianazomi 4,2 —
70 K, ompumani 3a donomozoto imnedancnux eumiprosans 6 dianasoni yacmom 6id 10 I'y do 250 xIy. IToxazano
MOKAUBICD IX GUKOPUCMAHHS K eJleMeHmis MeepoomiivHol eIeKMPOHiKU, NPAue30amHux npu KpiozeHHux
memnepamypax. Ompumani iMneoancui XapaKxmepucmuxu 3pasKie 6KaA3y0mMb Ha MOKIUCICIND CMEOPEHHSL PedK-
MUGHUX eLeMenie MEepOOMINbHOT eAeKMPOHIKU NeGHUX HOMIHALIS, NPUOAMHUX 04 POOOMU 6 YMOBAX HU3L-
KUx memnepamyp, Ha 0CHO8L NOJIKPUCANIUHOZO I MOHOKPUCTANIUHO020 KpemHuito. Ha ocnoei ecmanosienux 3a-
JeXHKHOCMEU 3ANPONOHOBAHO OKPEMI eNeMeHMU MEePOOMIILHOT eIeKMPOHIKU Y 8U2AL0T EMHICHUX § THOYKMUSHUX
eseMenmie ma KOMNACKCHY CUCIEMY Y BU2s01 KOAUBAILHOZO KOHMYPY, AKT npaue30amui npu KpiozeHHux mem-
nepamypax. Xapaxmepucmuxu po3pooseHol cucmemu 3diexams sx 6i0 Cmpykmypu 3paskie, max i 6i0 pieus
ix nezyeants, wo 0036018€ 3MIHIOBAMU NPU HEOOXTOHOCT NAPAMEMPU eACMEHMIE 8 WUPOKUX MEXKAX.

Kniouogi crosa: nonikpemuii, numxonodionui kpucmar, KHI-cmpyxmypa, diazpama Haiikeicma.
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ELEMENTS OF SOLID STATE ELECTRONICS BASED ON SOI-STRUCTURES
AND SI WHISKERS FOR CRYOGENIC TEMPERATURES

The paper presents the study results of electrical properties of polycrystalline silicon films in silicon-on-insu-
lator structures and Si whiskers in the temperature range of 4,2—70 K obtained by impedance measurements
in the frequency range from 10 Hz to 250 kHz and the possibility of their use in solid-state electronics, func-
tioning at cryogenic temperatures. Characteristics of samples obtained with impedance measurements allow
to predict certain specifications of reactive elements of solid state electronics based on polycrystalline and
single crystalline silicon, operable at low temperatures. Using the established dependencies, separate elements
in the form of solid-state electronics capacitive and inductive elements as well as a combined system in an
oscillatory circuit, operable at cryogenic temperatures, have been suggested. The features of developed system
depend on the structure of samples and their doping level, which allows to change the required parameters of
the elements of solid state electronics in a wide range.

Keywords: polysilicon, whisker, SOI-structure, Nyquist diagram.
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NOHU3AIIMOHHBIN OTKUT ITOJYITPOBO/IHUKOBBIX
KPUCTAJIJIOB. HACTb BTOPAA: OKCIIEPUMEHT

Hpu oéﬂyueuuu noxzynpoeoaﬂuxoebzx KpuUucmajiloe MOwWHovlMU (CujleOWlOHHbLMu) UMNYTbCHBIMU INEKMPOH-
HbIMU NYUKAMU BBICOKUX 3H€p2uﬁ O6Hdpy)lC€H HoGbLlL 6U0 omsKued, HA36AHHLI asmopamu UOHUIAUUOHHBIM.
B dannoii cmamwve onucarvl IKCnepumernmadalovHole UCC/leaO6dHUiZ, noameepmaaromue coenamnmoe panee me-

opermuiecrKoe obocnosanue.

Kmouesvie crosa: aasep, omoKue, SﬂeKmpOHHbllz nYy4ox.

[lo mpoBenenns nccnenosanwmii [ 1 —3] cymiectBo-
BaJIO OGIIENPHUHSTOE MIPEJCTABJIEHUE, YTO 0OJIYIeHEe
MOJIYIIPOBOTHUKOBBIX KPHUCTAJLIIOB JIEKTPOHAMHU BbI-
cokux auepruii (Gosee 300 k9B) MPUBOAUT K 3HAUM-
TEJIbHOMY ¥ HEOOPATUMOMY YXY/IIIIEHUIO UX 3JIEKTPO-
(pusnuecknx, ONTUYECKUX U CTPYKTYPHBIX CBOWCTB
[4, 5]. [leiictBuTesibHO, B pe3yJbTaTte TaKOro 06JIy-
YeHWs] B CTPYKTYPE TMOJYITPOBOAHUKOBBIX KPHCTAJ-
JIOB BO3HUKAIOT /Ie(heKThI, KOTOPBIE B 3aIPEIIEHHON
30He 00pa3yioT Psii HOBBIX TJYOOKMX YPOBHEH U B
CBOIO OY€pe/Ib 3aXBaThIBAIOT PABHOBECHbIE U HEpaB-
HOBECHbIE HOCUTEJIN 3apsijia. BeencTBre sTOro KoH-
HEHTPAIHST ¥ TIO/IBUYKHOCTb HOCUTEJIEN YMEHBITIAIOTCS,
YVBEJIMUMBAETCSI COTPOTUBJIEHNE MaTepHaia, YMeHb-
MIAETCST KBAHTOBBIN BBIXOJ M3JTyYaTETbHON PEKOM-
6unaruu. /119 06JyIeHns TTIOTyTPOBOHUKOB OOBIY-
HO KCHOJIb3YIOTCSI CJIA00TOUHbIE YCKOPUTEUA 3JIEK-
TPOHOB C HEIPEPBIBHBIM TIOTOKOM, ILJIOTHOCTH TOKA
B KOTOpBIX cocrasister 107> —1076 A /em?, sHeprus
0,3—1 M>sB. Bce n3meHeHuss CBOIUCTB IIOCJIE€ TaKO-
T0 00JTyU€eHHs COXPAHSIOTCS TIPU KOMHATHOUN TeMITe-
paType, a 3aMeTHOEe BOCCTAHOBJIEHIE CBOMCTB /10 UC-
XOIHBIX 3HaUYEHUI HAGII0AeTCS TOJIBKO IIOCIe JJIN-
TEJIPHOTO HAaIPEBAHUSI KPUCTAJLIOB /10 BBICOKOU TEM-
nepatypbl. Hanpumep, B cayuae GaAs temrepary-
pa orxura jedekros cocranisier okoso 400°C [6].

B orsmuue ot atoro, B [1— 3] Habmoganocs yryd-
IEHNEe CTPYKTYPHBIX CBOICTB MOJTYTIPOBOTHUKOBBIX
kpucranioB (0mxkur aedeKToB) npu ux o6 IydeHnn
MOMIHBIMU (CHJIBHOTOYHBIMU) UMITYJIbCHBIME DJIEK-
TPOHHBIMHM TTyYKaMH BBICOKHMX JHEPTHii, u B [7] HamMu
6bLIO TIPUBEIEHO TEOPETHYECKOE 0OOCHOBAHIE TO-
ro adpdekra. Hacrosias craTbst MOCBSIIEHA OMUCA-
HUIO SKCIIEPHMEHTAIbHBIX HCCJIEJOBAHUN BJINSHUS
CUJIBHOTOYHBIX UMITYJIBCHBIX 3JIEKTPOHHBIX MTYYKOB
HA OTTUYECKYIO OJHOPOJHOCTD IOJYTIPOBOIHUKO-
BbIX KpucratoB GaAs u CdS, moarBep:kaaonx
BBIIBUHYTYIO B [7] Teopuio.

YcaoBus IKCIIEpUMEHTA

UccnenoBaau MaccuBHbIE MOHOKPUCTAJLIBI CYJTh-
uma kagMus n-TUTIA TPOBOAMMOCTH, BbIPAIIIEHHBIE
METOZIOM Cy6JIMMAIMd B PaBHOBECHBIX YCJIOBUSX
WM B YCJIOBUSX U36BITKA TTAPOB CEPBI UM KA IMUS.
OO6pasipl apceHnJa TN B- U P-TUTA TTOJTyYaJIi
METO/IOM SKMKO(A3HOI AMUTAKCUH B T0JI€ TaMMa-
W3JTy4EeHUST WJIA BBIPE3AJIA M3 MACCHBHBIX CJIUTKOB
B/IOJIb OCH UX POCTa B BUJIE TJIOCKOIAPAJIIETbHBIX
[JIACTHH U OJIMPOBAJIHK ¢ 06enX cTOPoH (KIMHOBU/I-
HOCTb IJIACTHH GbL1a He xyske 10”7 —20). Tlocae aro-
'O ITOBEPXHOCTH 06PA3IIOB OUUIIaIach GOMOAPIUPOB-
KOl noHaMu aprosa ¢ sHeprueit okosio 20 kaB B Baky-
yme 1078 Topp npu remneparype 200°C.

Tomuuny maactud (okoso 1 MM) BbIGHpaN €
YYETOM TOTO, UTO TIPU €€ YBEJUYEHUN YMEHbBIIAETCS
MpoIycKaHue o6pasiia 3a CUeT YBEJUYEHUS IOTJIO-
MIEHUS U YBEJUUUBAIOTCS YIJIbl PACCESTHUS JIa3€PHO-
TO U3JIy4eHUsi, 0OyCJOBJIEHHOTO ONTHYECKUMU He-
o/tHOpoIHOCTSIMU. TouruHy 06pa3iioB U3MEPSLIN C
MIOMOIIbIO BEPTUKAJILHOTO HHTEP(HEPOMETPUIECKOTO
ontumerpa (tuna MIKB) ¢ Ha6opoM ONTHYECKUX 13-
MEpPUTEbHBIX T0JIOBOK, 06€CTIEUNBAIONINX TIOTPETII-
HOCTb u3Mepenus He xysxke 0,1 —0,2 MxMm.

B a6, 1 npuBeeHbl TapaMeTpbl HCCIIELyeMbIX
o6pasioB (N — paBHOBeCHast KOHIIEHTPaI[Ksl HOCH-
Tesel 3apsijia, | — MOJBUKHOCT, P — Y/IEJIbHOE
COIIPOTUBJIEHNE, An — DPa3HUIIA MEXK/y 3HAYEHMUSI-
MW [TOKa3aTeJist TpesioMJIeHHsT 06pasiia u ONTHYECKH
OJTHOPOJTHOTO KpucTaina, Ny — TJIOTHOCTb JIUCJIO-
KallWii, T — BPEMS JKU3HU U3JTy4aTeIbHOW PeKOMOU-
HAIlMW HEPAaBHOBECHBIX HOCHUTEJIEH 3apsjia, ero mus-
MEPSLIN 110 METO/IMKe, OIMCAHHOU B [8]).

[lns obsrydyerust 06pasiioB HMCIOIb30BAJICS YCKO-
puteab DJINT-2 B uMIyJbCHOM peXUME CO CJie-
JIYIONUMHA TIapaMeTPaMu: 3HEePTHUsS 3JEKTPOHOB
Ey= 0,3—1 M5B, niuTesbHOCTb UMITyJIbCA TOKA
t = 0,1—10 Hc, yacToTa TOBTOPEHUSI MMILYJIbCOB
Q= 1—10 I'1, mioTHOCTH TOKA MyuKa j = 20—300 A /cv?
TIPH €TO AraMeTpe 8 MM.
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MATEPHAJIbI 3JIEKTPOHUKN

Ta6auia 1
Aaexmpoghusuueckue u onmuueckue ceoiicmea 06pasuoe 00 06ayUeHus

Ne Marepuan An P, N_, U, N, d T,
o6pasia o6pasna Om-cM cM3 cm?/(B-c) cM 2 c

1 n-GaAs 6,52:10™4 2,20-1071 1,2:1018 6351 1,5-104 3,2:1079

2 n-GaAs 5,74-1074 1,51-107! 1,5-1019 5523 2,3-104 4,51079

3 p-GaAs 8,41-107 4,55-1071 1,3-1017 7634 2,1-104 2,0-107

4 n-CdS 4,51-1076 3,70-104 5,3:1013 928 7,3:104 4,41079

5 n-CdS 1,42-1076 2,58:103 7,9-101 419 6,6-104 2,5107

6 n-CdS 3,53-1073 1,20-10° 1,9-1014 521 4,3-104 4,5:1079

7 n-CdS 5,33-107 2,47-103 2,08-1014 532 3,5-104 3,1-1079

IKcnepuMeHTaIbHbIE PE3YJIbTATHI 9JIEKTPOHHBIM Ty4YKoM; O — WHTErpasbHbIN I10-

U uX 00CysKIeHne

O6pastpr GaAs 6blN TOJBEPTHYTHI 00TyUEHUTO
npu KomHatHoi Temneparype (T = 300 K) nmmy.ise-
HBIM 3JIEKTPOHHBIM TIy4KoM ¢ J = 200—300 A /cMm?,
Ey=1 M5B, t = 0,1 —10 5c u Q =10 T'u. ITocne
3TOTO TIPOBOIUIUCE UX 3JEKTPODUIHMUECKHE U ONITU-
YecKHe WCCJIEIOBAHUSI, PE3YJIbTAThl KOTOPBIX TPHU-
BeJieHbl B Ta0a. 2.

B kpucramnax, o6jafaonux MpOBOANMOCTbIO
n-THIA, M3MEHEHHe KOHIIEHTPAIMN W TOJBHKHO-
CTH HOCHUTeJell 3apsjia OblI0 HE3HAYHTEJbHBIM.
I'ny6oknx ypoBHeii, HabJ0aeMbIX OOBIYHO B ap-
CEeHUJIe TaJUIUST MOCJe TaKuX OOJBITUX /103 00JIy-
YeHUsI, BBISBIEHO He Oblino. CKOPOCTb yIaJeHus
asieKTpoHoB K Obl1a Ha [Ba-TPH MOPSIIKA MEHbIIIE,
4yeM B paHee M3BECTHBIX ciydasx [4], u cocraBisia
107'—102 cm ! (K = AN/@, tne AN — KoHieH-
TpaIUsi HePABHOBECHBIX HOCHTEJNEN 3apsijia, BO3HU-
Karomux mpu o6aydeHnn o6pasiia Bo30ysKIAIONTIM

tok (z1032), dumoenc snexrponos). CpoiicTBa Kpu-
CTAJLJIOB p-TUTIA TAK)Ke UBMEHSIUCH ¢J1a00, OJHAKO
CKOPOCTb y/IaJIEHUS JIBIPOK B HUX ObLaa 60Jibllle —
0,3 M1, 4TO OGYCIIOBJIEHO PA3JIMYHBIM YPOBHEM Jie-
THPOBaHUST 00PA3IOB 7- U p-Tulia. HesHaunteapHoe
U3MeHeHNe 2JEKTPODU3MIECKUX CBOMCTB HUCCIIEI0-
BaHHBIX 00pPA3I0B 0O0UX THUIIOB IIPOBOJIUMOCTH, OUe-
BH/THO, CBSI3aHO C T€M, UTO GOJIbIIAS YaCTh PaHaliu-
OHHBIX /1e(DEKTOB, KOTOPbIe BO3HUKAIOT B KPUCTAJ-
JlaX B Tporiecce OGJyUIeHusl, YCIeBAeT OTKEUbCs 3a
BpEMS UMITYJIbCA.

Hapsiny ¢ aTiM 0Ka3aJoch, 4TO 1MOCJe UHTEHCHB-
HOTO OGJTyUeHUST UMITY TbCHBIM 3JIEKTPOHHBIM TTYYKOM
MAJIOH UTUTETbHOCTH CYIIECTBEHHO YIYUIINAINCH TTa-
paMeTphl KaTtofooMuHecenmn (CM. PUCYHOK) 1
YMEHBIIUIOCh BPEMS JKU3HU T M3Jy4daTeJbHOU pe-
KOMOMHAIIN HEepaBHOBECHBIX Hocuteseil. Takske
YJIYUIIAJINCh CTPYKTYPHBIE CBONCTBA HCCJIETyEMO-
IO MaTepuajia, YTo TO/TBEPIKIAETCS] UCCJIE/JOBAHNU-

Ta6auma 2

3ﬂefcmpoqbu3uuecxue U onmuuecKue ceolicmsa 06}9(131406 nocuae ux O6ﬂyu6Hu}l UMNYTOCHOIM

INNEKMPOHHBIM NYUKOM

No Marepuan An AK A]\[ , N_, u, T, AN /N,
o6pasia o6pasna cM3 cm3 cm?2/(B-c) c %
1 n-GaAs 1,20-1074 | 1,2.1073 | 0,1-1018 1,1-1018 6532 2,3-107 0,09
2 n-GaAs 2,10-10™% | 2,9-1072 | 0,210 1,3-1019 5727 3,8 1079 0,15
3 p-GaAs 7,50-1076 | 3,5-1074 | 0,1-10Y7 1,2-1017 7841 1,5-1079 0,08
4 n-CdS 2,95-1076 | 0,4m1073 | 0,2-10'3 5,1-1013 1000 3,3:107 0,01
) n-CdS 0,24-1076 | 2,510 1,5-101 6,4-1015 449 2,1-107? 0,23
6 n-CdS 2,80-1073 | 1,410 | 0,6-10!4 1,3-10"4 353 4,7-1079 0,46
7 n-CdS 2,45-1076 | 0,3-1073 1,310 | 4,2-1015 500 3,110 0,30

52
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MATEPHAJIbI 3JIEKTPOHUKN

OrHOocuTebHAA MHTEHCUBHOCTD N3JIyYCeHUA

124 132 140 148

Oueprus, 2B

116

CHekTpbl KaToAOJIOMUHECIIEHIINN, TOJYYEHHbIE TTPH
T = 300 K, gna o6pasuos n-GaAs ¢ N = 1,2.10'8 ¢cm=3
no (1) u nocae (2, 3) o6uydenusi:

2 — menpepbisHoe 06yuenne (D=1,5-1017 cm72, =106 A /o2,
Ey=800 x3B); 3 — ummybcroe obuayuerne (D = 8-10!8 cm2,
7=50 A/cm?, Ey=800 kaB)

€M OTTHYECKON HEOJHOPOHOCTH, CBSI3AHHOI C pac-
CesTHWEM W TIOTJIONEHNeM U3JIydeHusT Ha jederTax
crpykTypbl (M3MeHeHue TToKasaresiel IpeoMIeH st
An u mnoryiomennst AK). Wsmepenus mpoBOAUINCD
110 METOJIMKe, TIPUBeIeHHOi B [8].

[TockobKY TOJyUYeHHbIE IKCIEPUMEHTAJbHbIE
PE3YIbTAThl OTJUYAIUCH OT JAHHBIX JAPYTUX paGoT
[3, 9, 10], corsacuo kortopbiM o6sydenue GaAs
AJIEKTPOHAMU BBICOKMX SHEPTHUH TIPUBOIUT K CYIIE-
CTBEHHBIM HEOOPATHMbIM U3MEHEHUSIM 3JIeKTpodu-
3MYECKUX U ONTUYECKUX CBOWCTB, ObLIN TMPOBE/E-
HbI KOHTPOJIbHbIE MCCIIEA0BaHNS: KpucTamibl GaAs
00JTy4aJIil MyYKOM 3JIEKTPOHOB € TIIIOTHOCTBIO TOKA
7 =1MKA /cm? u sueprueii E = 1 MaB ua ciabotou-
HOM ycKopuTese «JJaeKTpoHuka IJIY-4» npu koM-
HaTHOI TemiiepaType. O6pasiibl GbLIN BbIPE3aHbI U3
TeX JKe CIUTKOB U TIPUTOTOBJIEHBI TEM JKe CAMbIM 00pa-
30M, UTO ¥ JJ1sT 06/1yueHms Ha yckoputese JJINT-2.
[Tocie o6ayuenusi po3oii 1016—10'7 em~2, uro Ha
MOPSIZIOK MeHbIe, 4eM Ha yckoputese IJINT-2,
MO/IBIDKHOCTh W KOHIIEHTPAIMS HOCUTEJeH 3apsiia
PE3KO YMEHBINUINCh KaK y HEJerHPOBAHHBIX, TaK
U y JIETHPOBAaHHBIX KpUCTALIOB. CKOPOCTD yasie-
HES HocuTe el Oblia Beamka u npu jgose 2+1017 em—2
coctaBisiia 3,5 cM !y JIETHPOBAaHHBIX OGPA3IIOB.
Boum o6Hapyskenbl riny6okue yposau E, = 0,02 2B u
E.=0,09 5B, nHa6momaeMblie OGbIMHO TIPH 06Ty YeHUN
Takux cTpykKTyp. [logo6no Kpucramiam ¢ 60IbITIM
KOJIMYECTBOM J1e(DEKTOB, PE3KO YMEHBIITHIACH HHTEH-
CHUBHOCTH KaTojo/omMutectenimn (Kkpusas 2 Ha pH-
cynke). XpaHerue 06y4eHHbIX 06Pa3IOB IPH KOM-
HATHOU TeMIlepaType B TeUeHre HECKOIbKIX /[Hel He
MPUBEJO K KAKUM-THO0 3aMETHBIM M3MEHEHUSIM WX
37eKTPOPUINIECKUX U JIOMUHECIIEHTHBIX CBONCTB.

Pe3yibTaTbl KOHTPOJIBHOTO UCCJIEI0OBAHNUS CBU/IE-
TEJNBCTBYIOT O JIOCTOBEPHOCTHU Pe3YJIbTATOB 00.Iyue-

HUST 00PA3IOB CHJIbHOTOYHBIMU UMITYJILCHBIMU TTyY-
KaMM, MOCKOJIbKY TIpU CJIaGOTOUHOM OGJIyUEHUU Ta-
KHX JK€ KPUCTAJLJIOB UX XapPaKTePUCTUKI U3MEHSLIUCD
TaK, KaK U B JIPYTUX U3BECTHBIX paboTax.

O6napy:xenHoe yJryuinenne cBoiictB GaAs mocse
00.Ty4eHUsT MOITHBIM MMITYJIbCHBIM MTOTOKOM 3JIEKTPO-
HOB BBICOKUX 9HEPTUI MOKHO, BEPOSITHO, OObSICHUTD
caenyonM o6pasom. B pesyJbrate Takoro o0.1y-
YeHHs] Pe3KO BO3PACTAET ILJIOTHOCTb 3JEKTPOHHO-
abipounoii mmasmbr (1017 — 1020 cm™3), uto 06ycioB-
JINBAET TaKUe KOJJIEKTUBHBIE SBJIEHUS B KPUCTAJLIIE,
KaK 9KPaHUPOBAHUE 3JIEKTPOHHO-/BIPOYHBIM 006.1a-
koM nap Mpenkens (MCXOAHBIX U BOSHUKAIOIMX B
nporiecce 00Iy4eHNs) U SKPAaHUPOBAHNE BaJEHTHBIX
cBs3eil. ITO, B CBOIO OUepeb, IIPUBOIUT K PE3KO-
MY YBEJUYEHUIO IMO/IBUKHOCTU aTOMOB PEIIETKU U
K «3aJIe4MBaHIIO» TOUEYHBIX JAeEKTOB, T. €. K a-
(peKTUBHOMY OTXKHWTY, YTO 3HAUUTENBHO YJIyUIIaeT
CTPYKTYPY U ONTHYECKYIO OJJHOPOJHOCTH KPUCTAJ-
Jla ¥ HAXO/JIUTCSI B XOPOIIIEM COOTBETCTBUU C TEOPe-
TH4YecKUM 060CHOBaHMEM TIporecca [1].

[Ipu o6syyenun Kpucrajia KOHTPOJIUPOBAJIOCH
€ero HarpeBaHue Ha NPOTsHLKEHUH uMITyJibca (1o cBu-
Ty JUIMHBI BOJTHBI KATOJOJIOMUHECIIEHITNH, a TaK)Ke
1o (azoBoMy CI[BUTY JIa3epPHOTO M3JIyY€HHS, OTpa-
’KEHHOT0 OT ncceyeMoro obpasia [11, 12]). Beuio
YCTAHOBJIEHO, YTO KPUCTAJLJI HArpPeBaeTcsl He3HAUHU-
teabHO: HAa 80— 100°C 1pu AIUTENbHOCTH UMITY Th-
ca 10 uc n va 8 —10°C pu pyureabroctu 1 #e. To
ecTb, OGHAPY>KEHHDBIH BUJ OTXKUTA SABJISETCS HETEp-
MHUYECKUM U TTOITOMY HA3BaH MOHU3AIMOHHBIM.

B Tex ke ycmoBusax maydasm kpuctaibl CdS.
B Hux Takke ObLI0 OGHAPYIKEHO YJIyUIIEHUE 3JIEK-
TPOPHUBUYECKUX U ONITUYECKUX CBOMCTB (M. TabJ1. 2).
[Ipu atom, oHAKO, MEXAHW3M UMITYJILCHOTO OTXKUTA
B HUX, MO-BUANMOMY, He Takol, Kak B GaAs. [lemro
B TOM, YTO IIPOYHOCTH KPHUCTAJJIMYECKON PelIeTKH
CdS wmemnbine, yem y GaAs, 1 370 06Jer4aeT moJm-
Mop(HbIe TIPeBpaIleHUs] TIPU HEBBICOKUX CJ/IBUIO-
BBIX HalpsKeHusx. Da30Bblid IEPEX0/T U3 OCHOBHOM
reKCaroHaJbHOW MOAMMUKAIUN C PEIIeTKON THIIa
BIOPLIUT B KyOuueckyio tura cdanepur (o-CdS —
B-CdS) mMozker GbITh CTUMYJIMPOBAH TEPMOYIIPYTHU-
MU HAIPSKEHUSIME, KOTOPbIE MPU KPAaTKOBPEMEH-
HOM BO3JIEHCTBUM MOIIHBIX 3JIEKTPOHHbBIX ITYYKOB
(AN = 109—1020 ¢M3) mocturaioT 3HaYeHUH
(1—2)+107 H/M2, 1ocTaTouHbIX /I HauaJia porec-
ca nosimMopdHoro nipespamienns [13]. Pesyabrarer
HKCTIEPUMEHTOB TIOKa3aJIi, 4To B Kpucrajmax CdS,
TOJIIIIMHA KOTOPBIX CPAaBHUMA C TJYOHMHON TPOHUK-
HOBEHUSI 3JIEKTPOHOB, NPOU3ONLINA YKa3aHHbie da-
30BbIe TI€pPexo/ibl U3 o- B P-momucduxarmio [13],
YTO CBU/IETEIBCTBYET 06 MOHM3AIMOHHOM MEXaHW3-
Me oTxura [3].

Teoperuueckue OIEHKU BJIUSHUS WHTEHCUBHO-
ro o6JjiyueHusi Ha TOJYITPOBOJAHUKOBbIE MaTepua-
Jipl, onucannbie B [3, 7, 14, 15], xoporio corJacy-
I0TCSI C TOJIyYE€HHBIMU 9KCIIEPUMEHTAIbHBIMU JIaH-
HBIMA ¥ TO3BOJISIIOT JIOMYCTUTL, YTO OOHAPY>KEH-
Hble cBoiicTBa KpucrawioB GaAs u CdS, o6yuen-
HBIX ITyYKaM# ObICTPBIX AJIEKTPOHOB GOJIBINON TLJIOT-
HOCTH, CBSI3aHBI COOCTBEHHO C BBICOKOW MHTEHCHUB-
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MATEPUAJIbI 9JIEKTPOHUKU

HOCTBIO 3JIEKTPOHHOTO Ty4YKa. Tak, mpu KOMHATHOM
TEMIIEPATYPe TIPU SHEPIHU BO30YKIAIONINX ATIEKTPO-
HoB Ey= 700 kB u miortHocTn Toka j = 50 A /cm?
CKOPOCTD TeHepaIuy 3JTeKTPOHHO-BIPOYHBIX TTap B
eHIIIE 0O0beMa UCCIeJOBAaHHBIX 00PA3IIOB COCTAB-
ager okoso 1028 cm3:¢c7!, AN = 1019 —1020 cm73,
T=~10"9, yro Ha 8 MOPsI/IKOB 6GOJIbIIIE, YeM MIPH 00Ty de-
HUK Ha ¢TaGoTouHoM yKoputese ipu j = 1076 A /em2.
Taxxke mocJsie Takoro o6syueruss Ha 10 moOpsaKOB
CTAHOBHUTCS BBIIIIE CKOPOCTH BBEJEHUS PAIUAIOH-
HbIX JedeKToB DpeHKesist, a UX MIHOBEHHAS ILIOT-
HOCTbH 32 BPEMSI OJTHOTO UMIIYJIbCA COCTABJISIET OKOJIO
10'7 cm73. TIpu o6syuennu Ha CJaGOTOYHOM YCKO-
pHTEse 32 TO XK€ BPeMsI TJIOTHOCTb BO3HUKAIOIIUX
nedektoB cocrapisger npumepao 107 em3,

B ciyuae obsyuenusi 06pasiioB 2JIEKTPOHAMU C
sneprueii Eg=1 MbsB u tokom j = 100 A /cM? B Te-
yeHnue | HC IEPBUYHBIMU IePeKTaMU B HUX SIBJISIOT-
cs1 HepaBHOBecHBIEe TTapbl (Dpenkess. BeposTHOCTD
MPOTEKAHUST PEAKINN AHHUTHJISAIIMU WJIU JIICCOIH-
ally TaKOW Mapbl 3aBUCHT OT SHEPTUH U UMITYJIbCa
BO3HUKAIOIIEH B TIporiecce 06JydeHnsT HepaBHOBEC-
HOM 3JIEKTPOHHO-IBIPOYHON T11a3Mbl. BbicoKuii ypo-
BEHb MOHU3AIMK MOXKET U3MEHUTb CKOPOCTDb TaKOil
peaxiuy BCJIE/CTBUE B3aMMOJIENICTBUS 3JIEKTPOHOB
U JIBIPOK He TOJIBKO JIPYT C JIPYTOM, HO U C HEPAB-
noecubiMu fedexktamu [7]. Ilpu arom, kak mosa-
TBEP/INJIU TIPEJICTABJICHHBIE BBIIIIE PE3YJIbTATHI IKC-
MEPUMEHTOB, TIPOUCXOIUT UX A(PPEKTUBHBIN OTKUT.
BeposTHOCTD BOBHUKHOBEHUST YCTOMYUBOTO Jiedek-
Ta, OOBIYHO HAGIONAEMOTO TIPU OOTyUYEeHUH HA CJIa-
GOTOYHOM YCKOpUTeJie, TP WHTEHCUBHOM 00JIyue-
HUU yMEHbIIaeTcs /10 HyJs. BbpICOKMiT ypoBeHb HO-
HU3aIIH MOKET M3MEHWUTD 3apsIOBOE COCTOSTHUE He
TOJIBKO PAIMAIMOHHBIX Je)eKTOB, HO U PYTUX HECO-
BEPILEHCTB KPUCTATMIECKOH peteTku. Besencreue
3TOTO BO3MOKHO W3MEHEHWE CKOPOCTU PAa3JUYHBIX
PeaKIuii, KOTOpble MPOTEKAIOT B 0OGJyYEHHOM KPH-
cTasuie MeX/y PAUAIIMOHHBIMU JiepeKTaMu U UCXO/I-
HBIMU HApYyNIEHWSIMHU UM TPUMECSMHU, TOCKOJIbKY
ceueHue 3axBara JieheKTa STUMU HAPYIIEHUSIMU 3a-
BUCHUT OT WX 3aPSIOBOTO COCTOSTHUSI.

To 06cTosITENBCTBO, UTO HAGIO/JaeMble U3MeHe-
Hus cBoiicTB GaAs c1ab0 3aBHCAT OT THIIA TTPOBO-
JIIMOCTH, TIOJJYEPKUBAET, YTO ATU MU3MEHEHUS OIpe-
JIEJITIOTCST He MICXOTHON PaBHOBECHOH KOHIIEHTPAIlU-
ell HocuTesiel, a BBHICOKMM YPOBHEM BO30Y:KIEHUS
3JIEKTPOHHO-/IBIPOYHBIX Tap. Y JIydllleHre OTHOPO/I-
HOCTH MaTepHaja B pe3yJbTaTe BIUSHUS paualiiu
TOBOPUT O TOM, UTO B YCJIOBUSX OOTYUEHUST UMITY JTHC-
HBIM 3JIEKTPOHHBIM TTYYKOM BBICOKOW WHTEHCHBHOCTU
IIPUMECHDIE ATOMBI UJTH GOJiee CIOKHbIE KOMILJIEKCHI
(IpuMecHbIii aToM + paJnanuoHHbI 1edeKT) cro-
coGHBI TIepeMelnarnes 1mo Kpucrasry. Ceronns cy-
IECTBYeT Psijl YOeIUTENbHBIX JIOKA3aTENbCTB TOTO,
YTO U3MEHEHWE 3aPSIOBOTO COCTOSHUS MTPUMECHBIX
aTOMOB yBEJIMYUBAET CKOPOCTb uxX auddysnu. ITo
MPUBOJIUT K 3aMETHOMY TI€PEMEIIEHUIO TIPUMECHBIX
atomoB 1o kpuctasiy [6]. [lockonbky nuddysnon-
Hasl JIJTMHA HEPABHOBECHBIX HOCUTEJIEH COCTABJISIET
0,2—1 MKM ¥ OHU MOTYT TIepeMeNaThcs Ha PaccTo-

SIHUSI B COTHU TIOCTOSTHHBIX PEIIETKH, a PACCTOSTHUE
MeX/Iy TpuMecsamMu 1 jedeKTaMu Mpu UX KOHIEH-
tparmu 10'8—10'9 em™3 cocraBaser 10— 15 mocro-
STHHBIX PEIeTKY, IKPAHNPOBAHNE XUMUYECKUX CBSI-
3eil 3HAYUTETHPHO YBEJUUUBAET MOBUKHOCTD HTUX
HECOBEPIIEHCTB W MPUBOIUT K «3aJEUYNBAHUIO> [le-
(hbeKTOB KPUCTATITNIECKON PEIIETKH, YBEJIMUNBAS €€
OTITHYECKYIO OJTHOPOIHOCTD.

Cremxyer oTMETHTD, 4TO OOGHApY)KEHHOe SIBJIE-
HUe ObLJIO HCIOJb30BAHO JIJIsi CO3/AHUSI MOII[HBIX
MOJTYTIPOBOTHUKOBBIX J1azepoB [16, 17]. Tak, na-
mpuMep, y Ja3epoB Ha ocHoBe 06pasioB n-GaAs
¢ KoHueHrpamuei saextTpoHos (1—3)-1020 cm3
MUHHUMAJIbHASI TIOPOTOBasi IJIOTHOCTD TOKA COCTABJIS-
ma 3 A/cv? npu 300 K1 0,8—1 A /em? ipu 80 K,
npu atoM KII/{ 6611 BO/M31 CBOUX TTPEIEIbHBIX 3HA-
vennii: 11—15% npu 300 K u 25—30% npu 80 K.
Momroctb udnyuenus: gocturana 300 —400 Br.

3akouenne

[TpoBenenHbIe MCCAEIOBAHNS YKA3bIBAIOT HA TO,
YTO TPETIOKEHHAST AaBTOPAaMH MOJIE]h KaueCTBEHHO
0OBSICHSIET HOBBIE U HEOXKUaHHbIE (pU3MYecKue pe-
3yJIbTATbI, TIOJyYeHHbIe TP OOJIyIeHUN KPUCTAJLIOB
GaAs u CdS MOUTHBIM UMITYJIbCHBIM TTYYKOM 9JIEK-
TPOHOB BBICOKUX dHepruii. MccieoBanus B JTaHHOM
HATIPaBJIEHUN 1eJeCO00PA3HO TPOJOJIKUTD € TOY-
KM 3peHusi 6ojiee IeTAIbHOTO TIOHUMAHUS CJOMKHBIX
MEXaHN3MOB B3aUMOJICHCTBUSI MOIIHOTO WMITYJIbC-
HOTO TIOTOKA 3JIEKTPOHOB BBICOKMX SHEPIHil C Be-
IIECTBOM, a TaKKe HMCII0JIb30BaHMs OOHAPY KEHHBIX
a(pdeKToB A5 cO3MAHNS MOIIHBIX TTOJTYTPOBOIHN-
KOBBIX JIa3epPOB.

OO6Hapy:>KeHHOe 3HAUNTEJbHOE YTyqITIeHre CBOVICTB
MOJIYTIPOBOTHUKOBBIX coeantennii GaAs u CdS mo-
cJie 06JIydeHUs] MTHTEHCHBHDBIM UMITYJIbCHBIM ITyYKOM
OBICTPDBIX 3JIEKTPOHOB SIBJISIETCS] NTPUHIUIIMAIBHO
HOBBIM siBJieHneM. OHO pacuIupseT CyIIeCTBYIOIIIE
TPEJCTABJIEHUST O B3aUMOJIEHCTBIH TTOTOKOB 3apsi-
JKEHHBIX YACTHUI] BBICOKOW TJIOTHOCTH W HEPTUU C
TBEP/JbIMHU TeJaMH, B KOPHE U3MEHSIET paHee yCTO-
SIBIIINECST TIPE/ICTABJICHHS O TOM, YTO 3TO B3aUMOZEH-
CTBHE HEOOPATHMO YXY/IIIaeT CBOHCTBA TOJIyTIPOBO-
JTHUKOBBIX KPUCTAJLIIOB.
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IONIZATION ANNEALING OF SEMICONDUCTOR CRYSTALS.
PART TWO: THE EXPERIMENT

There is a conception that irradiation of semiconductor crystals with high energy electrons (300 keV) re-
sults in a significant and irreversible deterioration of their electrical, optical and structural properties.
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Semiconductors are typically irradiated by low voltage electron accelerators with a continuous flow, the cur-
rent density in such accelerators is 1072 — 1076 A /cm?, the energy — 0,3—1 MeV. All changes in the properties
after such irradiation are resistant at room temperature, and marked properties recovery to baseline values
is observed only after prolonged heating of the crystals to a high temperature. In contrast, the authors in
their studies observe an improvement of the structural properties of semiconductor crystals (annealing of de-
fects) under irradiation with powerful (high current) pulsed electron beams of high energy (E, = 0,3 MeV,
t=0,1—10ns, Q=1—10 Hz, j = 20—300 A/cm?). In their previous paper, the authors presented theoreti-
cal basis of this effect. This article describes an experimental study on the influence of high-current pulsed
electron beams on the optical homogeneity of semiconductor GaAs and CdS crystals, confirming the theory

put forward earlier.

Keywords: laser, annealing, electron beam.
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[TOBBIIIEHUE PAJIMAIIMOHHOMW YCTOMUYMBOCTU
KPEMHUEBBIX MOHOKPUCTAJIJIMUECKUX
AIINTAKCUAJIBHBIX CJIOEB

Hccnedosana 603mM0xKHOCIM NOGbIUEHUS PAOUAUUOHHOU YCTOUYUBOCTNU KPEMHUCELX INUMAKCUATOHBLX
cJI0€6 3a cuem co30anus Cmoxos padudayuonnvly degexmos 6 gude OUCIOKAUUOHHBIX CEMOK NIOMHOCIbIO
10— 102 m~2. Taxue cemxu cozdaromcs neped HaHeceHUueM MUMAKCUAILHOZO COSL HA YPOHMAILHOU NO-
BEPXHOCIU KPEMHUCEOT NOONOKKU NYMEeM NPeOSAPUMENbHO20 ee OKUCIEHUS U NOCAe0YIouez0 Cmpasiued-
nus caos oxcuda. Ilokasano, umo ¢ cmpyxmypax, co0epKauux OUCIOKAUUOHHbIE CEMKU, 6 pe3yvmame
obayuenus ymenvuwawomes 6 5—38 pasz obpammnvie moxu u 6 5— 10 pas niomnocmy dedhexmos, a nodeux-
Hocms Hocumenell 3apsoa yseaunusaemcs 6 1,2 pasza. Buixod 200nvix 04 pabomul 6 Yca08UAX PAOUAUUOH-
H020 6030€icmEUst NOAYNPOBOOHUKOBHLY CIMPYKMYP, CHOPMUPOBAHNBLY 68 ONMUMALLHOM PeKUMe, YEe utu-
eaemcs na 7—109% 6 napmuu no cpaswenuro co cmpyxkmypamu 6e3 Oucioxauuonnoix cemox. Iloayuenvle
pe3yiomamot Mozym Obims UCNOIL30BAHBL 68 MEXHOJI0ZUU U3Z0MOBACHUS. PAOUAYUOHHO CIMOUKUX UHMEZPA b
noix cxem (6unoaspuvix, KMOII, Bu-KMOII u op. ).

Knouesvie cnosa: anumarxcuanronvlii xpemnui, OucioKayuu, padudayuonnvie degpexmol, cmox deghexmos,

pdaudMUOHHd}l ycmoduueocmb.

IIpu nepexoze ot 371€MEHTOB 3JEKTPOHHON TEX-
HUKW MUKDOHHBIX M CYOMHUKDOHHBIX Pa3sMEPOB K
HAHOPAa3MEPHBIM CTPYKTypaM MPEeAbABISIOTCS TI0-
BbIlIIEHHDbIE TPeOOBaHMSI K CTaOMJIbHOCTU UX TIapa-
MeTpoB. Peanusaiiusi coBpeMeHHbIX TPeGOBAHUN K
GOJIBIITMHCTBY KJIACCOB PAJIMO3JEKTPOHHON ariia-
paTypbl MOXKeT ObITh 06ecrieueHa TOJbKO Ha OCHO-
Be INpUMEHEHUsS PAIUAIMOHHO CTOMKON 3JIeMEeHT-
HOIT Ga3bl. B Hacrosiiee BpeMsi OCHOBO# i CO3-
JlaHWST JUCKPETHBIX MPUOGOPOB M WHTErPabHBIX
MHUKPOCXEM CJIYJKaT 3MUTAKCUAJTbHBIE CJOU TIOJIY-
MPOBOJAHUKOB. HacTo NMpu HM3TOTOBJEHUU MOJIY-
MPOBOJIHUKOBBIX CTPYKTYP B KavyecTBe TEXHOJIO-
THYECKOTO CPEeJCTBA JST NMPUJAHUSA STUTAKCUAJb-
HBIM CJIOSIM HEOOXOJIUMBIX CBONCTB WX TIOJBEPTaA-
0T PaJIUAIIMOHHOMY OOJIYYEeHUIO T MOHU3AIINOH-
HOMY BO3/IEHICTBHIO IIPU MOHHOM uMILianTaiuu [1].
Pagnanmonnoe Bo3/elicTBUE U MOHU3UPYIOIIEe 13-
JIyUeHUe TaKKe BJUSIOT HA XapaKTEePUCTUKU U Tia-
paMeTpbl TOTOBBIX IOJYITPOBOJHUKOBBIX 3JI€MEH-
TOB B IIpoTlecce WX aKcIayaranuu [2].

B 3aBucuMocTH OT BH/Ia U3JIYYeHUsT B KPUCTAJI-
Jiax GOPMUPYIOTCS OT/IE/IbHbIE TOUEUHbIE Je(DEKThI
WJIM UX KOHTJIOMEpaTbl — 06JIACTH Pa3yIopsiioue-
Hus [3]. O6GBIYHO C 1ebI0 YyCTPAHEHUs pajualiu-
OHHBIX /Ie(PEKTOB IJIACTUHBI KPEMHUS Tocse 06J1y-
YeHWs TIO/[BEPTaioT OTKUTY [4], BO BpeMs KOTOPO-
ro npoucxoaut nepemeiierue (cTok) aedeKToB u3
0o0beMa KPUCTAJIJIA B TPUIIOBEPXHOCTHYIO 06J1aCTh
[5]. Pagmanuonnasi cTOWKOCTb MOJYIPOBOIHUKO-
BBIX TIPUOOPOB MOKET OBITD TIOBbIIIEHA TTyTeM (hOp-
MUPOBAHUS B TOJYIPOBOJHUKOBOM KPEMHHEBOM

SIUTAKCUATIBHOM CJIO€ CTOKOB PaJHAI[MOHHBIX e-
exroB. B yactHocTH, 3TO MOTYT OBITH JIUCJIOKA-
UM, HacJexyemMble oT moanoxku [6]. Oanako mo-
JIYTIPOBO/IHUKOBBIE TTPUOOPBHI, U3TOTOBJIEHHBIE ITHM
METO/IOM, UMEIOT 3HAYUTEIbHOE YICJIO OCTATOUHBIX
pPaJMaIMOHHbBIX Je)eKTOB B 00beMe U Ha TTOBEPX-
HOCTU 3THUTAKCUAJIBHOTO CJIOSI, KOTOpbIE YXY/IIlIa-
IOT 3JIEKTPUYECKNE XapaKTePUCTUKU U MapaMeTpbl
ycTpoiictB. CTokamMu MOTYT OBITh TaK>Ke TETTEpPH-
pyonire ToKpbITHs [7].

W3 usBecTHbIX C1IOCOGOB MOBBINIEHUS PAJUAIIN-
OHHOU CTOMKOCTH 3MUTAKCUATBHBIX CJI0EB KPEMHUS
cJielyeT OTMETHTDb METO/T, onncanHbiii B [8]. Ou 3a-
KJIIOYAETCS B TOM, 4TO Ha (DPOHTAIBHOI TOBEPXHO-
CTH TIOJYTIPOBOHUKOBOHN TIOJJIOXKKH, HAa KOTOPOIl
3aTeM BBIPAIMBAETCS TMUTAKCHAILHBIN CJIOH, yTeM
MeXaHUYECKOM 06paGOTKU CO3AAIOTCS IUCIOKAIUY,
Jlucnokanuu, uMelonyecss B NepexXoHol o6aacTu
«CJIO — TOMAJIOXKKA», SIBJSIOTCS CTOKAMH Pajua-
IUOHHBIX J1e(heKTOB, HA KOTOPBIX aHHUTUJIUPYIOT
muddyHaupyonme u3 06beMa IMUTAKCUATBHOTO
cost pasmanuonubie fedexTsl. HeoctatkamMu ato-
ro MeTo/1a ABJISAIOTCS IJI0Xasl TEXHOJIOTMYeCKas BOC-
MIPOM3BOIUMOCTh, HAPYIIIEHUE CTPYKTYPbI TIOBEPX-
HOCTH TIOJIJIOKKU U IIePEeXOAHOI 00JacTH, a TaK-
JKe yXyAIIeHNe CTaTUCTUYECKUX TTapaMeTpoB Mpu-
6opos (paz6poc mapamMeTpoB) M IOABJIEHHE N30bI-
TOYHBIX TOKOB yTEUKH.

[lenpto HacTosIIEN PAGOTHI SABJISETCS U3YYEHUE
BO3MOXXHOCTH TIOBBITIIEHNST PAIUAIIMOHHON CTOWKO-
CTH KPEMHHEBBIX SMHMTAKCHAJIbHBIX CJOEB 3a CYET
co3/laHusI HAa (PPOHTAIBHON TTOBEPXHOCTU KPEMHU-
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€BOIl TIO/IJIOKKU CTOKOB PaIMAIlMOHHBIX JIe(DEKTOB
B BU/IE JIUCJIOKAIMOHHBIX CETOK /[0 HAHECEHUSI I~
TAKCHAJTBHOTO CJIOS.

B ocHOBY MeTOZa MOJIOKEH MEXaHW3M BO3HUK-
HOBEHUS JIUCJOKAIMOHHBIX CETOK B TPHUIIOBEPX-
HOCTHOM 06J1acTH KPEMHUEBOM TMOJJIOKKHU TIPU €€
TEPMUUYECKOM OKcujaupoBanuu [9]: Ha rpanuie
«Si — SiOy» BosHuKaOT AedopMalun BCaeICTBYE
Pa3IMYMs TAKUX MTAPAMeTPOB KOHTAKTUPYIOIUX Ma-
TEepUasoB, KaK MOCTOSHHAS KPUCTAJIMYECKON pe-
HIETKU W TePMUYECKHI KOd(DPUITMEHT PACTITHPEHS.
B mporiecce popMupoBaHNS OKCH/HBIX CJIOEB B TIPH-
[MOBEPXHOCTHBIX 06J1acTsAX Si 06pasyercst caoxKHast
CTPYKTYPa, COCTOSIIAS U3 CJI0ST Pa3yTOPsi/I0YEHHOTO
KpeMHUS ¢ 06JIACTSIMU TTPOHUKAIONIETO B HETO OK-
cuia, 06pa30BaHHOTO MTPU YCKOpeHHO! nuddysnn
KICJIOPO/Ia B/IOJIb CTPYKTYPHBIX J1e(DEKTOB, M CJIOS
KPUCTAJTMYECKOTO KPEMHMS, COEPKAIIETO CETKU
JIUCJIOKAIIUI, TIePUOJI KOTOPBIX 3aBUCUT OT TJIyOu-
HbI 3aJjeranus [10].

MeTo/:[mca IKCIIEpUMEHTA U TEXHOJIOTUA

[l151 BBISBJIEHNS CTPYKTYPHBIX J1e(DEKTOB TIPON3-
BOJIUJIACH 06PaGOTKA TIIACTUH KPEMHUS XUMUYECKH-
MU u36upaTeabHbIMU JIe(DEeKT-KOHTPACTHBIMU TPABU-
TessiMu. [lyig TpaBJieHUs MJIACTUH KPEMHHUS C OpU-
entaueii (111) ncnonbsosasics rpasuteib CUpriis
coctaBa HF:CrO3 = 1:1. [lng TpaBienus miacTua
u cTpykryp ¢ opuenranueii (100) wucnosbzoBas-
ca tpasutenab Cekko cocraBa HF:K,CryO; = 2:1.
Bpemst TpaBJsieHust cocTaBiisiyio ot 2 1o 15 MUHYT.

N3ydenune moBepXHOCTU KPEMHUEBO MO/IJIOKKU
ocJie XUMHYECKOi 06paboTKU TIPOBOJIUIOCH Pas-
JUYHBIMEA MeTomaMu. [[JIsT oTUYecKnX MeTOI0B UC-
CJICIOBAHNS WCIMOJb30BAIN MeTaJlorpaduaeckit
Mukpockon MMP-2P. [Ing aieKTpoHHON CKaHuU-
pylonieii MUKPOCKONHUYM MPUMEHSJIU MUKPOCKOII-
anasmsaTop Cam-Scan-4D c cucremoii sHepreTu-
YECKOro JMCIEPCHOHHOTO aHajm3aropa Link-860
u niporpammoii Zaf. I Oxka-CrieKTpOCKOMUY Uc-
nosb3oBam crekrpomerp LAS-3000.

O6sy4yenne 06pasiioB 3JEKTPOHAMU ITPOBOJIN-
JIOCh B ONITUMAJbHOM peKuMe paboThl OT€YeCTBEH-
HOTO yckopuress «Jjaekrporukas (IJIY-4), obe-
CIIEYMBAIONIETO SHEPTHIO YacTull ot 2,3 10 3,0 MaB
mo3amu ot 101° 0 1020 M2,

Y nenbHOE COMPOTHUBIIEHNE TIO TIyOWHE U3MEPSI-
JIN YETBIPEX30H/IOBbIM METO/IOM TIPH MOCJOWHOM XU-
MUYECKOM CTPaBJMBAaHUU CcJ0eB. KOHIleHTpaius 1
MO/IBVXKHOCTD HOCHTEJIEN 3apsijia U3MEpSJINCh 110
metony Ban-gmep-llay [11]. Saexrpodusmueckue
xapakrepuctuku (oOpaTHble TOKH U JP.) U3Meps-
s Ha xapakrepuorpade TR-4805.

TexHosMOTHS TIOTyUeHUsT 06PA3IOB 3aKII0YAET-
cs B caenyiomeM. Ha dpoHTambHOI MTOBEPXHOCTH
KPEMHUEBOI MO/IJIOKKU Tiepe]] HAaHECEHUEM AU TaK-
CUAJIBHOTO CJIOS TyTeM TPe/IBapUTEJbHOTO OKHUC-
JIEHUS TIOBEPXHOCTU TIO/JIOKKHU ¥ TIOCJIeyToTIe-
TO CTPABJIMBAHUS CJIOS OKCH/IA CO3/IaBAJU 00JIACTD
JINCJIOKAIIMOHHBIX CETOK. /lajiee BbIpaIIMBAIY ITIH-
TaKCUAJbHBI MOHOKPUCTAJIMYECKUN CJIOH U CO3-

JlaBaJIM TIOJIYTIPOBO/IHUKOBbBIE CTPYKTYPBI 110 CTaH-
JIaPTHOU TEXHOJIOTHH.

B kauecTBe moasIoKeK CIYKUIN TJIACTUHBI MO-
HOKpHCTaLIMIecKoro kpemuus KOM-4.5 (111) u
K/1B-10(100), sbipamennbie mMetogoM Yoxpasb-
ckoro. OCHOBHBIMY BuiaMK 1e(heKTOB B UCXO/IHOI
KPEMHUEBON TIACTHHE-TIOIO0KKE SBJIIOTCS MIWC-
Jokanuu, aedeKThl CJIOUCTOW HEOJTHOPOIHOCTH,
KJIACTEPHBIE CKOIJIEHUS KUCJI0POJA MU U3OBITOY-
HOTO KpPEeMHUsI, JeHJPUTbl METAJJIOB U JBOMHUKO-
Bble Jylamesn [12].

Crpykrypnl SiO,—Si usrorasjauBaiu MeTo-
JIOM TEPMHYECKOTO BBIPANTUBAHUS AMOKCUIA KPEM-
HUs B atMocdepe BJIAKHOTO U CyXOro KHCJIOPO/A.
TemriiepaTypHblii JUATIA30H OKCUAMPOBAHUS COCTAB-
Jsir 1000 —1150°C. Toumunua mieHok Si0O,, KOTO-
PYIO OIIpeesIsiiv 110 BpeMeHn BbipanuBanus (Ok-
CHJUPOBAHUA) U SJLIUIICOMETPUUYECKHM METOIOM,
cocraBiana 0,1—1,5 mMrMm. [lajee cJjoil IUOKCH-
Jla KPEMHUSI YA TPaBJIeHUEM B TJIABUKOBOM
KHCJIOTE.

DNUTAaKCUAJbHbIE CJIOM KPEMHHSI Ha ITOJIO0K-
KaX TI0JIy4ajid MeTOJOM KUAKO(DA3HOUN SIUTAKCUU
MyTeM KPUCTAJUIU3AIMN B OTITHMAJIBHBIX YCJIOBUSX
JUTSI PACTBOPA-PACILIaBA «I0JYOECKOHEYHOT0> 00D-
ema (MeTO/I IIPUHYAUTETBHOTO OXJIasKieHus). B Ka-
YeCcTBE METAJLIA-PACTBOPUTEIIS UCIOJb30BAJN 0JIOBO.
ITH CJION TIO/IBEPTAUCh OOJYYEHUIO PA3TUIHBIMU
J03aMu ay1ekTporoB — ot 5,0-10'! o 5,0-1016 em2,
[l/1s1 KOHTPOJIBHBIX JKCIEPUMEHTOB HMCIIOJb30Ba-
JIICh TaK)Ke CHUCTEMBI «CJIOH — TOIJIOXKKA» 1 — p-
tna (XapakTePUCTUKU MOAJOKKU: TPOBOANMOCTD
p-THna, npumMech — 6op, TosuHa 250 MKM, y/ieJIb-
HOe cornpoTuBJieHne 0koJsio 10 OM-cM; snuTaKcuaib-
HOT'O CJIOSI: ITPOBOIMMOCTD R-THUIIA, TpUMech — ¢oc-
dop, TommuHa okos0 16 MKM, y/1eTbHOE COITPOTHB-
aenne 0,3 OM-cM; IJIOTHOCTD JAUCJIOKAIMI B CJIOSIX
Ha yposue 104—10° cm™2).

B snurakcuajsbHOM KpeMHUU uMeeTcsi GOJIbIIoe
KOJIMYECTBO ATOMOB TIPUMECU M CTPYKTYDPHBIX Ha-
PYIIEHWIT, 3aTPYAHSIONINX MCCJIe0BAHNE PA/INAIU-
onnbIx sedektoB [13]. O6pa3oBanue AMCIOKAIIMIT
B 3MMTAKCUAJBHBIX CJIOSX /10 06JyueHusi 00yCJioB-
JIEHO, TJIaBHBIM 00pa3oM, HACJIe[OBAaHUEM AHAJIO-
TMYHBIX J1e(PEKTOB M3 TMO/JIOKKH, HECOOTBETCTBU-
€M IIapaMeTPOB KPUCTALINYECKUX PEIIETOK CJI0S U
MOJIJIOKKK, TEPMUYECKUMU U MEXAHUYECKUMM Ha-
MPSDKEHUSIMU, BO3HUKAIOIIUMU B IIPOIECCE POCTA
[14]. Crenenp HacaefoBaHUS AUCJIOKAIMI CJI0EM
OTIPE/IETISIETCS UX TIJIOTHOCTHIO B TIOJJIOXKKE W YCJIO-
BUSIMHU POCTA.

[l cpaBHEHUS MCCTIEIOBATICH TaKXKe CTPYKTY-
PbI, U3TOTOBJIEHHBIE TIO CTAHIAPTHON TEXHOJIOTHH,
T. €. 6e3 IIpeIBaPUTEIbHOTO OKCU/IUPOBAHMS KPEM-
HUEBOU NOJIJIOKKHU, VI3ydasu CTPYKTYpbl HA OCHOBE
STMUTAKCHAJBHBIX CJI0EB KPEMHHS, 0OPa3yIOINUX C
MOHOKPUCTAJIINYECKOH MOJJIOKKOH p — n-1Iepexo/.
Wcnonb3oBaau cepuitHO BBIITyCKaeMble CTPYKTYPbI
C AMUTAKCUAJTBHBIMH CJIOSIMH KpeMHuUsT 25-KOMD-0.1
Ha noaioxkke 400-K/1B-10.
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PesyubraThl 1 UX 00CY3K/I€eHUE

¥YcranoBieno, 4yTo B cTpyKTypax SiO,— Si ume-
€TCSl CHJIBHO Pa3yNopsiIOYeHHBIN CJ0i, GJIn3Kuii
K MEJKOOJOUYHOMY TOJUKPUCTAINIECKOMY KpeM-
HUIO, KOTOPBII HAXOJIUTCS HEMOCPE/ICTBEHHO IO/
IUOKCUAOM KpeMHUs. ToJImumHa 9TOTO CJI0S TIPO-
MOPIIMOHAIbHA TOJIIWHE BbIpaIeHHoTo c10g SiO,,
4TO OOBSICHSIETCS BO3pACTaHUEM MEXaHUYECKUX Ha-
npsiKeHuit Ha rparuile pagaena SiO,— Si npu yBe-
JIMYEHUN TOJIIUHBI JUOKCHIa KpeMHus [15, 16].

[Tpu nocoitnom crpaBauBanuu caost SiO, ObLT
OOHapPY KEH MEPEXO/] OT PA3YTOPS/IOYEHHOTO KPEM-
HUS K KPUCTAJINYECKOMY, TPAHUIEH KOTOPOTO
CJIyKaT JAMCJIOKAIIMOHHBbIE ceTK. OHU COCTOAT U3
60-TpasyCHBIX U YACTUYHBIX AUCIOKAINM, JeKOPU-
poBaHHBIX Kucaopogom (puc. 1).

Puc. 1. M3o6pakenne AUCIOKAIIMOHHON CETKU B IIPHIIO-
BepXHOCTHOI 061actu Si B crpykrype SiOy — Si (K9Md-4,5)

Cuoii AUCIOKAIIMOHHBIX CETOK 0Opa3yercs Ha
TPaHUIIe CICTEMBI «Pa3yNOPSI0UEHHDBIN KPEMHIH —
KPUCTATHYECKUI KpeMHMit»>. [IyOuHy 3ajeranus
JIUCJIOKAIIMOHHBIX CETOK OIEHUBAJIU C YYETOM TOTO,
YTO CKOPOCTb U36UPATESBHOTO TPABJIEHUS COCTAB-
JIieT OKOJIo 3 MKM,/MuH. [Ipu TommuHe auokcuia
KpeMHHS | MKM TOJIIIUHA CJIOS Pa3ylopsi0oveH-
HOTO KPEMHHUSI cOCTaBJseT rnpuMepHo 20 MkM. 3a
HUM CJIelyeT CJION KPEeMHUS C JAUCIOKAITMOHHBIMU
ceTKaMu ToJIUHOHN okoso 10 MxMm. Ilpu panpHei-
IIIeM TPaBJIEHUN IUCJIOKAIIMOHHBIE CETKHW HCYe3a-
Jin, TpanchOpPMUPYSACHh B €AMHIYHBIC AMCIOKAIINN
WA JUHUU CKOMbXKennsi. CpeqHuil mepuo IucJio-
KallMOHHOU ceTku cocTasJsieT okoso 1076 M; maoT-
HOCTb JMCJIOKAIMi B ceTkax gocturaer 1012 M2,

BosaeiictBue pagmanum Ha 3MHUTaKCHAJbHbBIE
CJIOU OIIEHWBAJU MO M3MEHEHWIO UX 3JIEKTPOIPO-
BOJIHOCTH, KOHIIEHTPAIIUU U TTOJABUKHOCTA HOCHUTE-
Jiett 3apsza. M3yuanu Buj, Xapakrep pacipejeie-
HUS ¥ TJIOTHOCTD PAJIMAIIMOHHBIX J1e(DEKTOB, COCTO-
sSTHUE Tepexo/iHol obiactu B cuosx. VceiemoBann
AMUTAKCUATIbHBIE CJIOU C KOHIEHTPAINell HOCHTe-
Jeit 3apsiaa 110 o6yuenus 3-1022 M3 (yaesbHoe co-
nporusjierne p = 0,3 OM-cM) IPU UX OJHOPOIAHOM
pacripesiesienu o Tosmae. O6ydeHne TPOBO/IH-
JIOCh TIOTOKOM 3JIEKTPOHOB ¢ aHepruei 2,3 MaB.
Tommuua TepMuyeckn BbIpameHHOTO caog SiO,

Ny, M3
k’—-——‘_.—l.. _____
102 e, o
3
102! 1 M 1
5 10 15  x, MKM

Puc. 2. Pacrnipesiesienie OCHOBHBIX HOCHUTEJIEH 3apsiia 1Mo
rIy6UHE TMUTAKCHATIBHOTO CJIOST KPEMHIS 72-TUTIA 10 06-
aydenuss (1) u nocse o6JaydeHust SJIEKTPOHAMU C SHEP-
rueit 2,3 MsB npu gose 1-1020 M2 (2) u 5:1020 M2 (3)

cocraBagana 0,5 MKM, TOJIIMHA 3IUTAKCUAJBHOTO
cyiost KpeMHust 16 MKM, II0T/(b CTPYKTYP 1 MM2.

Ha puc. 2 npusejeno pacnpezieieHue OCHOB-
HBIX HOCHTeJEH 3apsaia 1o Tay6uHe SIUTaKCuaib-
HOTO CJIOSI R-TUIIA TIPU PA3JIMYHbBIX 103aX 06Jyde-
HMS, T/I€ BUAHO, 9TO IPU Bo3pacTaHuu 103bi ¢ 11020
110 5-1020 M2 KoHIleHTpaIKs 9JIEKTPOHOB 7, B CJIOE
ymenbinaercs (X — paccrosHue OT TPaHUIIbI pas-
JleJia <IMOIIOKKA — 3TMUTAKCHAJbHBIN cJoiiy ). U3
[PUBEIECHHBIX 3aBUCUMOCTEN TaKyKe MOKHO 3aKJII0-
YKUTh, YTO HAJUUYME JUCTIOKAIMOHHBIX CETOK IPU-
BO/IUT K HEPAaBHOMEPHOMY PaCIIpe/Ie/IeHUI0 HOCUTe-
Jiell 3apsijia o TJyOuHEe SMUTaKCUAIbHOTO CJIOS |
K YMEHBIIEHUIO MJIOTHOCTU PaJMaIlliOHHBIX JIe(eK-
TOB B 00beMe SIHUTAKCHAIBHBIX CJIOEB KPEMHHS.
(TopusoHTasIbHbIE YYACTKK HA 3TUX rpaduKax co-
OTBETCTBYIOT TeM 00JIACTSM, Ha KOTOPbIE JUCIOKA-
[MOHHBIE CETKU MPAKTUYECKH HE BJUAIOT, MOITO-
My HX MOKHO PacCMaTpHBaTh KaK paclipejesieHne
HOcUTeIel 3apsja B CTPYKTypax 6e3 AMCIOKAIln-
OHHBIX CETOK.)

Ha puc. 3 npeacrabieHa 3aBUCUMOCTDb TIOJ-
BUDKHOCTH [L HOCUTEJIEl 3apsjia B SIIUTAKCHAIbHOM
cjloe KpeMHust OT 103bl 06ayuerus D. Y aenbHoe
COIPOTHUBJIEHNE UCXOAHOTO 00pasiia COCTaBJISLIO
okoJio 0,3 OM-cM, KOHIIEHTpAIus OCHOBHBIX HOCH-
Tesieit sapsaga n,~2,510%2 M3, NOABMIKHOCTD dJIEK-

1000
—\3

S 800 | 2
2
N
5
> 600 } 1
=

400 . L

1015 1016 D, cm2

Puc. 3. 3aBucuMocTb MOJBMKHOCTH HOCUTEJEH 3apsijia
B 3IIUTAKCUAJBHOM CJIO€ KPEMHUS TOJIMHON 16 MKM OT
JT03BbI 06JTy9eHUs 3IeKTpoHaMu ¢ aHepruil 2,3 MaB mis

06pasIoB ¢ pas3Ju4HOl ToaumHOol cios SiO, (B MKM):
1—-032—-06;3—10
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Ilapamempol cmpyxmyp, U320MOGIEHHBIX NO CMAHOAPMHOT MEXHOLOLUL
U ¢ NPeosaAPUMeNvHYIM MEPMUUECKUM OKUCICHUEM NOOJOKEK
nocie o6ayuenus daeKkmponamu ¢ amepeuetl 2,3 MaB dozoi 1020 m—2

[TapameTpbl CTPYKTYP
TexHonorus
N3TOTOBJICHUS OGpaTHbIi II1oTHOCTD [ToaBuxHOCTD
CTPYKTYP TOK, nedexTos, (xonm0BCKAas),
108 A 105 cm 2 cm? /(B-c)

12,8 95 450

4,5 8 634

CranpapTHas 7,5 44 531

6,9 33 592

4,9 9 624

1,8 4,8 645

C npeaBapuTe bHBIM 0,5 0.4 824

OKHCJICHUEM MOJIJI0KEK 1,2 4,5 701

0,54 0,5 803

0,9 3,8 727

TpoHoB U=990 cm2/(B-c). 3aech BUAHO, YTO /A
CTPYKTYp ¢ 6oJbiiieii TosuHoi cios SiO, Hava-
JIO criajia MOJBMXKHOCTH TIPUXOAUTCS HA GOJIbIINE
JI03bI OOJTyYeHMSI.

U3 iprBe/ieHHBIX B TA0JIMIIE TAHHBIX BH/HO, YTO
[PY HAJMYUY B CTPYKTYPAX CTOKOB B BHJIE JHCJIO-
KAIIMOHHBIX CETOK B 5 — 8 pa3 yMeHbIaeTcst o6pat-
HBII TOK, OOYCJIOBJIEHHBI HAJTUYIHEM PaJHAIIMOH-
HBIX /1eeKTOB U JedeKTHO-TTPUMECHBIX KOMILIEK-
COB B 3IUTAKCHATHHOM CJIO€ KPEMHWUS, TIO/[BEPTHY-
TOM pajinalioHHOMy o6JryueHmio. Takoe cHuKeHNE
06paTHOTO TOKA CBUJIETEJILCTBYET O CHIKEHUM aK-
TUBHOCTHU T€HEPAITMOHHO-PEKOMONHAIMOHHBIX TTPO-
neccoB. Habumonaercst tak:xe ymeHblienue pasbpo-
ca 3HaueHWil oO6paTHbIX TOKOB. IIpenBaputesbHOE
OKHUCJIEHNEe KPEMHUEBBIX MOJJIOMKEK CHOCOOCTBYET
Tak)Ke yMeHbIneHnto B 5>— 10 pa3 mioTHOCTH [ie-
¢exTOB M yBesMYeHNIo B cpeaHeM B 1,2 pasa moa-
BUDKHOCTHM HOCUTeJIEN 3apsijia.

Pagnanmonnbie gedeKTs, B3auUMOAEHCTBYS C
aToMaM¥ MMPUMECH, CO3/IAI0T KOMILJIEKChI, YMEHbIIA-
IOIMe KOHIIEHTPAINI0 OCHOBHBIX HOCHUTEJIEN 3apsi/ia.
[TockobKy 3TO PaBHOCUJIBHO CHUXKEHUIO COZIEPIKa-
HUS JIETUPYIOIIell IPUMECH B ANTUTAKCUAJIBLHOM CJIOE,
MOJKHO CKa3aTb, YTO Pa/IUAIMOHHBIE IEHTPHI KOM-
MEHCUPYIOT OCHOBHYIO TIpuMech. biaronapsi aTomy
U YMEHbBIIEHUIO TOJABMXKHOCTH OCHOBHBIX HOCHTE-
neit (cM. puc. 2 u 3) yBeJMYMBAETCA y/IEJbHOE CO-
MPOTHUBJIEHNE TOJIYIPOBOAHUKA. VI3MeHeHUe KOH-
HMEHTPAINN HOCHUTENEN 3apsijia CyIeCTBEHHO 3aBH-
CHUT He TOJIBKO OT UCXOHOTO 3HAYEHWS KOHIIEHTPA-
WU, HO U OT JI03bI OOJydeHus.

YcraHoBeHO, 4TO €cJiu B TOJIOXKKE CO3/1aHbI
CETKU [UCJIOKAIWI, TO CHWXEHWE KOHIIEHTPAIUH
HOCUTEJIEH 3apsjia B 3MUTAKCHATIHHOM CJIOE B pe-
3ysbrare obJyydeHust Topmosutcs. U3 puc. 2 cie-
JIyeT, 4TO OTMCAHHBIN BbIlie 3(pdeKT KoMeHcam
BOJIM3Y TPAHUIIBI «3MUTAKCUAJBHBIN CJIOH — IO/-
JIOJKKa» TPOSIBJIeTcs ¢aab0. ITO, OUEBUHO, CBSI-

3aHO C TE€M, YTO UMEHHO T'PAHUYHBIE CJIOU C JUCJIO-
KallMOHHBIMU CETKAMHU CJIYKAT CTOKAMU JIJIsT PaJiu-
anmmoHHbIX fedexToB. Cieayer OTMETUTD, YTO CO3-
JlaHUe JIOTIOJTHUTENIbHBIX CTOKOB B TIEPEXO/IHON 06-
JIACTH «CJIOW — TOJIJIOKKAa» B BUJE JAMCJIOKAIMOH-
HBIX CETOK TI03BOJISIET yIPaBJASATh POPMOIl U 1TOJI0-
JKeHreM PO pacrpeiesieHust HOCUTeNel 3apsi-
Jla B 3IIUTAKCUAJBHBIX CJI0SIX Kpemuus [8].

OtnesbHOTO paccMOTpeHust TpeGyeT orpe/ee-
HUE ONTUMAJIbHOM MJIOTHOCTHU IUCJIOKAIMOHHBIX Ce-
ToK. C 0/IHO# CTOPOHDBI, YTOOBI CTOKU PaJNAIOH-
HBIX JedeKToB paboraau 3pPeKTUBHO, He0OX0/ -
Ma JIOCTaTOYHasl IJIOTHOCTh JIUCJIOKAIIUK B CETKE B
UCXOIHOM 1o/1103kKe. OHAKO IIPY CJAUIIKOM 60JIb-
HION WX IJIOTHOCTH 6OJIbIIONi OY/IeT U ILIOTHOCTD
cOOCTBEHHBIX /1e(hEKTOB B AMUTAKCUAIBHOM CJIOE
(B pesyJibrare HacsIe0BaHUS APEKTOB OT MOJIOK-
K1), Y4TO TIPUBOJMT K BBICOKOW CTENeHn 0TOpaKoB-
KU [IPY U3TOTOBJIEHUN MHTErPabHbIX cxeM. MaJias
IJIOTHOCTD JIMCJIOKAIIMOHHBIX ceToK (1M3-3a MaJIoii
IJIOTHOCTH JMCJOKAIMI B MCXOJHON IOIOXKKE)
MPUBOJUT K CHUXKEHUIO 3(PPEKTUBHOCTU CTOKOB
JUIS PAJINAIINOHHBIX J1e(heKTOB. Y CTAaHOBJIEHO, YTO
OTITUMAJIbHAS TIJIOTHOCTh JIMCJOKAIMOHHBIX CETOK
nexut B npegenax 109 —1012 m2,

[ToTHOCTD AMCIOKAIIMOHHBIX CETOK CBsI3aHa 00-
PaTHOW 3aBHCHMOCTBIO C UX THEPHUOJOM, KOTOPBIH
3aBHCHT OT BEJMYUHBI MEXaHUYECKUX HaIpsKe-
HUNl U gedopmanuii B JaHHOW 06JIACTH KPHUCTAJ-
ja. To ecTb, TapaMeTpbl UCJIOKAIMOHHBIX CETOK
OTIPEJIEJISTIOTCS] YCJAOBUSIMU BBICOKOTEMITEPATYPHOI
muddysun Kucaopoaa, 3aeKTPOPU3UIeCKUMHA 1
YIPYTUMH CBOUCTBAMU OKCHUJA KPEMHUS M CaMOTO
KpeMHUs. JKCIEePUMEHTAJIbHbIE UCCJIE/JOBAaHUS TI0-
Ka3ajau, 4To Nnpu (GOPMUPOBAHUY ITOJTYITPOBOIHU-
KOBBIX CTPYKTYP B ONTHUMAJbHOM PEXKUME BBIXO]I
TOJHBIX I PAGOThI B YCJIOBUAX PAJAMANUOHHOTO
BO3/IEUCTBUS TIJIACTUH B MAPTUHU YBEJMUNBAETCS HA
7—10% 110 cpaBHEHUIO CO CTPYKTYpaMu, U3TOTOB-
JIeHHbIMU 6€3 CeTOK.

60
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Fokk

Takum o6pa3oM, B pe3yJbTaTe MPOBEIEHHBIX
HCC/IeIoBaHmil ObIIO YCTAHOBJIEHO, YTO CHIKEHUST
MJIOTHOCTH PAJMAIIMOHHBIX 1e(EKTOB B 3MUTAKCH-
AJIBHBIX CJI0SX KPEMHUS MOXKHO JOOUTBHCS TyTeM
¢ opMHUpOBaHUST CTOKOB JIJISI HUX B BUJIE JIUCJIOKAIIH-
OHHbBIX CETOK Ha IPAHUIIE «IMUTAKCUAJIBHDBIN CJIOH —
KpeMHUeBas MOAJ0XKay. [losydennnie pesynibTa-
TbI MOTYT OBITb MCIIOJb30BaHbI B TEXHOJOTUU W3-
TOTOBJIEHUS PAJAMAIMOHHO CTONKUX MHTErPaJIbHBIX
cxeM (6unonsapubix, KMOII, Bu-KMOII u ap.).
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Hocaidxeno moxausicmo nidsuwennss padiayitinoi cmitikocmi KpemMHiceux enimaxcitinux uwapie 3da paxymox
cmeopenns cmoxie padiauiiinux Odepexmic y euzasdi Juciokayiunux cimox wirvhicmio 10°—1072 u=2. Taxi
CIMKU CMEOPIOIOMbCS HA (PPOHMANLHIT NOBEPXHT KPeMHIE60T NiOKAAOKU neped HaHeceHHIM enimdaxcialbHozo
wapy waAaxom nonepeonvozo ii oKucienHs i N00AIbW020 CMPAsI06ans wapy okcudy. Ilokasano, wo e cmpyx-
Mypax 3 OUCIOKAUTUNUMU CIMKAMU NICAS ONPOMIHEHHS 3MEHULYIOMbCS 6 5 —8 pasie 360pomui cmpymu ma 6
5—10 pasis winvnicmy depexmis, a pyxausicmy nociie 3apsdy 30irvwyemocs ¢ 1,2 pasu. Buxio npudammux
02151 pobomu 6 YMoeax padiayiiinozo nauUsy HANIENPOSIOHUKOBUX CMPYKMYP, CHOPMOBAHUX 6 ONMUMANLHOMY
pexumi, 30iavwyemocs na 7—109% 6 napmii nopisnsno 3i cmpyxmypamu 6e3 ducroxkayitinux cimox. Ompumani
PE3YAbMAmu MOKYMs OYmu GUKOPUCAHT 8 MEXHOI02i] 6UZOMOBIEHHS PAOTAYIUHO CINIUKUX THMEZPATOHUX CXeM
(Ginoaspnux, KMOII, Gi-KMOII i in. ).

Kmouosi cnosa: enimaxciinui xpemuitl, ouciroxayii, padiayitini degexmu, cmik Oegpexmis, padiauiina
cmitiKicmo.
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INCREASING THE RADIATION RESISTANCE
OF SINGLE-CRYSTAL SILICON EPITAXIAL LAYERS

The authors investigate the possibility of increasing the radiation resistance of silicon epitaxial layers by cre-
ating radiation defects sinks in the form of dislocation networks of the density of 10° —10'> m™2. Such networks
are created before the epitaxial layer is applied on the front surface of the silicon substrate by its preliminary
oxidation and subsequent etching of the oxide layer. The substrates were silicon wafers KEF-4.5 and KDB-10
with a diameter of about 40 mm, grown by the Czochralski method. Irradiation of the samples was carried
out using electron linear accelerator "Electronics”" (3JIY-4). Energy of the particles was 2,3— 3,0 MeV, radia-
tion dose 1015 — 1020 m=2, electron beam current 2 mA,/m?. It is shown that in structures containing dislocation
networks, irradiation results in reduction of the reverse currents by 5—38 times and of the density of defects
by 5—10 times, while the mobility of the charge carriers is increased by 1,2 times. Wafer yield for operation
under radiation exposure, when the semiconductor structures are formed in the optimal mode, is increased by
7—10% compared to the structures without dislocation networks. The results obtained can be used in manu-

facturing technology for radiation-resistant integrated circuits (bipolar, CMOS, BiCMOS, etc.).

Keywords: epitaxial silicon, dislocation, radiation defects, defect sink, radiation resistance.
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ABTOMATU3NPOBAHHAA CUCTEMA OIIPEAEJTEHNMA
IVIYbMHDBI BbITOPAHUA OTPABOTABIIEIO
AAEPHOTI'O TOIIVIMBA

AHanus onvima asmopos @ CO30AHUU CUCTEMbL KOHMPOJLSL COCOSHUSL OMPAOOMABULeZ0 SOePHO20 MONAUGA
(OAT), a umenno zaybunvl 6vi20panus, HAUAILHOZO 0002ZAUEHUS U PEMEHU bL0EPKKU, NPOBEIeH Hd OCHO-
sanuu usmepenuti cnexmpos coocmeennozo eamma-usiyuenus OAT. Cucmema 6asupyemcs na CdZnTe-
demexmopax, 6 KOmopulx Pearu3o8ansl Ycio8us 00H03aps0060z0 coopa. Ilpedaoxena memoouxa KoHmpo-
a5 evizopanus OAT ¢ peanvrom epemenu npu nposedeHuu MexHoL02ULECKUX Onepayuil.

Kniouegwvie crosa: cucmema koumpos, eayouna evizopanus, soeproe moniuso, zamma-usiyyenue, CdZnTe,

demexmop.

Mertonam onpe/ieieHus TJAyOUHbI BBITOPAHUS OT-
pa6orasmero agepuoro tommsa (AT) na ocHose
U3MepPEeHUsi XapaKTEPUCTUK €ro COOCTBEHHOTO U3-
JIy4eHUsI TIOCBSAIIEHO 60JIbIIIOe KOJIMYECTBO Pador,
HO B HUX, KaK TPABUJIO, HE YUUTHIBAETCS, YTO TIPU
IKCILIYATAIUU HCIOJIb3YeTCsT siZIEPHOE TOILTHBO C
PA3HOU CTeNeHbI0 HAYATBHOTO OOOTAIEHNS U HOBbIE
Buibl TornBa [ 1 —4]. Kpome toro, nsBectHbie me-
TO/IbI 324ACTYIO I1JIOXO BITUCHIBAIOTCS B CYLIECTBYIO-
MIYI0 TEXHOJOTHIO TPAHCTIOPTHO-TEXHOJIOTHYECKUX
onepartuii meperpy3ku ST u He TPUTOIHBI AT OTIe-
partuBHOro KoHTpoJs [1].

3ajlaya, KOTOPYIO MOCTABUIN Tiepei co60il aBTo-
PbI B HacTosilIel paboTe, 3aKJII0YAETCS B TOM, UTO-
Obl ONUCATh BCE KJIIOUEBbIE 3JIEMEHTHI pa3paboTaH-
HOW CHCTEMBI OTMpe/eeHnsT TJYyOUHBI BHITOPAHUS
orpa6orasurero saepuoro romausa (OLT) B oguoit
cTatbe, cOOpaB B Hell TOJTyYeHHbIE PaHee Pe3y.IbTa-
ThI, a TaKyKe JAHHbIE U3 TEXHUYECKOU JOKYyMEHTa-
Uy Ha cucreMy. Kpome aToro, B Hactosieil cra-
The TIPOBE/IEH aHAJIU3 PA3JIUYHBIX BIIOB oGeciieye-
HUST aBTOMATH3WPOBAHHBIX CHUCTEM, OTPAKAIOIINX
cuenuduKky paszpabOTaHHOI CHCTEMbI B COOTBET-
ctBun ¢ P/l 50-34.698-90 «ABTOMaTH3MpPOBAaHHbBIE
cucrembl. TpeboBaHUS K COJIEPIKAHUIO JOKYMEH-
TOB», a UMEHHO MaTeMaTUYECKOTO, METOAMYECKO-
ro, METPOJIOTHYECKOT0 1 06eCIIeueH s TEXHUYECKHU-
MU cpeicTBamu [S].

B kauecTBe OCHOBHOTO MPHUHIIUIIA TIOCTPOEHUS
cucteMbl KOHTPOJIsT coctosius S1T, B Tom uncie cu-
CTEMbI OTIPe/ieIeHUsT TyOUHBI BBITOPAHUS, B JaH-
HO# paboTe BHIOPAHO U3MEDPEHUE CIIEKTPOB COO-
CTBEHHOT'O raMMa-u3JjiyueHust OTpadoTaBIIeil TeIio-
soizessionieii c6opku (TBC). OnTuMabHbIM ¢ TOY-
KU 3PEHUsT MUHUMU3AIME BPEMEHHBIX 3aTpaT sIB-
JISIETCST U3MEPEHNEe raMMa-CIIEKTPOB OTPabOTaBIIEN
TBC (OTBC) HenocpescTBEHHO B MPOIIECCE MEPe-
rpy3ku AT, npoJoJ/KUTENbHOCTD KOTOPOU perJia-

MEHTHPOBAaHA JIOCTATOYHO JKECTKO. B cBs3u ¢ aThM
OTIEPAIMH 10 OTIPeIeJIEHUIO TIyOUHDBI BBITOPAHUS
AT nosxubl GBITH COTJIACOBAHbBI C BPEMEHHDBIM Tpa-
(ukom nporiecca neperpysku. [1oaToMmy ocHOBHBIM
KPUTEPUEM TIPU TIOCTPOEHUU CTPYKTYPbI CHCTEMbI
oripe/iesieHusT TIyOUHBI BBITOPAHUS JOJKHA OBITh
BbIOpaHa ee pabOTOCIIOCOGHOCTD B PEKUME Peasihb-
Horo BpeMeHu [6]. CTpyKTypHast cxeMa CHUCTEMBI,
MOCTPOEHHAsT B COOTBETCTBUU C 3TUMU TPEOOBAHU-
SIMHU, TIpUBe/ieHa Ha pHuc. 1.

OCHOBHBIM 3JIEMEHTOM CHUCTEMBI, PETUCTPUPYIO-
muM cobcTBeHHOe TamMa-nsaydenne TBC, sBisiercs
YCTPOMCTBO, COCTOSIIEE U3 Psi/Ia COOTBETCTBYIOIIIX
netekTopoB. COOGCTBEHHO JIETEKTOP SIBJISIETCS OIpe-
JIEJISTIONIIM 3JIEMEHTOM TP IIOCTPOEHUH CUCTEMBI B
1IeJIOM, T. K. OT HETO 3aBUCUT BBITIOJIHEHUE TAKUX
TpebOBaHUl, KaK KauyecTBO U3MepeHnii, Maccoraba-
pUTHBIE TTapaMeTPbl U HAJIE3KHOCTb AKCILIyaTaliH
B peasbHbIX ycaoBugax Ha AJC. OmnbIT aBTOPOB B
pa3paboTKe MaKeTa CUCTEMbI M IPUMEHEHWH JIeTeK-
TOPOB TIO3BOJIMJI C/IEJIaTh BbIBOJ O TOM, YTO CUCTE-
Ma nosnkHa 6asupoBarbest Ha CdZnTe-meTexTopax,
B KOTOPBIX PEAJU30BAHBI YCJOBUS OJHO3APSI0BO-
ro c6bopa [7, 8].

OCHOBHBIMH N3MEPUTEJILHBIMU TTApAMETPAMH Jle-
TEKTOPOB, 0 KOTOPBIM OIEHWBAIOT UX IPUMEHU-
MOCTb B PA3JIMYHBIX CUCTEMAX AHAJN3A U KOHTPOJIS,
SIBJISIIOTCSI 9HEPTeTUYecKoe paspelnenue, 3ddek-
TUBHOCTb PETUCTPAIUU U AlAPATyPHbBIN CIIEKTP B
mesioM. IlpeumymniectBa npumenenuss CdZnTe-
JIETEKTOPOB OIpeIeNISIOTCs caemyiomumM [9]:

— 6oJIbIIas MJIOTHOCTb W BBICOKHUIT a(hdeKTnB-
HbIIf aTOMHBIN HOMEp MaTepuaJa JeTeKTopa 1M03B0-
JSI0T 06ectiednThb 3P GHEKTUBHOCTD PETUCTPAIINHN;

— MaccoraGapurabie xapakrepuctuku CdZnTe-
JIETEKTOPOB TAKOBbBI, YTO BO3MOKHO BbICOKOA(DEK-
TUBHOE TEPMOAJIEKTPUYECKOE UX OXJaXKIEHUE, a /In-
aTa3oH JIOMYCTUMbIX 3HAYEHWI TeMIIEPATYPhI TO3BO-
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JisieT 060UTHCDH 6€3 TOTIOTHUTETHHOTO OXJTAKIEHIS
B OTJINYUE OT TPAAUITMOHHBIX JIETEKTOPOB;

— MaccoraGapurable xapakrepuctuku CdZnTe-
JIETEKTOPOB TIO3BOJISIOT HalTH 3QPeKTUBHOE pe-
HIeHUe 110 Pa3MeNeHnio UX BOJU3M KOHTPOJIUpPYye-
MbIX OGBEKTOB.

Kpome ckaszanHOTO, HEMAJOBAKHBIM (DAKTOM B
mosib3y npumenenust CdZnTe-neTekTopoB siBJsIET-
CsI TaKKe HAKOTJIEHHBIN MTOJIOXKUTETbHBIH OIBIT UX
MCTIOJIb30BAHNUS.

Pacemorpum ocoGennoct CdZnTe-eTeKTopoB,
CBSI3aHHDIE CO 3HAYNTEHHBIMU PA3TUIUSIMU B O[T
BUDKHOCTH W BPEMEHU KM3HU 3JEKTPOHOB W JIbI-
POK. 3a cueT HU3KOHU MOJBUKHOCTH W MaJOro Bpe-
MEHU KU3HU JIBIPKU 3aXBaTbIBAIOTCS OYeHb ObI-
CTPO W TI03TOMY HHMKAaK HE BJUSIOT Ha (OpMUPO-
BaHWeE TTOJTHO3HEPTETUYECKOTO CUTHAaJA. B crextpe
raMMa-U3JIyIeHHsT COOTBETCTBYTONIME UMITYJIbChI BHO-
CSIT CBOM BKJIAJT TOJBKO B GECTIOJIE3HBIN KOHTUHIYM
Huke Qorornuka Ju60 B «XBOCT» HMMITYJIbCa HU3-
KOU 3HepPruu, yXy/uras dHepreTHUecKoe paspelre-
HUe feteKkropa. [l ycTpaHeHus 3TOro HeAO0CTaTKa
UCTIOJIb3YIOTCS pa3indnble crioco6bl. OJIMH U3 HUX
3aKJII0YAETCS B CO3/IAHUN JIETEKTOPOB CIIEIMATHHOMN
TeOMETPHUH, B KOTOPBIX PEATN3YIOTCS YCIOBUS OJTHO-
3apsioBoro c6opa. Hamnpumep, B nosycdepuueckux
JIETEKTOPAaX BO3MOXKHA KOMIIEHCAIUst c60pa JbIPOK
MyTeM TaKOTO M3MEHEHUST BHYTPEHHETO TI0JISI, KOTO-
poe HampaBJieHO Ha cO0p 3JieKTpoHOB. Pacimpenne
KaTo/Ia 3a TIPe/IesTbl BEPTUKAIBHOTO Kpasd IeTeKTOpa
BMECTe C OJIHOW W3 TJIABHBIX TOPU30HTAJIBHBIX TIO-
BEPXHOCTEN W MCIIOJIb30BaHNE aHOA MAJION TLIOIIA-
J1 06eCTieynBaeT KOHIIEHTPAIINIO JIUHIH AJIeKTprye-
CKOTO T0JISI B 06JIACTH aHOZA. JTO JIAET COOTBETCTBY-
I0llee YBeJIMY€eHre B3BENeHHOTo TOTEHINATA JaHHO-
ro o6beMa. IDJIEKTPOHBI, TeHEPUPOBAHHbBIE BO BCEM
oObemMe fleTekTopa, 6Jaroapsi CBOeMy OTHOCUTEJIb-
HO GOJIBIIIOMY BPEMEHU JKU3HU MOTYT TI€PEXO/UTD B
00J1aCT! BBICOKOUN HAIPSIKEHHOCTH 3JIEKTPUYECKOTO
noJist. BesimunHa HaBeIEHHOTO STUM JIBIKEHUEM CHUT-
HaJla MaJja, O/IHAKO KOT/Ia 3JIEKTPOH MPUOJINKAETCS
K aHOJy, OHa BO3PACTAET TPOTIOPIIOHAIBHO YBeIn-
ymBaloIelicd HAMPS>KEHHOCTH AJIEKTPIYECKOTO TI0JIA.

- Puc. 1. CrpykrypHasi cxeMa CUCTEMbl KOH-
OrpaGorasiiee Yerpoiicrso tposst coctosausg OAT B peasbHOM BpeMeHH
siiepHoe ITUTaHHUS
TOILJIUBO 1 yIIpaBJIEHUA
Cob6cTBerHOe
TraMMa-u3JryuyeHue
oAT
W
yCTpoﬁCTBO -« MHorokanaJIbHbINA praBJIHIOH_[aH SBM
AETEKTUPOBaHUA > aHa/In3aTop CUCTEMbl KOHTPOJIA
[lannble o moJie HMITY TbCOB Criektp OdAT
Jlerektop 1 CcOOGCTBEHHOTO cO6GCTBEHHOTO
- naayvyenuss OAT naaygennss OAT JlanHble 0 TIOJIE
. COOCTBEHHOTO
JleTexTop n nsayvenuss OAT
B ACY TII A3C

[lpIpKky MUTPHUPYIOT B OGPATHOM HATPaBJIEHUU, HO
BHOCST TOPA3/10 MEHBINUI BKJIAJ B CIIEKTP. 3a CUET
c1a60ii TTOIBUKHOCTU U HEOOJIBIIOTO BPEMEHH JKI3-
HU OHM ObICTpee 3aXBaTbiBalOTcs. Kpome Toro, oHu
NBIKYTCS B niepudepuueckoil 061acTu JIETEKTOPa,
TJle B3BEIIEHHbIN TOTEHINA MaJI, & 3HAYUT, W HaBe-
JICHHBIN CUTHAJI TOJKe HU30K. biarogapst atomy ot-
HOIIIeHNe TUK /KOMIITOH /IJI TAKUX JIeTeKTOPOB 3Ha-
YUTEJIbHO BBIINIE, YEM Y TIJIOCKOCTHBIX.

Jpyroii BaskHOil oco6enHoctbio Bcex CdZnTe-
JIETEKTOPOB, 00YCJIOBJIEHHO! Pa3/MunueM B TO/BUXK-
HOCTH HOCHUTeJIeH 3apsijia, SBjsercs: (popMa UMITyJIb-
ca: ¢pout nmmybca Ha Bbixoge CdZnTe-metexkropa
CYIIIECTBEHHO KOpOYe, 4YeM, Halpumep, JeTeKTopa
HA OCHOBE TepMaHUs U, TeM 6oJiee, YeM CIIMHTUJI-
JISIIMOHHOTO JIETEKTOpa. JTa 0COOEHHOCTH IPEo-
npejessier ocoOble TpeGOBAHUS K MHOTOKAHAJIBHO-
My aMILUIUTYJHOMY aHaJM3aTOPy KaK Ha yPOBHE
BCTPOEHHBIX B HETO aHAJOTOBBIX BXOJHBIX IIETeEl,
Tak U Ha ypoBHe npousBoauteapbHoct ALIL [9].

Cucrema u3 n IeTEKTOPOB, 06pas3yolast yCTpoii-
CTBO [I€TEKTUPOBAHMS, JOJIKHA PETHCTPUPOBATDH
co6ctBennoe uzmnydenne OAT B mpoiecce mpoBe-
JIeHNST TPAHCTIOPTHO-TEXHOJOTHYECKIX OMePaIii ¢
TBC u n1peo6pa3oBbIBATH €r0 B 3JIEKTPUYECKHE CHT-
HaJIBI 7T TTOCJIeyToTell mepeiayn Ha aMIIUTY/I-
HbII aHau3aTOp. MHOrOKAHAJIbHbBIN aMIIJINTY IHBIIA
AHAJN3aTOP OCYIIECTBJISET Takne (PYHKINH, KaK Ha-
KoluieHue, 06paboTKa 1 MOCJIeAyIolas nepeiada Ha
BBIYUCJIATENbHBIN U YIPABJISIONNI KOMITBIOTED WH-
opMannu 0 pacnpefieIeHUN NUMITYJIbCOB CYeTa OT
JIETEKTOPOB 10 aMILIUTYIaM, T. €. nepBudHoro (He-
o6pa6GoTannoro) ramma-crekrpa [1, 10].

[l TOCTpOEHUsT CUCTEMBI KOHTPOJIS TJay6Ou-
Hbl Boiropanus OAT B peasbHOM BpeMeHU ObLIN
MCTIOJIb30BAHBI CJIEIYIONINEe OCHOBHBIE CPEJICTBA W
npuniuibt [11]:

— pacrmpefieieHHble MHOTOIETEKTOPHBbIE M3Me-
PEHMST C BO3MOYKHOCTBIO BBIJIEJICHHS TPYTIT U3MEPH-
TeJbHBIX KAaHAJOB /IJII PE3ePBUPOBAHUS;

— pacnpe/ieJIeHHbIA BbIUMCJAUTETbHBIH KOM-
IJIEKC ¢ TyOJUPOBAHUEM Pe3yJIbTATOB U3MEPEHNST;

— OTKa30yCTOHYMBBIE CPE/ICTBA BBIYNCIATETHLHON
TEXHUKHU HA OCHOBE TIPOMBIIILIIEHHBIX KOMITHIOTEPOB;
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— o6be/IUHEHNE TIOJICUCTEM YePe3 JIOKAJbHYIO
cerb Ha 6asze HDSL-texHosoruu, M03BOJIAIONEN
MOJIY4aTh BBICOKOCKOPOCTHON MM POBON AOCTYT
110 BUTOM Mape;

— JWArHOCTUKA TEXHUYECKUX U MPOTPAMMHBIX
CPEJICTB;

— CUCTEMHOCTb, OTKPBITOCTb, COBMECTHMOCTb,
cTangapTusanus, yauuranus u 3QpPeKTUBHOCTD.

Paspa6orannast cucreMa KOHTPOJIS TJTyOWHBI BbI-
ropanusi oTpaGOTABIIErO SIIEPHOTO TOILJIUBA IIPEJ-
CTaBJIsIET COOOH TIPOTPAMMHO-TEXHUYECKUI KOMILTEKC,
cocTosMiA M3 TexHuYeckux cpeacts (puc. 2, 3),
KOTOPbIE TIPeIHA3HAYEHDI JIJII PEIIECHUS CJIE/TYTONTIX
3a/1a4:

— ompejeeHne XapaKTePUCTUK COOCTBEHHO-
ro ramma-ussaydenus OSIT (merexTopbl, aHamnsa-
Topbl, IBM);

— W3MepeHusl IPU TPOBEJACHUN TPAHCIOPTHO-
TEXHOJIOTUYECKUX OIEPAIUi C SAePHBIM TOILJIUBOM
Ha 6joke ADC (KOHCTPYKIIMK JUJISI JIETEKTOPOB,
nikadbl 1 KpelThl ¢ 060pyI0BaHreM, GJOKHU MUTA-
HUS, KabeJan);

— 006paboTKa MoJIydYeHHON MHpOpPMaIuu 0 Xa-
PaKTEPUCTHUKAX TI0JIEH U3JIyYeHUs SI/IEPHOTO TOTLIN-
Ba (9BM B 11y/IbTOBOI TI€PErPy30YHOil MalMHE U,
vyactnyHo, IBM Ha meperpysouHoil mamme);

— ympaBjieHWe aHajudatropamMu, o06paboTKa
CIIEKTPOB, OIlpe/ie/ieHne ryOuHbI BBITOPAHUSI, Opra-
Hu3aIug cBsa3u Mexkay OBM, npencraBienne moury-
yeHHoit nHdopMarmu (IporpaMMHOe 0GecIieueHre).

DyHKIMOHUPOBaHUE Pa3pabOTAHHOW CUCTEMbI
00ecIieueHo CIeyIoIUMI OCHOBHBIMHE ee GJIOKaMHU.

YCTpoHCTBO AeTEKTUPOBAHUA TpeaHa3HaueHo
JUISI PETMCTPaIliU TaMMa-u3JydyeHusi 1 npeoGpaso-
BaHUA €TO B 2JIEKTPUYECKHE CUTHAJDI C TTOCIeaYT0-
el mepejaveil B aMIIUTYAHBIN aHaau3atop. OHO
BKJIIOUaeT B cBoi coctaB miectb CdZnTe-610k0B
nerekruposanus (CdZnTe-gerekTopsr).

lerextop pasmepamu 100xZ8 MM comep-
skut Kpuctaan CdZnTe m 3apsamodyBCTBUTEJb-
HBII TIpe/IBapUTEIbHBIN YCUJIUTEb U TIPEeICTaBJI-
eT co6oil MasorabapuTHOE YCTPOICTBO, M3Meps-
olee raMMma-usiaydeHue B auamnaszoHe ot 100 go
2500 xaB. BogonenpoHuiiaeMolii Kopiyc pasme-
pamu 400x25%25 MM coeauHeH ¢ BOJOHETIPOHHUIIA-
eMbIM KabeJsieM.

MHorokaHaJbHBI aMIJIMTYAHBIA AHAJIN3aTOP
umirysibecoB (MAW) dMCApro npegHasHaueH s
HaKoIJIeHusi, 06pa6oTKY U TIepe/iauyn B TIePCOHAJD-
HBIH KOMIIbIOTED MHQOPMAIMKU O pPacIpe/ie/eHIH
MO aMIJIUTY/IaM UMITYJIbCOB, TIOCTYTAIONIUX OT 6JI0-
Ka JeTeKTHpOBaHMA. B cocTaB aHaam3aTopa BXO-
9T MOIYJIW TMUTAHUS TPEeIBAPUTENbHOTO yCUIUTE-
Jis 1 GJIOK BBICOKOBOJIbTHOTO IUTAHUS JETEKTOPA.
AHaym3aTop BLITIOJHEH B BUJIE OT/IEIbHON CTaH/IapT-
noit PCI-miate! mmosioBuHHON asuubl. /1ad obecie-
YeHWS BBIMOTHEHNS TPeOOBAHUN K 2JIEKTPOMATHUT-
HOHM COBMECTHMOCTH OT/IeJTbHBIE 2JIEMEHTHI 3aTIHIIE-
HBI JIONOJTHUTEIbHBIMU METAJIINIECKUMU SKPAHAMU.

CBsI3b € TIepCOHAJTBHBIM KOMITBIOTEPOM JIJISI TIe-
pelauu HAKOIJIEHHBIX CIIEKTPOB UM TIPHEeMa KOMaH/I

ocyuecTBJsgeTcs: 1o nporokoiay muHbl PCI, xoto-
pas Tak)Ke WCIIOJb3YyeTCs /IS TMUTAHWS aHaJIn3a-
Topa (5 B, 600 MA) 1 peannsoBaHa Ha IaCCUBHOI
oObeunuTesibaon maare PCA-6114P10-B.

Anamuzatop ummyabcoB dMCApro cocrout u3
AHAJIOTOBBIX (AJIEKTPOHHbIE YCUIUTEN) U IIU(PPOBBIX
(sloruyeckue ycTpolicTBa, CUTHAJIbHbBIE HPOIECCOPBI
u ap.) saeMeHToB. OH MPOBOAUT O6GPAGOTKY CHUTHA-
JIa, TIOCTYTAIONIETO € TIPEIBAPUTENHHOTO YCHIUTES,
HAKOIIJIEHWE CTIEKTPA W €ro JAJTBHEHITYIO Tiepeaavqy
B IBM (110 mmue PCI). OcoGeHHoCcTh aHAIM3aTOpa
dMCApro 3axjrodaercss B OJHOBPEMEHHOM HCIIOJIb-
30BaHUH TPEX CUTHAJILHBIX MTPOIECCOPOB, YTO CYIIe-
CTBEHHO TIOBBIIIAET €T0 3aTPY30YHYI0 CIIOCOGHOCTD.
Baaromapst ipuMeHeHHIO CUTHAIBHBIX TIPOIECCOPOB,
B aHAJM3ATOPE UMEETCS BO3MOKHOCTD PaGoThl B pe-
sxuMe 1 posoro ocrminorpada. Takke B aHAM3a-
TOP BCTPOEH T€HEPaTOP UMITYJIbCOB, KOTOPbII MOXKET
OBITb MCIIOJIH30BAH MIPH TIPOBEIEHUN TUATHOCTUKY U3-
MEPUTENBHBIX KAHAJIOB CHCTEMbBI. AHAN3ATOP 06eCTTe-
YUBAET BBIJIAUY [TUTAIOIIETO HATIPSDKEHUS TTPETy CUITH-
tess (+12 B, 12 MA, —12 B) 1 BBICOKOTO Hampsike-
Hus cMernenust jgerexropa (o +600 B).

Wsmepennbie cuekTpbl (6e3 o6paGoTKu) 3arm-
CBIBAIOTCS HA KECTKUN MAarHUTHBIN JIUCK TTPOMBIIII-
Jentnoro kommbiotepa IPC-610.

[IpuHiun meiicTBus, KOHCTPYKLHUS M IapaMme-
Tpbl CdZnTe-1aTankoB /JIs1 TIpe/IaraeMoil cucTe-
MBI KOHTPOJIS Pa3paGoTaHbl aBTOPAMU ¥ IMOJPO6-
HO omucassl B [9].

Ha ocnoBanum mpoBe/IeHHBIX aBTOPAMU UCCJIe-
JIOBAHWI Tpe/JIoKeHa METOAMKAa KOHTPOJIS TJIy-
6unbl Boiropanus OAT B peaqbHOM BpeMeHU MpU
MPOBEJIEHUN TPAHCIIOPTHO-TEXHOJOTUYECKUX OTle-
pamii. Ee 0coO6eHHOCTD 3aKJII0YAETCS B TOM, UYTO
JUISL TIPOBEJIEHUsT pacueTa He TpeOyeTcs BeJudrmHa
HavYaJbHOTO O6OTAlIeHUs] M BPEMs BBIJIEPIKKU TO-
miuBa [1]. B cooTBercTBUU C paszpaboTaHHON Me-
TOJMKOMN, AJs pacdera ray6mnnl Beiropanns OAT
HEOOXO/IMMO TIOCJIEI0BATETHHO MPOBECTH PSIJ| OTle-
paIyii, CBSI3aHHBIX C U3MEPEHUSIMU 1 06pabOTKOM
MOJTyYeHHBIX Pe3yJIbTaToB, a uMeHHO [13, 14]:

— OIIpe/ieieHre BPEMEHN BBIJIEPKKH C UCTIOJIb-
30BaHUEM OTHOINEHUSI M3MEPEHHOU WHTEHCUBHO-
et ramMma-usaydenust uzoronos 37Cs (1(137Cs))
K MHTETPaJbHON MHTEHCUBHOCTU TaMMa-U3JTyYe€HIS
(I(OAT));

— OIIEHOYHBIN pacyeT TJAyOUHBI BBITOPAHUS
(BU) xontpoaupyemoit OTBC 110 usorony 137Cs
U oTpejiesieHne TorpentHocT pacyera ABU;

— ollpejieieHne OTHOINIEHUSI WHTEHCUBHOCTEN
ramMMa-u3/ryuenns n3oronos 34Cs u 137Cs k momen-
TY OCTAHOBKHM PeakTopa Ha OCHOBAHUU TOJYYEHHO-
rO 3HAYEHUSI BPEMEHU BbIJICPIKKH;

— oreHka HayasbHoro obtorameunsg TBC ua
OCHOBAHWM Pe3yJIbTATOB OIleHOYHOTO pacueta BU u
OTHONIEHUSI ”HTEHCUBHOCTU TaMMAa-U3JTyYE€HIS U30-
tonos 134Cs u 37Cs, 1. e. I(134Cs) /I1(137Cs), na
MOMEHT OCTAaHOBKH PeaKTOPa;

— orpe/iesieHre TayOUHbBI BbITOPAHUS KOHTPO-
aupyemoit OTBC c¢ ucnoJsib3oBaHneM OTHOIIEHUS
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Puc. 4. 3aBucumocts Bpemenu Bbijiepxkku OAT ot or- I c
HOTIEH NS U3MEPEHHOH MHTEHCUBHOCTH Y-N3JIyYE€HNUST 30~
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HOTO 3HAYEHUST TJIyOGUHBI BBITOPAHUST KOHTPOJUPY-
emoit OTBC.

Ha mpakTuke BO BCeX M3BECTHBIX METOIMKAX,
B TOM YHCJI€ ¥ B OTMUCHIBAEMOM, [T OTIPEIeTeHIs
rTyGUHBI BBITOPAHUST UCTIOIB3YIOTCS IMITUPUIECKIE
3aBUCHMOCTH, TIOJYUYeHHble HA OCHOBAHWH Pe3Y.Jib-
taToB m3Mepernit Ha AIC. Ilpu atom wacts TBC
NPUHUMAETCS B KayecTBe 00PA3IOBBIX, a JJS 1O-
CTPOEHHUsST TPATYUPOBOTHON 3aBUCUMOCTH HCIIOJb-
3YIOTCST pACUETHBIE JJAHHBIE O TJIYOUHE BBITOPAHUSI.
Pacuer MokeT TPOBOAMTBHCSI C TIpUMeHeHueM 60-
Jiee CJIOJKHBIX MPOTPAMMHBIX CPEJICTB, KOTOpPbIE B
npaktuke akcrryaraimn ADC He UCTOJIb3YIOTCS.
[Tponieaypa mpoBeeHNsT M3MEPEHWHT JJIsT TIOCTpOe-
HUST TPAlyMPOBOYHBIX 3aBUCHUMOCTENH COOTBETCTBYET
CTaHJIAPTHOM TIPOTIEype N3MEPEHNsST COOCTBEHHOTO
ramma-usaydedus TBC npu BbIIIOJHEHUN MITATHBIX
TPAHCIIOPTHO-TEXHOJOTMYECKUX OTIePAIil ¢ siep-
HBIM TOILTUBOM.

B coorBeTcTBUM C BbIIIECKA3aHHBIM, [IJIS KOH-
TpoJis ray6unbl Beiropanus OAT B peasbHOM Bpe-
MeHU GBI TIOJyYeHbI CIEAYIONINEe 3aBUCHMOCTH:

— rpaduyeckasi 3aBUCUMOCTb BPEMEHH BbI/IEPIK-
ku TBC ot oTHOUIEHNS U3MePEHHBIX WHTEHCUBHO-
creit ramma-uznyuenust [(137Cs) /I(OAT) (puc. 4);

— AMIUPUYECKAS 3aBUCUMOCTH UHTEHCUBHOCTHU
ramma-usaydenus uzoromna '37Cs I(137Cs) or ruy-
OUWHBI BHITOPAHMS HA MOMEHT OCTAHOBKM PEAKTOPA
JUIST BCEX 3HAYEHUH HAYaJbHOTO OOOTalleHus TO-
muBa: 1(137Cs)=(2,0917+0,167)BU;

— Ha60p OJHOTUITHBIX SMITUPUUECKUX 3aBUCH-
mocreit ornomenust I(134Cs) /I(137Cs) or ray6unb
BBITOPAHMUS TOTJIMBA Ha MOMEHT OCTAHOBKHU peak-
TOpa IS PA3NYHBIX 3HAYEHWH HAYAJBHOTO 060-
ramenns (cM. TaGamiy);

— cuextp usayuenns OTBC (puc. 5).

[Ipu TakoM TOJXO/ie TIOTPEINIHOCTL OIpe/eie-
HUST TJYOWHBI BBITOPAHUS OIPEIEJISIETCS TT0 COBO-

N
0 0,0040 0,0080
1(137Cs) /I (OSIT)

Puc. 5. Cnexrp usnyuenuss OTBC ¢ riy6unoit Bbiropa-
nust 43,41 MBrt-cyTKu /Kr, BbIZIepKKOU 5,8 et u 060-
ramenueM 4,4%

0,0012

KYTTHOCTH OIIEHOK TIOTPEINHOCTEH, MPOBEIECHHBIX
IPU TPAJYUPOBKE CUCTEMBI B JIAGOPATOPUU, CTATH-
CTUYECKOU IOTPENIHOCTU U3MEPEHUN U ITOIPerHo-
creil rpayMpOBOYHBIX 3aBucHMocTell (OleHKa Bpe-
MEHU BbIJIEPKKH, 06OTallleHrst U OIpeeseHIe 3a-
BUCUMOCTH T'JTyOMHbBI BLITOPAHUS OT MHTEHCUBHOCTH
I(137Cs) n ornomenus 1(134Cs) /1(137Cs)) [1, 13].

[TorpemHocTd TPaLyUPOBOYHBIX 3aBUCHMOCTEH
OTIPE/IEJISETCS CUCTEMATUIECKOM TTOTPENTHOCTHIO TTa-
CIIOPTHOTO 3HAYEHUS TJIyOUHbI BBITOPAHUS UCTIOJIb-
3yeMbIX B KauecTBe KOHTpoJibHBIX OTBC u craTtu-
CTUYECKUMU TTOTPENTHOCTSIMU M3MEPEHNI B ITPOIIEC-
ce TTpoBe/ieHust TpaynpoBku. [lorpenHocTs rpamy-
upoBku (3aBucuMocTu 3GMEKTUBHOCTH PerucTpa-
MK) He JO/UKHA 1peBbinarh 8%. IIpu sToM cyMm-
MapHas HorpemHocts (craTucTuueckas, mpu rpa-
JYUPOBKE) OIpe/ie/ieHns MHTEHCUBHOCTH B PeaJib-
HBIX ycJ0BUgX usMepeHuil Ha A9C JexuT B cJe-
nqyforux mpegenax [11, 12]:

— ot 8,78 no 17,3% (B ocuoBHOM 9,2%) misa
guann 661 k3B 137Cs;

— ot 10,6 10 36% (B ocroBHOM 11,8%) mng mu-
Huu 604 xksB 134Cs ;

— o1 9,2 10 36% (B octoBHOM 10,6%) 1151 cyMm-
Mbl JuHAR 796 1 802 koB 134Cs.

CyMMapHas TOTPelHOCTb OTHONIEHWS] MHTEH-
CUBHOCTEN WM3Jly4eHusi U30TOMOB 1e3usi 6e3 ydera
CHUKEHUS MOTPEITHOCTHU 32 CYET YMEHbIIEHWS BJIU-
STHUSL TIOTPENTHOCTH A3(PPEKTUBHOCTH PETUCTPATTIH
MOYKeT cocTaBagaTh oT 13,24 no 29%, HO B 60Jib-

68

TexnoJorust 1 KOHCTPYUPOBaHUE B 3JIEKTPOHHOI anmapatype, 2014, Ne 5—6

ISSN 2225-5818



METPOJIOTHA. CTAHAAPTU3AIIUA

MIUHCTBE caydaeB 310 14,5%. Ilpu yuere ykazanHo-
0 CHUKEHHUS TIOrpemHocTH (TOr1a KOMIIEHCHPYIOT-
CsI TIOTPEIIHOCTU OIIPEe/IeJeHNsT aKTUBHOCTH MCTOY-
HUKa ¥ BpeMeHu) — ot 7,94 10 29,0% u 9,91% B
GOJIBIIMHCTBE CJIYYAEB.

JlJIg cTaTUCTUYECKON OIEHKHU TPEeATOIOKEHHS
TOTO, YTO COBOKYITHOCTD KCIIEPUMEHTATbHBIX JIaH-
HBIX HE3HAUUTEJbHO OTJUYAETCS OT TOJyIeHHBIX
TEOPETUYECKH C HUCII0JIb30BAaHUEM HEKOTOPOTO 3a-
KOHa, HeOOXOIUMO TIPOBECTH MCCJIeJOBAHNE Ha Ta-
KO€e COOTBETCTBHE. ITO MOKHO CAEJaTh IIPU TIOMO-
M, HATIPUMEP, TaK Ha3bIBAEMOTO METOja X2, T/e
B KauecTBe MepbI OTKJOHEHWS 9KCTIePUMEHTATbHBIX
TOYEK OT OXKUJAEMBIX 3HAUEHWI TTPIMHUMAETCS CyM-
Ma KBa/IpaTOB OTKJOHEHUH OT peIoaraeMoi 3a-
Bucumoctu [15].

[Ipolerypa UCIOMb30BaHKs MeTO/a Y2 TaKoBa.

1. BbigBuraercss rurore3a 0 TOM, YTO 3aBHUCHU-
MOCTD TJIyOWHBI BBITOPAHUSA OT OTHONIEHWS WHTEH-
CUBHOCTU TaMMa-M3JIyuyeHUus M30TOIOB Ie3Ud A
KaKIOro 3HaYeHust 0O0ralieHus ONpeae/IseTcs O/l-
HUM U3 BbIpa)KEeHUIl, IPUBEJIEHHBIX B TabJINIIE.

2. OmnpejiensieTcss 3HaUYeHUE Y2 IS KasKI0i BbI-
6opku uccaeayembix TBC (BbiGopKa mMpoBOAMTCS
g Bcex TBC, uMmerommx oanHaKoBoe oOoralie-
HUE U 3arPY’KEHHBIX B OJUH 3HEProOJIOK; TAaKUM
06pa3oM, KOJHUYECTBO HKCIIEPHUMEHTAIbHBIX TOYEK
HOCTOSIHHO yBesmuuBaercs:). Ipu aToM s pacye-
Ta (2 MCIOJIb3YETCS PA3HOCTb MEXK/LY OXKH/AEMbIM
(Teopernyeckum) 3HaUEHHEM ITyOUHBI BHITOPAHIS
U peaJbHBIM.

3. Tloay4yenHoe sHaueHme 2 CPaBHUBAETCH C
HopMupyeMbiM TabanuubiM (06br4no 0,95) aua
3aJIaHHON JTOBEPUTENbHOI BeposaTHOCTU. Ecim oHO
MEHbIIIe HOPMUPYEMOTO, TO MOXKHO TOBOPHTD O TOM,
YTO TIPU JJAHHOM YPOBHE JIOBEPUTEJILHON BEPOSITHO-
CTU TIPUHATAS B KauecTBe TUIIOTE3BI 3aBUCUMOCTD
XOPOIIIO OMUCKIBAET IKCTIEPUMEHTATbHbBIE JaHHBIE C
IIOTPEIITHOCTHIO, He IPEBBINIAIOIIEi TPUBEIeHHbIE B
Tabauile 3HAYCHU.

Bcs yxasannas nporierypa MoskeT ObITh TTPOBe-
JIeHa TOBTOPHO TI0CJIe YAaJeHust «[IpoMaxoB» (s1B-
HBIX OITHOOK).

3Hauenue nmapaMerpa x2 onpeaeasercs A pas-
JIMYHBIX 3HAUCHUU OOOTAIECHUS U CTATUCTUYCCKONU
IorpelrHocTy usmMepenwus. IlorpelrHoctsd, coraacHo
TpeGOBaHUN HOPMATUBHBIX JOKYMEHTOB, JOJIXKHA
6bITh He xyske 10%, ¥, COOTBETCTBEHHO, 3TO 3HAYe-
HUE UCTI0JIb3yeTCs B KauecTBe OCHOBHOTO. PeasbHo
JMOCTVKUMAs TMOTPEINTHOCTh M3MepPeHnil MHTEHCUB-
HOCTH TaMMa-U3JIy4eHHsI COCTaBJsieT 8%, MOITOMY
CTATHCTUYECKasl IIPOBEPKA TUIIOTE3bI O 3aBUCUMOCTHU
rIyOUHBI BBITOPAHUSI OT OTHOINEHHUS] WHTEHCUBHO-
CTH TaMMa-M3JIy4YeHUs U30TOIMOB 11€3UsT TIPOBOJINT-
Cs W JIJIS 9TOTO 3HAYEHUS TTOTPEITHOCTH.

3akjouenue

[IpuBeeHHble BbINE Pe3yJabTaTbl 060OIIAIOT
OTIBIT, TIOJYYEeHHBIH MPU U3TOTOBJIEHUN MAKETHOTO
o0pasiia CUCTEMBI OTpe/leIeHusT TIyOUHbI BHITOPA-
Hust OAT u ero anpobaruu Ha 3anoposkckoit AJC.
[Ipu 3TOM OBLIN BBITIOJIHEHBI U3MEPEHUST COOCTBEH-

Horo ramma-usaydenus 6osee 200 TBC, a ms 6o-
jee 70 13 HIX U3MepPEHUs MPOBOUINCH TOBTOPHO
C MHTEPBAJIOM OKOJIO OJHOIO TO/A.

[Ipu TpanuIIMOHHON TTOCTAHOBKE 3a/1aUl OTIpejIe-
JIEHUST TJIyOUMHBI BBITOPAHUS OTPabOTaBIIETO s/Iep-
HOT'O TOILIMBA CIIEKTPOMETPUUYECKHE U3MEPEHUST COO-
CTBEHHOTO TaMMa-M3JIy9eHns SBJISIOTCS MHMOpMa-
[IMOHHO M30BITOUYHBIMH, MOCKOJBKY JJIS PEIleHust
3aJla4M JIOCTAaTOYHO, HAIpUMeEp, W3MepeHuill Heu-
TPOHHOTO 1OTOKa. OHAKO TIPHU 3TOM HE yYUUThIBA-
€TCsI TO, YTO JJaHHble O BPeMEHU BBIAEP:KKU U Ha-
yajbHoM oboraniernn OAT npenocrapisitores ore-
PATOPOM PeaKTOPHOHN ycTaHOBKHU. TakuM 06pasoMm,
13 TPeX XapaKTEePUCTUK, OMPEEIIIONIX SIePHYIO
U PaIUAlMOHHYI0 6e3011aCHOCTh, KOHTPOJUPYET-
cs Toabko oxHa. OmnucaHHas ke B paboTe CUCTe-
Ma TT03BOJISIET OTIPE/IETUTh BCE TPU YKa3aHHbIE Xa-
PaKTEPUCTUKU 6e3 MCIOJb30BAHUS JOTIOJTHUTEIb-
HOU mHMOpMau 06 KCIIYyaTalluil KOHTPOJIUPY-
eMoro fjepHoro tormusa. [locTpoenue takoil cu-
CTeMbl CTAJI0 BO3MOKHBIM 6Jlarofapsi IOSBJIECHUIO
HOBBIX JeTekTopoB Ha ocHoBe CdZnTe, cosmaHiio
OBICTPOEHCTBYIOMNX AMILTUTY/IHBIX aHAJIU3aTO-
POB HMMITYyJIbCOB, OPUEHTUPOBAHHBIX HAa TPUMEHe-
uane CdZnTe-gerexToposB.
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ABTOMATN30OBAHA CUCTEMA BU3SHAYEHHA IVIMBMHW BUTOPAHHA
BIAIIPAITBOBAHOTI'O AAEPHOTI'O ITAJIMBA

IIposedeno ananis doceidy asmopie y cmMEOPeHHi CUcmeMu KOHMPOLI0 CMAHY GIONPAULOBAN020 SO0EePHO20 NAIUEA
(BAII), 30xpema 2aubunu 6uzopanus, NOUAMK08020 30A2aUeHHs T YaACY GUMPUMKI, HA OCHO8T GUMIPIE CneKmpie
611acH020 zamma-sunpominosanns BAIl. Ocnosor maxoi cucmemu € CdZnTe-0emexmopu, y SKUX pearizoeano
YMOo8U 001H03aps1006020 360py. Taxox 3anponoHogano mMemoouxy Koumpoao suzopanus BAII y pearvnomy uaci
npu nposedenHi mexHoI0iuHux onepayii nepeeanmaxenmns BAII.

Kniouogi crosa: cucmema xkowmpoaio, eaubund euzopanus, sdepHe naiugo, zammda-eunpominwsanns, CdZnTe-
demexmop.
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V. A. MOKRITSKII, O. V. MASLOV, O. V. BANZAK

Ukraine, Odessa national polytechnic university
E-mail: maslov.v.oleg@gmail.com

AUTOMATED SYSTEM FOR DETERMINING THE BURNUP OF SPENT
NUCLEAR FUEL

The authors analyze their experience in application of semi-conductor detectors and development of a
breadboard model of the monitoring system for spent nuclear fuel (SNF). Such system should use CdZnTe-
detectors in which one-charging gathering conditions are realized. The proposed technique of real time SNF
control during reloading technological operations is based on the obtained research results.

Methods for determining the burnup of spent nuclear fuel based on measuring the characteristics of intrinsic
radiation are covered in many papers, but those metods do not usually take into account that the nuclear fuel
used during the operation has varying degrees of initial enrichment, or a new kind of fuel may be used.

Besides, the known methods often do not fit well into the existing technology of fuel loading operations and
are not suitable for operational control.

Nuclear fuel monitoring (including burnup determination) system in this research is based on the measurement
of the spectrum of natural gamma-radiation of irradiated fuel assemblies (IFA), as from the point of view of
minimizing the time spent, the measurement of IFA gamma spectra directly during fuel loading is optimal.

It is the overload time that is requlated rather strictly, and burnup control operations should be coordinated
with the schedule of the fuel loading. Therefore, the real time working capacity of the system should be chosen
as the basic criterion when constructing the structure of such burnup control systems.

Keywords: monitoring system, burnup nuclear fuel, nuclear fuel, gamma-ray radiation, CdZnTe detector.
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Torpa 3. 10., Bommiok /. 0. Opraniudi HAHOPO3MipHi CBITJIOBHIIPOMiHIOBAJIbHI
CTPYKTYPH Ha OCHOBi HU3bKOMOJICKY ISIpHIX MaTepiaJiB.— JIbBiB: BugaBuuir-
Bo JIbBiBCBhKOI moaitexuiku, 2013.

PosragayTo KOHIleNTyaJbHi PIilleHHS MO0 CTBOPEHHS HOBUX OPTAHIYHUX
cBitioBunpoMiioBanbinx cTpykryp (OCBC) Ha 0cHOBI MOAM(IKOBaHMX MaTepiais.
Hage/ierno HayKOBO-I0CIi/IHI PE3yIbTATH AOCJI/[PKEHb, OTPUMAHUX [P PO3POOIIi eJieK-
TpodryopeciieHTHUX, ejaekTpodocdopeciieHTHIX, ejaekTpoekcuMepaux OCBC. Onu-
cano HoBwit npuHIun crBoperHss OCBC 61710ro Kobopy CBiYeHHST Ta BUCOKOE(EKTHUB-
wux OCBC (kBanToBuil Buxiz 17%) CHHBOTO KOJIbOPY Ha OCHOBI TPHILIET-CUHIJIETHOTO
IIEPEX0AY B CBITJIOBUIIPOMiIHIOBAJIBHOMY IIIapi.

~

HOBBIE KHUT'

LI

Boo6auo 0. 4. ta in. Ocuuiorpadu ta METOAU BUMiPIOBaHHS PaliOTEXHiYHUX
pesmmunH.— JIbBiB: BugaBuuiirBo JIbBiBCchbKOI moJitexHiku, 2014.

Ommcano OCHOBHI HAINpsSIMU PO3BUTKY ociuorpadii — onHiel 3 HaliBaKJIUBIINIHX
JUJISTHOK cyvacHoi MetpoJiorii. HaBemeno mapamerpu ociimorpadis, iX cTpyKTypHi cxe-
MW, TTOSICHEHHS IpUHINIY Aii. Po3rasgHyTo HacTymHI mpobaemu: BUGip ocimaorpadis
JUIST IOCTTI/KEHHST KOHKPETHUX (Di3NYHNX BEIWYWH Ta METOH IX BUMipIOBAHHS, IIPaK-
THYHE 3aCTOCYBAHHS IU(POBOTO ocuuaorpada.

s crynentiB HampsamiB migroroBkm “Pagiorexnika”, “Temexkomynikamii” ta
“PamioesekTpoHHI amapatn’, a TaKOXX /JIsI CTY/I€HTIB iHIMNX TEeXHIYHUX HAIIPSIMiB.

/
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